1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Expert Opin Drug Deliv. Author manuscript; available in PMC 2018 May 01.

-, HHS Public Access
«

Published in final edited form as:
Expert Opin Drug Deliv. 2017 May ; 14(5): 631-645. d0i:10.1080/17425247.2016.1227783.

Recent perspectives on the delivery of biologics to back of the
eye

Mary Joseph®:t, Hoang M. Trinh1T, Kishore Cholkarl:2:t, Dhananjay Pall, and Ashim K.
Mitral*

1Division of Pharmaceutical Sciences, School of Pharmacy, 5258 Health Science Building,
University of Missouri-Kansas City, 2464 Charlotte Street, Kansas City, MO, 64108 USA

2RiconPharma LLC, 100 Ford Road, Suite 9, Denville, NJ, 07834 USA

Abstract

Introduction—Biologics are generally macromolecules, large in size with poor stability in
biological environments. Delivery of biologics to tissues at the back of the eye remains a
challenge. To overcome these challenges and treat posterior ocular diseases, several novel
approaches have been developed. Nanotechnology-based delivery systems, like drug encapsulation
technology, macromolecule implants and gene delivery are under investigation. We provide an
overview of emerging technologies for biologics delivery to back of the eye tissues. Moreover,
new biologic drugs currently in clinical trials for ocular neovascular diseases have been discussed.

Areas Covered—Anatomy of the eye, posterior segment disease and diagnosis, barriers to
biologic delivery, ocular pharmacokinetic, novel biologic delivery system

Expert Opinion—Anti-VEGF therapy represents a significant advance in developing biologics
for the treatment of ocular neovascular diseases. Various strategies for biologic delivery to
posterior ocular tissues are under development with some in early or late stages of clinical trials.
Despite significant progress in the delivery of biologics, there is unmet need to develop sustained
delivery of biologics with nearly zero-order release kinetics to the back of the eye tissues. In
addition, elevated intraocular pressure associated with frequent intravitreal injections of
macromolecules is another concern that needs to be addressed.
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1. INTRODUCTION

Back-of-the-eye diseases are commonly diagnosed in ageing population. Statistics indicate
that 76 million people may suffer from blindness by 2020 [1]. Posterior segment of the eye
presents unique anatomical, physiological and biochemical barriers that protect the eye from
various toxic insults [2], [3]. Back-of-the-eye tissues comprise sclera, choroid,
choriocapillaries, Bruch’s membrane, retinal pigmented epithelium (RPE), retina and inner
retinal membrane. Such highly protected back-of-the-eye tissues are affected with vision
threatening diseases such as age related macular degeneration (AMD), diabetic macular
edema (DME), cystoid macular edema (CME), diabetic retinopathy (DR), posterior
vitreoretinopathy and retinal vein occlusion (RVO) [4], [5], [6]. If treatment is not initiated
at early stages, it may result in impaired vision leading to complete vision loss [7], [4], [8].
Treatment of posterior ocular diseases is obstructed by ocular barriers (static and dynamic)
as well as physicochemical properties of therapeutic agents. Biologics are gaining significant
attention due to their high efficacy and minimal side effects.

Biologics such as macromolecules (protein, peptides, aptamers, SIRNA and antibody) are
discussed in this article. In pharmaceutical industry, biologics have received enormous
medical attention as therapeutic agents in the past decennium. Biologics are currently
recommended for the treatment of various ocular diseases. Macromolecules such as
rituximab and infliximab are indicated for inflammatory eye diseases and uveitis [9,10], so
is aflibercept for AMD and DME [11,12], while ranibizumab, and bevacizumab are
indicated for AMD, DR, DME and RVO [13-18]. Despite promising results such as
improved visual acuity, inhibiting macular edema and vision loss (Table 1), however major
challenge still remains i.e. delivery of biologics to the back-of-the-eye tissues (retina-
choroid) [3], [19]. Biologics display numerous delivery related limitations such as
absorption/permeability across biological membranes, poor bioavailability and in vivo
stability [20,21]. Short in vivo half-life of biologics demands frequent intravitreal
administrations which lowers patient compliance. Significant research has been conducted to
impart macromolecular stability, overcome ocular barriers, sustain release, and lowering
administration frequency. Innovative technologies have been applied for macromolecular
delivery to anterior and posterior ocular tissues.

Biologics are promising therapeutics for neovascular ocular diseases. Several anti-VEGF
biologics were developed in last decade and are currently in the market. These anti-VEGF
drugs have shown tremendous improvement in visual acuity, edema reduction and
improvement in neovascularization of cornea/retina. Several retinal delivery systems are in
different stages of clinical trials and others are being developed. Despite success in the
treatment of back-of-the-eye diseases with biologics, it is very difficult to deliver proteins/
peptides to the back-of-the-eye tissues. Delivery of macromolecules to the back-of-the-eye
tissues has a number of concerns which have been discussed in this article. Several concerns
have been raised about the long term use of intravitreal injections of anti-VEGF for the
treatment of posterior diseases. One of those questions is the potential elevation of
intraocular pressure (IOP) caused by frequent intraocular injections. Several studies have
been conducted to investigate if there is any relationship between the elevation of IOP after
intravitreal injections of anti-VEGF agents [22,23]. Results demonstrated that patients

Expert Opin Drug Deliv. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Joseph et al.

Page 3

receiving bevacizumab and/or ranibizumab had sustained 10P elevation [22]. Moreover,
patients with pre-existing glaucoma experienced higher rates of elevated IOP compared with
patients with no prior history of 10P related effects [22]. Elevated levels of IOP was
observed in another study performed on AMD patients but did not investigate in preexisting
glaucoma [23]. Both studies indicated significant elevation of IOP with intravitreal injection
and is more pronounced in patients with a history of glaucoma. These studies clearly draw a
correlation between anti-VEGF treatment and 10OP elevation. However, another study was
performed in AMD patients to evaluate elevation of IOP after multiple intravitreal injections
of ranibizumab [24]. This study included AMD patients receiving = 15 injections (as
frequent injection group) and < 5 injections (fewer control group). Results indicated no
significance change in elevation of IOP between the two groups [24]. These studies
demonstrate lack of uniformity in findings regarding elevation in IOP and frequency
intravitreal injections. This leaves a room for more research to understand and explain the
elevation of IOP. However, there is no report of elevated 10P for topically administered
biologics. Whether 10P is mainly caused by frequent intraocular injections or not, remains
to be determined. This should be a wake-up call for pharmaceutical scientists developing
protein or peptide drugs for back-of-the-eye delivery that require intraocular injections.
Therefore, novel drug delivery strategies that will minimize or eradicate concerns associated
with frequent intraocular injections are pivotal. Elevation of 0P is not the only side effect
caused by frequent intravitreal injections, possibility of retinal detachment, retinal
hemorrhage, and endophthalmitis have been reported [25].

Topical administration is the most patient compliance route for ocular drugs. There are some
reports of topical administration for back-of-the-eye delivery of small molecule therapeutics
mainly peptides such as calpain [26], KAL821 [27] and cyclosporine [28]. A few reports
have contradicted feasibility of delivering macromolecules to the back-of-the-eye through
topical route. [29-31]. PK of bevacizumab after topical administration in human eyes
revealed that no bevacizumab was detectable in aqueous or vitreous fluids in topically
treated eyes [29]. These results indicate that bevacizumab is a large molecule to cross cornea
to reach anterior and posterior segments. On the other hand, in vivo studies on rabbit model
detected ranibizumab after 7 and 14 days following topical administration after 2 hours [31].
Davis et al utilized annex A5 associated liposomes to deliver bevacizumab to the posterior
segment of the eye through topical administration. The study was performed on rat and
rabbit models demonstrating significant levels of bevacizumab to the posterior segment of
the eye (127ng/g on rats and 18ng/g on rabbit retina) [30]. Therefore, these results suggest
that it is feasible to deliver biologics to posterior segment of the eye through topical
administration. A proper delivery system has to be selected that can cross anterior segment
barriers in order for the biologics to reach posterior chamber at therapeutic levels.

The use of anti-VEGF may cause inhibition of VEGF A which in turn may result into
toxicity on ciliary body hindering properly functioning [32]. Anti-VEGF biologics have
shown remarkable results for the treatment of posterior ocular diseases, but frequent
intravitreal injections, possible effects on IOP elevation and long term toxicities ban be
major concerns. Ciliary body is involved in production of aqueous humor and anchors the
lens. If these functions are impaired, more side effects may occur. For that reason, it is
important for clinicians to be cautious when administering anti-VEGF therapeutics. It is
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essential to perform a test that will ensure normal functioning of ciliary body of patients
undergoing anti-VEGF therapy. Bevasiranib is a sSiRNA that targets VEGF-A which has
been associated with ciliary body damage [32]. Hence it is necessary not only for the
scientists and clinicians to perform studies not only on how to treat AMD with bevasiranib,
but also to investigate the side effects that may occur with dysfunction of ciliary body.

In this review, we have described the recent perspectives on the delivery of biologics to
ocular tissues with special emphasis to back-of-the-eye tissues (retina-choroid). Moreover,
we have also discussed barriers to ocular delivery of macromolecules and strategies to
overcome such barriers. Inventive approaches like colloidal systems (nanoparticles,
liposomes, neosomes, micelles, hydrogels, and dendrimers), microneedles and implants are
described. Additionally, ocular pharmacokinetics and routes of macromolecule drug
elimination have been discussed.

2. OCULAR ANATOMY AND PHYSIOLOGY

Human eye is a sensitive and complex organ with unique anatomy and physiology. For easy
understanding, the ocular structure can be broadly divided into two segments namely,
anterior and posterior compartments (Fig. 1). Anterior segment covers one-third of the globe
including agueous humor and the remainder is occupied by posterior segment including
vitreous fluid. Anterior ocular compartment comprises of cornea, conjunctiva, aqueous
humor, lens, iris and ciliary body. On the other hand, posterior compartment is composed of
sclera, choroid, choriocapillaries, Bruch’s membrane, RPE retina, inner limiting membrane
and vitreous body.

3. POSTERIOR OCULAR DISEASES AND DIAGNOSIS

3.1 Diabetic and Cystoid Macular Edema

Diabetic Macular Edema (DME) originates from venous occlusions resulting in retinal
microvascular damage with macular leakage, capillary dropout, upregulation of angiogenic
growth factors and subsequent neovascularization [33]. Diabetes affects the blood vessels by
weakening the inner lining so that the vessels become porous and leaky [34-36]. Leakage
from the retinal blood vessels cause retinal swelling, a condition called diabetic macular
edema. This swelling usually occurs in the macula which is responsible for central vision.
Consequently macular edema results in vision loss of varying degree. Cystoid macular
edema (CME) typically occurs 1 to 4 months after cataract extraction, reducing visual acuity
in 20/30 to 20/80 range. It is a condition in which the macula becomes swollen with fluid-
filled cysts. CME can occur in diabetes, retinal vein occlusion, or uveitis [36]. Previous main
treatment modalities for diabetic related disease conditions of the eye, including DME and
diabetic retinopathy consisted of laser photocoagulation and vitrectomy, respectively.
Currently, much research has focused on the use of anti-vascular endothelium growth factors
(Anti-VEGF) agents. Over the past ten years several anti-VEGF agents have evolved.
Pegaptanib, which works by binding to VEGF 165 isoform protein, ranibizumab (Fab
fragment) and bevacizumab inhibit VEGF A isoforms, VEGF trap fusion protein such as
aflibercept that inhibits VEGF A, VEGF B and PIGF. Conbercept, a recombinant fusion
protein, inhibits PIGF and VEGF isoforms A, B and C. These anti-VEGF agents have
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changed treatment decisions and outcomes for patients over the years. [37]. Although, they
have their own limitations such as absorption/permeability across biological membranes,
poor bioavailability, in vivo stability and short in vivo half-life.

3.2 Diabetic Retinopathy

DR is a progressive process where in the retinal blood vessels continue to become weak,
narrow and close [38]. As the blood vessels close, these lose their oxygen carrying potential
to the retinal tissues, resulting in a condition such as Retinal Ischemia. It is characterized by
retina being deprived of sufficient oxygen and nutrients to maintain normal health and
functioning of the eye. Typically, the retina responds to ischemia by attempting to
compensate for the reduced circulation by growing new, but abnormal blood vessels, a
process of neovascularization. These new blood vessels are extremely fragile and tend to
break easily leading to hemorrhage. If this condition left untreated, hemorrhage leads to
scarring and ultimately retinal detachment with profound vision loss. Diabetic retinopathy
follows a similar pathophysiological progression as DME, therefore treatment modalities
can be similar. However, treatment options for DR are minimal with potential side effects.
Surgical interventions such as laser photocoagulation can help to maintain central vision,
although with the loss of peripheral vision. Anti-VEGF treatment has provided an effective
alternative, requiring multiple treatments due to biological limitations [39,40]. Compromised
neuronal and vascular survival can be seen as potential side effects. New research for the
possible prevention/treatment of DR is currently being investigated utilizing Niaspan, a
prolonged release form of niacin [41]. Niacin is currently the most clinically proficient
medication for increasing high-density lipoproteins (HDL). High levels of HDL have been
associated with a decrease in DR prevalence. MicroRNA-126 (miR-126) has potentiality
improved in the pathogenesis of DR by regulating VEGF, angiopoietin-1(Ang-1) and
vascular cell adhesion molecule-1(VCAM-1) [41].

3.3 Age-related Macular Degeneration

AMD is a vision threatening ocular disease affecting macula region, retinal pigment
epithelium, Bruch’s membrane and choriocapillaris [42]. AMD is a major cause of central
vision loss particularly in individuals of 65 years or older. The disease is characteristically
manifested in two forms - “dry” and “wet” [43]. The majority of patients with vision loss
suffer from the “wet” form of AMD due to choroidal neovascularization (CNV) and related
pathologies such as subretinal hemorrhage, fibrovascular scarring and RPE detachment.
CNV formation involves various pathophysiological steps such as senile RPE degeneration,
deposition of drusen, disruption of Bruch’s membrane, CNV formation and cicatrisation of
the CNV [44,45]. AMD can be divided into three stages: early, intermediate and late AMD.
Late AMD can be subdivided into geographic atrophy or (Dry AMD) and neovascular AMD
or (Wet AMD). The progression of AMD are dependent on the amount and size of drusen
deposits below the retina. Treatment options for AMD vary based on the progressive stage.
At this point of time there are no treatment options for early stage AMD. Once the AMD is
reached to intermediate stage, the treatment is focused on daily intake of vitamins and
minerals in hopes to slow the progressive nature of the disease. The vitamin and mineral
regiment is based on Age-Related Eye Disease Studies (AREDS and AREDS?2) which
appear to protect AMD. Late stage neovascular “wet” AMD can be treated with the use of
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multiple treatment modalities. Injections of anti-VEGF agents, currently the main form of
therapy, is aimed at blocking the increased levels of VEGF released from the eye. A less
common procedure is use of verteporfin, a photodynamic therapy (PDT). In this procedure
verteporfin medication is injected into the venous blood supply and is up-taken by newly
forming blood vessels. The photodynamic laser is directed into the AMD affected eye,
which activates the medication, leading to production of free oxygen radicals, causing
destruction of newly formed vessels, while saving normal vessel architecture. The
anticipated outcome of this treatment is to slow the progression of neovascular “wet” AMD
vision loss. The third treatment option for AMD utilizes the previously mentioned method of
laser photocoagulation according to NIH National Eye Institute [46].

3.4 Proliferative Vitreoretinopathy

Proliferative Vitreoretinopathy (PVR) may develop along with some retinal detachment
(RD). It is the most common cause of surgical failure in the rhegmatogenous treatment [47].
PVR can also be defined as the growth and contraction of cellular membranes within the
vitreous cavity and retinal cells. In many cases a fibrotic process may occur in the retina
itself [48]. Treatment of PVVR has mainly been surgically based. Although, clinical success
can differ based on the severity of PVR present. With complex PVR, the success maybe
40%. Due to the invasive nature of surgery and reduced clinical success, new treatment
strategies are being developed utilizing pharmacological agents. Due to the pathophysiology
of PVR disease process, three groups of pharmacological agents are being investigated. (1).
Anti-inflammatories such as corticosteroids, (2). Antineoplastic/antiproliferative agents,
examples include 5-fluorouracil (5-FU), taxol, daunorubicin, colchicine, retinoic acid,
vincristine, cisplatin, ribozymes, adriamycin, mitomycin, dactomycin and many others, (3).
Antigrowth factor/growth factor pathway inhibitors eg. Hypericin, platelet-derived growth
factor (PDGFR) kinase inhibitor AG1295. Continued research on the pathogenesis of PVR is
required to tailor non-surgical treatment strategies and improve overall success. [49].

3.5 Diagnosis of Posterior Ocular Diseases

Visual acuity of 20/20 is a pivotal parameter in the progression of DME, DR, AMD and
PVR. Posterior ocular diseases may be primarily diagnosed with dilated eye exam. If
primary diagnosis shows any of the following: abnormal blood vessels, swelling, blood or
fatty deposits in retina or scar tissue, retinal detachment, abnormalities in optic nerve, then it
probably indicates posterior ocular disease. Further confirmation is necessary with
funduscopic examination (color stereo funds photographs), fluorescein angiography and
optical coherence tomography. However, PVR is difficult to diagnose when media opacity
occurs due to corneal, lenticular and vitreous opacities. With such conditions, “ultra-
sonographic characteristics showing funnel-shaped retinal detachment with opposition of the
posterior retina or the presence of an anterior membrane bridging the mouth of the funnel 28
may provide evidence for a definitive diagnosis” [50].

4. CHALLENGES FOR OCULAR DELIVERY OF MACROMOLECULES

Macromolecule drug delivery to the eye is challenging due to size, stability, surface charge,
non-specificity and toxicity. Topically administered drug solutions/products encounter the
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transparent collagenous cornea and conjunctiva as the primary barriers for drug penetration
[51]. Cornea is composed of layers, from anterior to posterior, namely corneal epithelium,
Bowman’s layer, corneal stroma, Dua’s layer, Descemet’s membrane and endothelium.
Hydrophilic molecules encounter barriers from corneal permeation due to tight junctions and
lipophilicity of corneal epithelium [52,53] whereas hydrophobic molecules may permeate
epithelium easily. However, hydrophilic stroma contains charged collagen fibers that can act
as a barrier to lipid soluble drugs and may impede permeation. Moderately charged small
molecules are shown to permeate cornea [52,54]. Stromal collagen fibers are highly
organized and intertwined with narrow pore size which may prevent macromolecular
permeation. Moreover, tears and tear turn-over rate act as a barrier to macromolecule
bioavailability [55]. Corneal layers along with tear production result in <5% bioavailability
of topical doses including biologics [56]. Similar to cornea, conjunctival epithelium also
possess tight junctions. However, conjunctival intercellular spaces are wider relative to
cornea and allow passage of macromolecules [56]. Molecules that traverse conjunctiva are
drained into subconjunctival blood and lymphatics [57,58]. Additionally, blood-aqueous
barrier (BAB) comprising endothelial cells in the uvea and non-pigmented layer of the
epithelium of ciliary body possess incomplete barrier functionality. BAB regulates active
and paracellular molecule permeation. Small molecules may be rapidly drained into
circulation relative to macromolecules. For example, fluorescently labeled dextrans (~ 150
kDa) demonstrated permeation across BAB[59].

Sclera may act as a barrier and inhibit drug translocation into deeper ocular tissues. Studies
indicated that high molecular size molecules have reduced rate and extend penetration [60—
63]. Ex vivo studies with human sclera demonstrated that ~150 kDa molecules (dextran and
bevacizumab) easily translocate sclera [63]. Molecules that traverse choroid may be drained
by choriocapillaries. Studies demonstrated choriocapillaries permeability of 40 kDa
horseradish peroxidase in rats [64]. However, high molecular weights molecules such as
hemoglobin (68 kDa) and lactoperoxidase (84 kDa) and ferritin (480 kDa) exhibit poor
penetration [65]. Retinal pigment epithelium (RPE) makes up high tight junctions and poses
a significant barrier to macromolecules. An exponential decrease in permeability was
noticed for 0.376 kDa to 77 kDa fluorescently tagged molecules across excised bovine eyes
[66]. Human retina limits the diffusion of compounds with molecular weight larger than 76
kDa [67]. Highest resistance to diffusion is offered by inner and outer plexiform layers in the
retina [67,68]. Moreover, inner limiting membrane restricts the permeation of
macromolecules larger than 150 kDa [67], [68], [69]. Discovery of novel delivery
approaches that combine high specificity and therapeutic payload with minimal/no toxicity
remains a challenge. However, several promising systems have emerged recently which are
discussed below.

5. OCULAR PHARMACOKINETICS

Animal models have been developed to study the distribution and elimination of ocular
drugs with different routes of administration [70]. Human and rabbit eyes share common
characteristics. Hence, rabbits are commonly selected as the pharmacokinetic animal model.
Human eyes have high retinal vasculature, larger vitreous cavity, small lens and large serum
compartment relative to rabbits [71]. These factors may contribute to different
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pharmacokinetic profile for biologics/macromolecules in human and rabbit. However, rabbit
model is established to study pharmacokinetics for convenience. In ocular drug
development, the pharmacokinetic parameters in rabbit have shown predictable correlation
to human. Moreover, such models aid to determine drug elimination pathways. [72,73].
Other animal models evaluated include monkey, rat, pig, bovine, and horse. Table 2
summarizes pharmacokinetic results of macromolecules administered through various routes
in animal models.

In vivo models play an important role in pharmacokinetics study. Poor pharmacokinetic
design may generate erroneous results [74]. Bakri et al. have compared the pharmacokinetics
of intravitreal bevacizumab and ranibizumab using twenty-eight Dutch-belted rabbits [71].
In this study, 0.5 mg of ranibizumab and 1.25 mg of bevacizumab were intravitreally
injected into rabbits and drug concentrations in different tissues i.e. aqueous humor, vitreous
and serum were measured and pharmacokinetic data was noted. The half-lives of
ranibizumab and bevacizumab were 2.88 and 4.32 days respectively. Maximum
concentrations for ranibizumab and bevacizumab in vitreous cavity were 162ug/ml and
400ug/ml respectively at day-1. Because ranibizumab has smaller molecular weight (48
kDa) relative to bevacizumab (149 kDa); it could have higher retinal penetration as well as
more rapid elimination. Another study performed by Xu L. et al., reported that the
pharmacokinetics of ranibizumab in 674 patients with age-related macular degeneration
[75]. One compartment model is the best fit model for ranibizumab systemic concentration
and first order elimination from systemic circulation. The elimination half-life in vitreous
was 9 days where as intrinsic systemic elimination half-life was 2 hours.

Monkeys are employed as a model to study pharmacokinetic profiles. Reports suggest
variable pharmacokinetics profiles for ranibizumab in monkey relative to rabbit.
Ranibizumab (0.5 mg) plasma half-lives are calculated as 2.6 days in monkeys and 2.9 days
in rabbits. Vitreous humor had a maximum concentration of 169 pug/ml at 6 hours in
monkeys relative to 162 pg/ml at 24 hours in rabbit [71,76]. Lampalizumab elimination
following an intravitreal injection in cynomolgus monkeys indicated slower ocular
elimination with a T 1/, approximately 3 days compared to systemic elimination with T 1/,
of 0.8 hours [77]. Drolet DW et al. have studied the pharmacokinetic and safety profile of an
anti-vascular endothelial growth factor aptamer (NX1838) in rhesus monkeys [78]. The
concentrations of NX1838 in plasma and vitreous humor were dose dependent. A large
fraction of NX1838 was cleared intact from the vitreous into the plasma with a half-life of
approximately 94 hours. The remaining NX1838 in the vitreous humor was active even after
28 days of administration without any toxicological effects [78]. Pegaptanib sodium
(Macugen; Eyetech Pharmaceuticals/Pfizer) is an RNA aptamer developed against VEGF. It
was effective in clinical trials in treating choroidal neovascularization associated with age-
related macular degeneration [79].

6. NOVEL COLLOIDAL DELIVERY SYSTEMS

In recent years, several delivery systems have been developed for biologics for back-of-the-
eye tissue delivery. Systems such as particulates, vesicular and controlled release systems
have been discovered (Fig 2). Advancement in biotechnology allowed upsurge in drug
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pipeline production of therapeutic biologics such as peptides, proteins, aptamers, siRNA,
oligonucleotides and others. All have attempted to improve mode of delivery. These delivery
systems have advantages and disadvantages (Table 3), hence the selection of a particular
delivery system is crucial. In the following sections we have discussed different novel drug
delivery systems that have currently been developed.

6.1 Vesicular Systems

6.1.1 Nanomicelle—Nanomicelles are composed of amphiphilic molecules capable of
self-assembling colloidal systems with size range between 10-100 nm [80]. Nanomicelles
are normally formed above critical micellar concentration, where the amphiphilic molecules
assemble to form a hydrophobic core with a hydrophilic corona in aqueous environment.
Iriyama et al applied Nanomicellar carriers for gene delivery to impede choroidal
neovascularization. Nanomicelles composed of polyion complex (PIC) can encapsulate
plasmid DNA (Yellow Fluorescent Protein - YFP) or soluble Fms-like tyrosine kinase-1
(psFIt-1) was effective in delivering DNA in CNV area. A significant reduction (~65%) in
CNV was observed [81]. In another study, Ideta et al evaluated FITC-P(Lys) loaded PIC
nanomicelles for the treatment of CNV in rats. Long systemic circulation and accumulation
of PIC nanomicelles at CNV lesion site were witnessed [82]. Such results indicate that PIC
nanomicelles systems may be employed to deliver therapeutic biologics to back-of-the-eye.

Antagonistic peptide for VEGFR1 (anti-FIt1) conjugated to hyaluronate was investigated in
rats for retinal neovascularization and diabetic retinopathy [83]. Anti-FIt1-hyaluronate
conjugate self-assembled in aqueous solution and generated nanomicelles. In vitro studies
indicated that anti-FIt1-hyaluronate conjugate inhibited retinal neovascularization in laser
induced CNV rats [83]. Moreover, retinal vascular permeability and deformation of retinal
structure were significantly reduced in diabetic retinopathy rats [83]. Such system may be
exploited to encapsulate a therapeutic macromolecule (a small molecule was encapsulated
by the same group) [84] which may produce an additive effect, from anti-FIt1 and the
encapsulated macromolecules.

6.1.2 Liposomes—L.iposomes are biodegradable and biocompatible lipid vesicles
comprising one or more layers of phospholipid in addition to other components such as
cholesterol and polymers [85]. Liposomes ubiquitously are known to encapsulate and deliver
both hydrophilic and lipophilic drugs. The fact that liposomes possess cell membrane like
structure make them an impeccable colloidal delivery system [86]. Liposomes have been
intensively explored for small molecule drug delivery to the eye. With recent advancements
in biologics, investigators evaluated liposomes, encapsulating proteins or peptides, for back-
of-the-eye delivery. Downregulation of endotoxin induced uveitis with intravitreal injection
of liposomes encapsulated with vasoactive intestinal peptide (VIP) was evaluated [87].
Following intravitreal injection of VIP liposome in rats, high peptide concentrations was
observed in vitreous, sclera, retina, conjunctiva and ciliary body [87]. Moreover,
inflammatory cytokines and chemokine mMRNA expression were found to be significantly
reduced [87,88]. In a different approach, the same group developed rhodamine conjugated
VIP liposomes incorporated in hyaluronic acid gel [88]. Researchers revealed significant
improvement with gel formulation. Similarly Abrishami et al have evaluated nanoliposome
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encapsulating bevacizumab by intravitreal administration in rats. These studies indicated
higher concentration (5X) of bevacizumab even on day 42 in nanoliposomal delivery
compared to free drug alone [89]. Such results suggest that biologics may be encapsulated in
liposome to achieve higher concentrations in the ocular compartments.

6.2 Particulates

6.2.1 Nanoparticles—Nanoparticles and microparticles are colloidal delivery systems
being explored for macromolecule drug delivery. These particles are composed of
biocompatible and biodegradable polymers. Nanoparticle delivery system has several
advantages such as higher corneal penetration, extended release and large dissolution area
which improve bioavailability of active ingredient compared to conventional delivery
systems [90]. Patel et al, developed novel biodegradable pentablock copolymer based
nanoparticle system for sustained release of proteins. Various pentablock copolymers were
utilized to encapsulate biologics such as 1gG, bevacizumab and FITC-BSA [25,91].
Pentablock copolymers examined in several ocular cell lines, did not demonstrate any
cytotoxicity or inflammatory mediator release with in vitro studies. [25,92]. Moreover, 1g-G,
bevacizumab and FITC-BSA were released over prolonged period of time. In addition,
released 1g-G was stable as native 1g-G for prolonged time [25,91]. Therefore, such
formulations may be applied to anti-VEGF therapies in order to be delivered to the back-of-
the-eye tissues for treatment of posterior diseases. In addition Yandrapu et al investigated
sustained release of bevacizumab from the core of porous microparticles. PLA nanoparticles
encapsulating bevacizumab were first prepared before mixing with PLGA microparticles
[93]. In vitro study indicated sustained release of bevacizumab for 4 months with no change
in conformation and activity [93]. Therefore, this formulation may be employed for delivery
of biologics to the back-of-the-eye for the treatment of posterior ocular diseases. However,
PLGA may generate lactic acid which can cause irritation. Microparticles/nanoparticles if
injected intravitreally, can cause blurred vision due to particle floatation. In contrast,
bevacizumab encapsulated in pentablock polymer nanoparticles and suspended in gel have
shown sustained release for extended periods (2—4 months) and can deliver therapeutics for
prolonged period of time without frequent injections [25,91,92]. Recombination technology
RNA has been extensively used as therapeutic agent for the treatment of a wide-range of
ocular diseases. RNA can undergo several modifications, engineering, and/or assembly. The
altered RNA can then encapsulated into a nanoscale delivery system. RNA, such as
packaging RNA (pRNA), which may contain up to 117 nucleotides and small interfering
RNA (siRNA), has been broadly explored in cancer, viral infection and genetic diseases.
Recently, Feng et al investigated the distribution and clearance of pRNA and dsRNA
nanoparticles to the cornea and retina after subconjunctival injection. In vivo study was
performed in mice and nanoparticles containing pPRNA or dsRNA were labeled using
Alexab47 for easy quantification and imaging [94]. Results indicated that pPRNA and dsRNA
were observed in sclera, corneal and conjunctiva cells, but only pRNA-X was detected in
retinal cells [94]. These results suggest that RNA therapy can be useful and delivered to the
back-of-the-eye tissues for the treatment of posterior segment neovascular diseases.

Inherited retinal diseases are complicated. At present there are no feasible treatment options
for patients with inherited retinal diseases [95]. Consequently, gene therapy for the treatment
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of inherited and acquired ocular diseases is currently progressing. Mitra et al studied non-
viral nanoparticles containing glycol chitosan and plasmid DNA for their stability against
DNases, aggregation, plasmid stability and expression [96]. This study was conducted in
vivo in albino mice and results point out that the particles were stable and no aggregation
was observed [96]. Further, significant amount of plasmid expression was observed in the
retinal pigmented epithelium on day 14 after sub-retinal injection [96]. Recent studies have
shown multiple blindness is associated with mutations of the RPE65 gene [97]. Koirala et al
have investigated persistence of a non-viral vector mediated RPE65 in terms of viability as a
gene transfer therapy for diseases related with RPE. Nanoparticles containing plasmid DNA
(VMD2-hRPE65-S/MAR) and naked DNA were sub-retinally injected in mice with
RPE65gene mutation. Following injections, the animals were monitored for 15 months [97].
Results demonstrated that expression of RPE65 was positive improvement 32% for
nanoparticles mediated delivery compared to 44 % for naked DNA [97]. Further, fundus and
toxic reduction were observed in the eyes injected with nanoparticles and naked DNA
compared to untreated eyes [97]. Results indicate that compacted DNA nanoparticles may be
exploited as gene therapies for long term improvement of RPE degenerative diseases.

Recent studies have shown that mutations in gene RPEG65 are associated with multiple
blindness diseases [97]. Koirala et al have investigated persistence of a non-viral vector
mediated RPEG5 in terms of viability as a gene transfer therapy for diseases related with
RPE. Nanoparticles containing plasmid DNA (VMD2-hRPE65-S/MAR) and naked DNA
were subretinally injected in mice with RPE65gene mutation and animals were monitored
for 15 months [97]. Results demonstrated that expression of RPE65 was 32% for
nanoparticles mediated delivery compared to 44 % for naked DNA [97]. Further, funds and
toxic reduction were observed in the eyes injected with nanoparticles and naked DNA
compared to untreated eyes [97]. Results indicate that compacted DNA nanoparticles may be
exploited as gene therapies for long term improvement of RPE degenerative diseases.

6.2.2 Microparticles—Acylation of peptides has been identified as a major challenge for
sustained release of peptides from delivery systems [20,98,99]. Reversible hydrophobic ion
pairing (HIP) complex strategy was used to minimize octreotide acylation during long time
delivery from PLGA microparticles by Vaishya et al. Sodium dodecyl sulfate and dextran
sulfate with different molecular weights were used as ion pairing agents to prepare HIP
complex with octreotide [21]. Microparticles were prepared with HIP complexed with
octreotide and PLGA polymer. Results showed higher encapsulation efficiency. Octreotide
was released for extended time period. A large percentage of released octreotide was in
native form and only less than 7% was acylated [21]. In addition, Shirangi et al inhibited
acylation by temporarily and reversibly block the amine groups in the peptide chain with a
protective group. Results indicated that octreotide with these modifications encapsulated in
PLGA microsphere had 5% acylation while unprotected octreotide generated 52.5 %
acylation after 50 days of incubation [99]. These studies clearly suggest that such
modification on peptides can be utilized to deliver peptide to the back-of-the-eye tissues
with lower acylated products.

Two different chitosan microparticle (CMP) formulations were prepared encapsulating either
BSA or, green fluorescent protein fused to the activator of transcription peptide (tat-EGFP).
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In vitro release kinetics presented high release of BSA compared to tat-EGFP [100]. In vivo
studies showed presence of CMPs in the photoreceptor layer of retina and remained there for
at least 8 weeks after subretinal injection. While higher concentrations resulted into toxicity,
lower concentrations were well tolerated [100].

6.3 Controlled Release Delivery Systems

6.3.1 Nanotubes—Nanotubes have also been exploited for back-of-the-eye therapeutic
delivery. Panda et al studied self-assembly dipeptide phenylalanine-a., and -
hydrophenylalanine nanotubes. These delivery systems sustained intravitreal delivery of
targeted tyrosine kinase inhibitor (pazopanib) [101]. Nanotubes were able to deliver
pazopanib with 25% efficiency and no toxicity observed in retinal cells. Pazopanib was
found in vitreous humor, retina and choroid RPE at higher concentrations for 15 days
relative to pazopanib solution alone in vivo [101]. These results suggest that nanotubes can
be applied as a delivery system which may sustain higher drug concentrations in ocular
tissues.

6.3.3 Implants—Implants are a popular mode of ocular delivery. Commercially available
implants include Vitrasert, Retisert, Ozurdex and lluvien [102]. Most of these implants are
confined to small molecule drugs. At present, no implants carrying biologics are available in
the market, but some are in the pipeline. NT-501(Renexus, Neurotech) is an implantable
encapsulated cell therapy device containing genetically modified human retinal pigmented
epithelium cells that can secrete therapeutic doses of ciliary neurotrophic factor (CNTF) into
the back-of-the-eye for the treatment of retinal degenerative diseases [103]. In addition to
NT-501, NT-503 uses engineered RPE cells to produce soluble VEGF receptor protein (Fc-
Fusion protein). The construct can be delivered with similar implants [103]. Port Delivery
System (Genentech) is a non-biodegradable implant that is applicable to deliver ranibizumab
into vitreous cavity over extended time period. The main important feature of this implant is
its ability to refill via trans-conjunctival injection [104]. Implants presently on the market or
undergoing clinical trials comprise nonbiodegradable polymers, encompassing drugs i.e.
ganciclovir, fluocinolone acetonide, triamcinolone acetonide, and ranibizumab. Moreover,
biodegradable polymers, containing dexamethasone, triamcinolone acetonide, and
ranibizumab have also been developed [102].

6.3.4 Dendrimers—Dendrimers have been exploited as nanocarrier system in drug
delivery. It is defined as a branched structure on the outside and a center core in
encapsulating and targeting a variety of molecules. Dendrimers can entrap numerous
molecular weights of either hydrophilic or hydrophobic molecules [105]. When designing a
dendrimer it is vital to consider molecular weight, size, surface charge, molecular geometry
and functional group as these parameters play key role in drug delivery [86]. Marano et al
utilized amino acid dendrimers to deliver anti-VEGF oligonucleotide into the eye for the
treatment of laser induced CNV. In vivo studies showed inhibition of CNV and
oligonucleotide was observed in retinal cell layers [106]. Despite many advantages,
dendrimer uses in ocular drug delivery have been limited due to high toxicity profile [107].
The interaction between positive charge of dendrimers and negative charge of biological
membrane cause membrane disruption and erosion [108]. Many attempts have been invested
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to modify the surface charge of dendrimers to reduce the toxicity, such as acetylation [109],
carbonhydrate conjugation [110], peptide conjugation [111] or PEGylation [112].

7. Future perspectives

Anti-VEGF, VEGF trap and aptamer therapies are recently approved for the treatment of
back-of-the-eye diseases. These therapies represent an innovation to counteract
neovascularization, edema, arresting and/or diminishing vision loss. Despite all the success
with VEGF inhibitor therapies, several limitations exist for complete vision recovery.
Therefore, there is a need to identify novel approaches that will reduce frequent intravitreal
administration, increase patient compliance and complete vision restoration. Table 4
describes biologics that are currently in clinical trials.

7.1 Aptamers

Aptamers are single stranded DNA or RNA (ssDNA or ssRNA) oligonucleotide ligands that
bind to molecular targets with high affinity and specificity. RNA aptamer (Pegaptanib) has
been indicated for the treatment of posterior ocular diseases and have shown significant
improvement in the treatment of back-of-the-eye diseases [17]. Another aptamer E10030
which is a DNA aptamer, has been indicated against platelets-derived growth factor (PDGF)
which stimulates angiogenesis. It is currently in Phase 111 clinical trial, in combination with
anti-VEGF agents for the treatment of AMD [113-115].

Studies reported that inhibition of PDGF escalates sensitivity of endothelial cells to anti-
VEGF agents [114,116]. Therefore, combination therapy of anti-VEGF and other growth
factors may be beneficial to improve vision. Another aptamer ARC1905 has also been
utilized in combination with ranibizumab for the treatment of subfoveal CNV secondary to
AMD [17,113].

7.2 Small Interference RNAs

Small interfering RNA (siRNA) sometimes referred to as short interfering or silencing RNA
is a double stranded RNA molecule with 20-25 base pairs. Such siRNA provides an
opportunity to induce gene silencing in cells. Usually the gene silencing takes place after
transcription stage. The application of siRNA for various posterior segment ocular diseases
may be considered as a promising approach. An exploitation of siRNA directed against
VEGF for the treatment of neovascularization has been demonstrated. Bevasiranib is a
dsRNA with 21 nucleotide base pairs targeting VEGF-A. Biodistribution and
pharmacokinetics studies of bevasiranib after single intravitreal injection in rabbit eyes show
that radiolabeled dsSRNA was detected in vitreous, retina, RPE, choroid and sclera with
highest concentrations found in the vitreous [117]. Another SiRNA-027(AGN211745) has
been designed to target VEGFR-1 [118,119]. PF-04523655 (RTP-801) which targets DNA
damage inducible transcript 4 (DDIT4) [120,121] is currently in clinical trial. sSiRNA therapy
is well tolerated in patients with neovascular AMD and may improve in visual acuity
[17,119,121]. Thus siRNA therapy represents an important new class of therapy against
uncontrolled angiogenesis.
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7.3 Stem Cells

Stem cell therapy has been investigated mostly for the treatment of cancer diseases.
Emerging stem cell therapies for restoration of sight should be focused on two areas such as
cornea and retina [122]. Limbal stem cell deficiency (LSCD) can lead to corneal
vascularization which may result in visual impairment or blindness [123]. Limbal stem cells
have been transplanted successfully from an exogenous source other than the patient with
successful renewal of corneal epithelium [123,124]. Limbal cells may be collected from
donors, or cells grown in culture. Stem cell therapy has been confirmed as a treatment for
anterior segment diseases [124]; and may be used for posterior segment diseases too (Please
see 6.3.3 Implants).

Besides aptamers, siRNA and stem cells, antisense oligonucleotides may also be considered
as treatment regimen in vision impairment. Oligonucleotides function by blocking synthesis
of proteins interfering at the transcription or translation levels. Therefore, an oligonucleotide
can be developed to block proteins synthesis such as VEGF. It can be delivered to the back-
of-the-eye from topical administration. This may constitute a significant improvement in
treatment of retinal pathologies.

8. CONCLUSIONS

The delivery of therapeutic biologics to back-of-the-eye tissues is a formidable task at this
present time. While the mechanism by which biologics are effective are yet to be fully
understood, an ideal delivery system with effective drug levels at given time over an
extended period with minimizing systemic drug exposure requires more standardization.
Moreover, the delivery system should emphasize patient compliance with the ability to be
self-administered. Recent anti-VEGF therapies have proved to be an example of a more
efficient treatment modality. However, it is important to explore other biologics that may
provide a superior treatment outcome. Patient compliance will continue to be emphasized in
designing future retinal drug delivery systems. A reasonable strategy to circumvent
drawbacks of an individual technology is to combine the benefits from several varying
technologies.

9. EXPERT OPINION

Treatment of posterior ocular diseases is a challenge. At present, anti-VEGFs are the main
strain and first line of treatment. Moreover, anti-VEGF may be considered as gold standard.
However, other therapeutics such as siRNA, oligonucleotides, aptamers and gene therapy are
still under investigation for posterior ocular disease treatment. On the other hand, stem cell
implants and fusion protein technologies for biologics have demonstrated remarkable results
in clinical trials. Despite all these therapeutics, attention should be emphasized to improve
delivery of biologics to back-of-the eye with non-invasive technology. Molecular weight,
size, charge and shape and biological barriers definitely add hindrance to posterior ocular
delivery. At present, most of the biologics are delivered with an invasive technique i.e, as
intravitreal injection. Such administration of biologics lack specificity, sustained drug
delivery and may be eliminated from vitreous cavity resulting in requirement of frequent
drug administration to maintain therapeutic levels. Transcleral or conjunctival-scleral
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pathway and uveal pathway may be explored as an alternative route of drug delivery to back-
of-the eye. A delivery system encapsulating macromolecules with high drug loading and
unchanged confirmation upon release providing sustained release is highly desirable.
Moreover, such delivery system should be patient compliance and affordable. Such a drug
delivery system may utilize either of the two pathways (transcleral or and uveal pathway) to
reach back of the eye is highly desirable. Example of such system include nanomicelles.
Nanomicelles with their small size and hydrophilic surface corona have been demonstrated
to deliver cyclosporine to back-of-the-eye tissues following topical drop administration on to
cornea [28]. Such a polymeric delivery systems with small size and hydrophilic surface may
be further explored to non-invasively delivery macromolecules to posterior ocular tissues.
Moreover, sustain drug release may be achieved with hydrogels. Encapsulating
macromolecules/biologics in polymeric nanomicelles and their incorporation into hydrogels
sounds potential for sustained drug delivery. Such an incorporation may not only sustain
macromolecule drug release but also maintains therapeutic drug levels and reduces
frequency of drug administration. Moreover, delivery of drugs to back-of-the-eye may be
achieved following topical drop administration into cul-de-sac or precorneal pocket. In near
future, such a technology may replace current invasive methods of drug administration
techniques such as intravitreal and/or periocular injection resulting in an economical and
patient compliance method of posterior ocular disease treatment.
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Article highlights box

Back of the eye diseases such as AMD, DME and DR are vision threatening
diseases, normally diagnosed in elderly population.

Treatment of posterior ocular diseases is challenging due to ocular barriers as
well as physicochemical properties of therapeutic agents.

Biologics also known as macromolecules have recently gained attention as
therapeutic agents used to treat back of the eye diseases. These molecules
have shown remarkable results relative to small molecule drugs and other
treatments

Small number of biologics have been approved and several are in the pipeline
for treatment of back of the eye diseases.

With increase in number of biologics in pipeline; an ideal delivery system,
one that will ensure stability of the molecule, sustained release, patient
compliance and affordable needs to be developed.
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Micelles Liposomes Dendrimers Carbon nanotube
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Fig. 2.
Different delivery systems that may be utilized to deliver macromolecules to back of the eye.
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Table 3
Advantages and disadvantages of different delivery systems for back-of-the-eye delivery of biologics
Delivery System | Advantages Disadvantages Ref
Conventional Patient compliance. Rapid pre-corneal elimination [3,138]
Easily administered Blurred vision
Unable to cross ocular barriers to the back of the eye
Poor bioavailability
Vesicular Biocompatible, biodegradable, safe materials Oxidative degradation of phospholipids. [3,139]
can be used. Instability e.g. liposomes. [19]
Can encapsulate hydrophilic and hydrophobic | Large size e.g. discosomes
drugs. Non patient compliance
Can sustain release of encapsulated drug
Particulate Biocompatible, biodegradable, non-toxic Patient non-compliance [25,140-143]
materials. Associated with 0P, retina hemorrhage, retinal [144,145]
Control and prolonged release of therapeutic detachment, and endophthalmitis.
molecules. Initial burst release of drugs
High bioavailability to the target site. Degradation of specific polymers may results to lower
Different routes of administration. pH, hence irritation.
Large drug payload e.g. lipid nanoparticles Poor stability of macromolecules
Low encapsulation efficiency
Control Release Control and sustained release of therapeutic Replacement of the unit in case of contamination or [146-150]

molecules.

Various routes of administration can be
applied.

High bioavailability of therapeutic molecules
to the target site

Control of IOP

Improved patient compliance e.g. implants

depletion of the active agent.

Might require a medical personnel and surgery to
insert and remove the device e.g. implants.
Education to handle and clean e.g. contact lenses
Active agent might not able to cross ocular barrier to
the posterior segment in case of contact lenses.
Costly

Advanced

No toxicity, safe

Stable

Enhanced bioavailability

Rapid drug delivery

Tissue targeting

Possibility of treating vascular and neuronal
ocular diseases

Immune responses

Random integration

\ehicle selection can be challenging

Poor cell permeability and degradation of nucleases
Intracellular and extracellular barriers

[141,151-154]

Expert Opin Drug Deliv. Author manuscript; available in PMC 2018 May 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Joseph et al.

Table 4

List of biologics currently in different phases of clinical trials

Drug Type of Molecule Biological Target Clinical Phase | Disease
E10030/Fovista DNA aptamer PDGF-BB 1 AMD

ARC1905 RNA aptamer C5 complement | AMD

POT-4 Peptide C3 complement 1l AMD

Infliximab Monoclonal antibody TNF-a 1l AMD

Bevasiranib SiIRNA VEGF-A 1 AMD

SiRNA-027 SiRNA VEGFR-1 | AMD, CNV
PF-04523655 SIRNA DDIT4 1 AMD, DME, CNV
ALN-VSP02 Dual siRNA VEGF-A and KSP |

Ad-PEDF Adenovirus/gene PEDF | AMD, CNV
AAV-SFLT01 Adeno-associated virus/gene VEGF | AMD

JSM6427 Monoclonal antibody a5B1 integrin | AMD, CNV
Retinostat Lentiviral vector/gene Endostatin, angiostatin | AMD
Volociximab Monoclonal antibody abpl integrin | AMD

Hl-conl Fusion Protein Pathologic blood vessels | 11 AMD, CNV
NT-503 Human RPE cells/implant VEGF 1l AMD, CNV
KH902 Fusion Protein VEGF 1 AMD, CNV, DME
Abicipar pegol/DARPins | Non antibody protein scaffold | VEGF-A 1/ AMD, DME

Source: [155]

AMD = Age related Macular Degeneration; CNV = Choroidal Neovascularization; DME=Diabetic Macular Edema
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