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Abstract
The eye is a highly complex, yet readily accessible organ within the human body. As such, the eye
is an appealing candidate target for a vast array of drug therapies. Despite advances in ocular drug
therapy research, the focus on pediatric ocular drug delivery continues to be highly
underrepresented due to the limited number of degenerative ocular diseases with childhood onset.
In this review, we explore more deeply the reasons underlying the disparity between ocular
therapies available for children and for adults by highlighting diseases that most commonly afflict
children (with focus on the anterior eye) and existing prognoses, recent developments in ocular
drug delivery systems and nanomedicines for children, and barriers to use for pediatric patients.

Graphical abstract

Challenges and opportunities to development of ocular drug delivery systems and nanomedicines
for pediatric patients are reviewed.
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1. Introduction

The eye is a major sensory organ that harbors a variety of barriers to drug delivery due to its
complex anatomy and physiology [1]. Therefore, ocular interventions are often invasive or
require a high degree of patient compliance in order for therapy to be effective. Pediatric
ocular growth and development predominantly spans from intrauterine life to early puberty.
Though subsequent changes to visual acuity can occur later in life as a function of age,
health, and environmental factors, high visual acuity during the first three years of life is
imperative for development of the visual cortex [2]. The manifestation of visual impairments
or blindness during infancy and early childhood severely undermines the other areas of
development and quality of life. The repercussions of oversight, misdiagnosis, or ineffectual
treatment of pediatric ocular diseases can be severe in early development stages. There has
been a diminished focus on development of novel therapies and delivery systems for
children, presumably due to lower rates of ocular diseases and degeneration in comparison
to adults. However, the necessity of developing formulations in relation to pediatric ocular
diseases is paramount [3]. This review elucidates recent advancements in pediatric ocular
nanomedicines and calls attention to continued efforts in optimizing both quality of life and
quality of treatment for pediatric eye diseases.

2. Ocular anatomy and vision development

The eye derives from all three developmental germ layers (ectoderm, mesoderm, and
endoderm) starting at the 3-week embryo stage. Eye morphology and adult visual capacity is
established within the first three years of life. The pediatric eye is anatomically similar to the
adult eye in structure and function. The human eye is typically considered in two anatomical
segments: anterior and posterior (Fig. 1) [4]. The anterior eye consists of the cornea, iris,
lens, ciliary body, and sclera (anterior). The posterior eye consists of the vitreous humor,
retina, choroid, sclera (posterior), and optic nerve. Aqueous humor pervades both segments
[5]. Similarities in structure and function of the adult and pediatric eye render some, though
not all, therapies designed for treatment of adult ocular diseases potentially appropriate for
children, if assigned the proper changes in dosage.

3. Pediatric ocular diseases

3.1. Primary congenital glaucoma

Primary congenital glaucoma is an eye disease that results in elevated intraocular pressure,
damage to the optic nerve, and risks of vision loss resulting from “cupping” (enlargement of
optic cup) [6-8]. Typically diagnosed within the first year of life, the occurrence of primary
congenital glaucoma is predicted in approximately 1 out of every 10,000 births within the
United States alone. This particular form of glaucoma is representative of 50%-70% of all
known congenital cases. In developing nations, where proper diagnosis and treatment
continue to face limitations, this disease is of even higher prevalence. Children can present
with glaucoma both symptomatically and asymptomatically. In the former case,
photophobia, corneal opacification, epiphora, diminished visual acuity, and secondary
systemic symptomology (e.g., fatigue, irritability, loss of appetite) are common. When
children do not present with symptoms, corneal and eye enlargement can often still be
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observed. The intraocular pressure associated with glaucoma arises from fluid buildup as a
result of improper fluid production, circulation, and drainage among the ciliary body and
ocular drainage canals. Aside from a humber of surgical interventions aimed at reducing eye
pressure, clinical trials have been conducted to explore methods, primarily topically applied
formulations, for day-to-day management of intraocular pressure (IOP) and ocular
hypertension.

3.2. Conjunctivitis

Among children, conjunctivitis, dubbed “red eye”, is one of the most common infections of
the eye [9]. Approximately 70%-80% of all conjunctivitis cases in children arise from
bacterial infection [10]. Symptoms include burning, itching, foreign body sensations,
discharge, overproduction of tears, and variable presence of papillae (bacterial and allergic
conjunctivitis) or follicles (viral or chemical conjunctivitis) [11]. Topically administered
antibiotics are most commonly recommended for rapid resolution of the infection and
prevention of transmission [12]. Though mild cases have the potential of resolving on their
own, the availability of antibiotics specific to children suffering from more severe cases of
bacterial conjunctivitis is limited. Despite ongoing global efforts to invigorate clinical trials
in the pediatric population, the safety and efficacy of most topical antibiotics have been
proven and subsequently approved based on studies in adults [13]. Topical administration of
the treatment was favorable in the way of safety, comfort, and tolerance [10]. Historically,
bacterial conjunctivitis has also been treated successfully viatopical sulfacetamide,
trimethoprim-polymyxin B, gentamicin, tobramycin, and erythromycin ointments [11].

3.3. Dry eye disease

Dry eye disease is a group of disorders characterized by immoderate tear evaporation or
decreased tear production [14]. Dry eye often occurs secondary to other diseases such as
conjunctivitis, keratitis, blepharitis, efc. Symptoms include redness, irritation, soreness, and
intermittent loss of visual acuity [15]. The display of symptoms can range from
asymptomatic to the general symptoms delineated above, depending on its primary etiology.
In pediatric patients, dry eye disease has not been widely recognized due to its
comparatively lower prevalence [16]. However, studies report that the difference in dry eye
symptom prevalence among children (below 20) and adults is 18.7% and 30.1%,
respectively [17]. The discrepancy between these values suggests that dry eye disease most
commonly manifests in children asymptomatically. Thus, this disease can be easily
overlooked in children, a risk which can lead to severe restriction of early visual
development, inflammation, and ocular surface damage such as corneal scarring. The
severity of symptoms in children with dry eye or conditions similar to it is reportedly less. It
is postulated that this is due to the fact that lacrimal units in children have less damage than
those in adults. Thus, children’s ability to produce tears in greater volume and with better
composition may serve to less their sensitivity to dry eye-related symptoms [16]. Dry eye
disease is commonly treated v/atopical therapies, such as artificial tears. The specificities of
the disease in children sometimes require anti-inflammatory or immunosuppressive drugs in
light of its manifestation as an inflammation of the ocular surface. Many of the drugs
developed for this purpose to date do not have pediatric indications.
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3.4. Ocular neovascularization

Proliferation of blood vessels in the eye can result in deprivation of visual acuity, if not
blindness among children. Though neovascular diseases broadly include diabetic retinopathy
and age-related macular degeneration, these diseases typically substantiate as comorbidities
of other diseases during mid to late adulthood. Better representative of pediatric
manifestations of this disease category is retinopathy of prematurity (ROP) (Fig. 2) [18].
ROP occurs in preterm infants (typically <28 week gestational age at birth) who experience
disruption of neovascularization due to hypoxic suppression of growth factors, subdued
maternal-fetal interaction, and other complications of birth [18]. The derangement of
vasoproliferation can lead to leaky, underdeveloped vessels that promote retinal detachment.
Depending on the severity of the detachment, ROP can result in blindness or irreversible
visual impairment. Approximately 10% of births worldwide occur preterm. ROP is predicted
to affect over 2/3 of premature infants, though only around 6% of cases require intervention.
The most common intervention is surgical laser-mediated ablation of the unvascularized
peripheral retina. This approach is the current gold standard for treatment of ROP as it
boasts promising outcomes for long-term visual acuity [19]. Other techniques include
oxygen cryablation. Historically, oxygen supplementation via neonatal incubators has been
another approach that has ultimately been determined to contribute to the pathogenesis of
ROP. A major push for alternative treatment strategies can be observed from clinical trial
data. Thus far, anti- vascular endothelial growth factor (VEGF) treatments, e.g.,
bevacizumab, have proven to be a dual-edged sword, given the adverse effects of VEGF
knockdown on early-stage retinal development [20]. Thus, the need for novel alternatives to
VEGF therapies persists for ROP treatment.

3.5. Optic glioma

Optic glioma represents a subset of neoplastic diseases that can result in atrophy within the
optic chiasm and retrochiasmatic pathways of the visual system, causing severe visual
impairment or vision loss. A study conducted by Falsini e a/. suggested that topical
administration of murine nerve growth factor (NGF) can significantly improve the prognosis
for patients suffering from visual complications associated with low-grade optic gliomas or
other neurodegenerative diseases [21].

4. Routes of administration

Though many conditions of the eye with early onset necessitate surgical intervention, the
four major routes for therapeutic delivery include transcleral/periocular, intravitreal,
systemic, and topical (Fig. 3) [22]. Critical factors in evaluating the suitability of a given
drug delivery platform for pediatric patients include patient compliance, comfort, and
invasiveness. Transcleral/periocular delivery capitalizes on the large surface area of the
sclera (approx. 17 cm?) for treatment of poster segment diseases [5]. Even more direct is
treatment v/athe intravitreal route, which is typically achieved through injection of
therapeutically effective doses directly into the vitreous humor, the most invasive and thus
least desirable approach. Alternatively, the systemic route, though less invasive, poses a
number of side effects due to the requirement for high dosages in order to achieve
therapeutic effects.
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The topical route of therapeutic administration holds a high degree of appeal in the realm of
pediatric ocular drug delivery. Topical formulations remain dominate in clinical trials (Table
1). Topical administration of drugs can be realized via contact lenses and eye drops [23].
Contact lenses prove little feasibility in the way of compliance among infants and children.
Thus, within the pediatric population, eye drops are the most common method for drug
delivery and herein serve as the topic of discussion in the context of several globally
prevalent pediatric ocular diseases.

Since eye drops do not mandate self-administration, the burden of frequent administration
often falls on the shoulders of parents or guardians. Thus, obstacles to the topical delivery
route include reduction of quality of life for children and/or parents, and resultantly poor
patient compliance or premature dosage discontinuation. Child compliance is largely a
function of parental health literacy and medication adherence. A 2012 study by Freedman et
al. demonstrated that parental health literacy holds very heavy implications for topical ocular
hypotensive medication adherence among children suffering from glaucoma, with lower
health literacy rates correlated to lower adherence (e.g., dosing errors, missed dosages, etc.)
[24]. Case studies have also illustrated the risks of children ingesting ophthalmic
preparations, thereby resulting in severe systemic poisoning or, in extreme cases, fatalities
[25]. The combined knowledge suggests that the use of eye drops is characterized with a
competing duality of non-invasiveness and patient autonomy. Topical formulations are most
often used for treatment of anterior segment eye diseases. However, they generally have low
levels of bioavailability (<10%) due to the barriers such as tear film and the cornea. The use
of nanoparticles in ocular drug delivery has greatly enhanced the bioavailability of topically
administered drugs.

5. Barriers to drug delivery systems and nanomedicines

A variety of nanoparticles and nanostructured carriers have been successfully applied to
delivery ocular drugs [26-32]. Nanomedicines are able to deliver high drug payloads to the
target ocular tissue and exert sustained efficay via controlled release. The delivery specficity
can be enchanced by targeted delivery. However, ocular nanomedicines have been developed
primarily for adults.

The eye is equipped with several defense barriers that restrict the entry of exogenous
substances. The efficacy of ocular drugs largely depends on whether they can overcome the
anatomical and physiological barriers that protect the eye. The sensation of foreign
substances, such as an eye drop, triggers a reflexive closure of the eyelid. Low
bioavailability can result when the formulation is flushed out due to blinking or exuded via
tears. Since the lacrimal system of children is more active than that of adults [16], this
obstacle is particularly challenging for topical application of pediatric ocular therapy. Once
the drug reaches the anterior portion of the eye, the next barrier to overcome is the blood
vessels of the conjunctiva, which absorb the drug systemically, further reducing the
bioavailability of the drug to its target site.

Intracellular and extracellular barriers begin with the corneal barrier: epithelium (5 layers),
stroma, and endothelium. The epithelium consists of cells connected by tight junctions. It
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reduces the bioavailability of topically administered drugs, even when in the presence of
nanoparticles or permeation enhancers [33]. The retina houses the blood-retinal barrier
(BRB), which is a densely vascularized gateway containing interconnected tight junctions.
The primary purpose of the BRB is to protects the posterior eye from penetration by foreign
contaminants, proteins, and gases other than oxygen [33]. The barrier of nanoparticles to
retinal pigment epithelium (RPE) is illustrated in Fig. 4 [20]. Despite these drawbacks,
topical administration continues to provide the most promising outlook for management and
treatment of pediatric ocular diseases, given that children generally require smaller dosages
than adults in order to achieve similar levels of therapeutic efficacy.

6. Conclusions

Current trends in pediatric ocular drug delivery move toward a general lack of appropriate
formulations for children with ocular diseases. Despite similar anatomy, the
pathophysiology of pediatric eye in certain disease models is substantially different from the
adult eye. There is a great need to develop pediatric ocular nanomedicines. Aside from the
common barriers to topical drug delivery, pediatric ocular therapy presents the additional
barriers of patient literacy, compliance, and autonomy for effective treatment [34]. There is a
continued need for cultivation of more specific therapeutics that cater to ocular disease
treatment without hindering early ocular development or long-term visual acuity. It is also
crucial that effective communication continues among pediatric patients, guardians and care
providers on the importance of compliance throughout the treatment process.
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Fig. 1.

Ocular infections

Ocular inflammation

Age-related Macular Degeneration
Retinal diseases

Illustration that represents the different structures of the eye, divided in the anterior and
posterior segments. The different barriers that drugs need to overcome after topical
installation are indicated with a red star, and a detailed representation is also provided. The
ocular targets to treat a specific disease are indicated with a green star, if they are in the
anterior segment, or with a yellow star, if they are located in the posterior segment.
Reproduced from Ref. [4] with permission. Copyright 2015, Elsevier.
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Fig. 2.
Progression of retinopathy of prematurity. (A) Oxygen tension is low in utero and vascular

growth is normal. (B) Phase 1: After birth until roughly 30 weeks postmenstrual age, retinal
vascularization is inhibited because of hyperoxia and loss of the nutrients and growth factors
provided at the maternal—fetal interface. Blood-vessel growth stops and as the retina matures
and metabolic demand increases, hypoxia results. (C) Phase 2: The hypoxic retina stimulates
expression of the oxygen-regulated factors such as erythropoietin (EPO) and VEGF, which
stimulate retinal neovascularization. Insulin-like growth factor 1 (IGF-1) concentrations
increase slowly from low concentrations after preterm birth to concentrations high enough to
allow activation of VEGF pathways. (D) Resolution of retinopathy might be achieved
through prevention of phase 1 by increasing IGF-1 to in-utero concentrations and by limiting
oxygen to prevent suppression of VEGF; Alternatively, VEGF can be suppressed in phase 2
after neovascularization with laser therapy or an antibody. EPO = erythropoietin. w-3 PUFA
= w-3 polyunsaturated fatty acids. Reproduced from Ref. [18] with permission. Copyright
2013, Elsevier.
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Fig. 3.
Routes of drug administration to eye. Reproduced from Ref. [22] with permission.
Copyright 2010, Springer.
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Fig. 4.
Schematic overview of nanoparticle transport to the RPE. After leaving the fenestrated

choriocapillaris the nanoparticle has to cross the five-layered Bruch’s membrane, consisting
of a central elastic layer, two collagenous layers and the RPE and choriocapillaris basal
laminae. Reproduced from Ref. [20] with permission. Copyright 2015, Elsevier.
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Recent and ongoing clinical trials for treatment of pediatric ocular diseases according to ClinicalTrials.gov.

Identifier Sponsor Condition (s) Intervention (s)

NCT01658839  Alcon Research Pediatric glaucoma Travoprost ophthalmic solution, 0.004% (new

formulation)

NCT01652664  Alcon Research Pediatric glaucoma Travoprost 0.004% PQ ophthalmic solution
Elevated IOP in pediatric Timolol, 0.5% or 0.25% ophthalmic solution
patients Travoprost vehicle
Ocular hypertension in
pediatric patients

NCT00061516  Alcon Research Glaucoma BETAXON (levobetaxolol HCI)

Ocular hypertension AZOPT (brinzolamide)

NCT00061542  Alcon Research Glaucoma BETOPTIC S (betaxolol HCI)

Ocular hypertension Timolol gel-forming solution (timolol maleate)

NCT02102750 Santen Oy Glaucoma Preservative free tafluprost ophthalmic solution
Ocular hypertension 0.0015% eye drops g.d., in both eyes for 7 to 9

days

NCT01959243  Bausch & Lomb Incorporated Hyperemia Brimonidine tartrate ophthalmic solution 0.025%

(one drop of drug into each eye, four times daily
for up to four weeks)

NCT01124045 Alcon Research Cataracts Inflammation Difluprednate ophthalmic emulsion, 0.05%;

Prednisolone acetate ophthalmic suspension, 1.0%
NCT01527682  Azienda Ospedaliera Spedali Civili di Childhood glaucoma Latanoprost (prostaglandin analogue) 0.005%
Brescia ophthalmic solution given once a day at nighttime
(9:00 PM)
Dorzolamide (potent inhibitor of carbonic
anhydrase 11) 2% ophthalmic solution given three
times a day as a monotherapy, two times a day if in
combination with latanoprost
NCT01954082 NICHD Neonatal Research Network ROP Myo-inositol 5% injection
NCT02390531  Jaeb Center for Health Research ROP Bevacizumab
(Collaborator: National Eye Institute)

NCT02164604 Kantonsspital Aarau (Collaborator: ROP Intravitreal injection of 0.03 mL ranibizumab
University Hospital Inselspital, Berne)

NCT02504944  Azienda Ospedaliero, Universitaria ROP Propranolol 0.2% eye drops
Meyer

NCT02134457  University Hospital Freiburg ROP Intravitreal anti-VEGF treatment with ranibizumab

0.12 mg or 0.20 mg
NCT01660620  Smith-Kettlewell Eye Research ROP Betaxolol 0.25% (2 per day for 3 weeks)

Institute (Collaborators: Ohio State
University, University of Minnesota -
Clinical and Translational Science
Institute, University of Oklahoma, The
University of Texas Health Science
Center, Houston)
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