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Abstract Development of intraocular drug delivery systems (DDSs) is urgently
required for the treatment of eye diseases, especially in the posterior segment of the
eye (the vitreous cavity, retina, and choroid), most of which are refractory to
conventional pharmacologic approaches; eye drops and systemically administered
drugs cannot achieve therapeutic drug concentrations in the posterior segment of
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the eye. Repeated intravitreal injections of anti-angiogenic agents are effective in
the treatment of age-related macular degeneration, but there remain risks of serious
side effects such as endophthalmitis associated with repeated injections. Intraocular
DDSs may address these problems. Intraocular sustained drug release from
implantable or injectable devices has been investigated to treat vitreoretinal dis-
eases. A reservoir-type nonbiodegradable implant was first launched in the market
in 1996 for the treatment of cytomegalovirus retinitis secondary to the acquired
immunodeficiency syndrome, followed by clinical trials for a variety of potent
devices to treat other challenging eye diseases. An injectable rod-shaped insert
releasing a steroid is presently being assessed in a phase III trial to treat macular
edema secondary to diabetic retinopathy or retinal vein occlusion. Thus various
types of intraocular DDSs will be commercially available to treat vision-threatening
intraocular diseases in the near future.
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Controlled release - Intraocular drug delivery system - Microsphere

List of Abbreviations

AIDS Acquired immune deficiency syndrome
AMD Age-related macular degeneration

API Active pharmaceutical ingredient
CMV Cytomegalovirus

CNV Choroidal neovascularization

DDS Drug delivery system

ECT Encapsulated cell technology

EVA Ethylene vinyl acetate

HAART Highly active antiretroviral therapy
PLGA Poly(lactic-co-glycolic acid)

PVA Poly(vinyl alcohol)

PVR Proliferative vitreoretinopathy
RPE Retinal pigment epithelium

VEGF Vascular endothelial growth factor

1 Introduction

The eye is a photosensory organ with specific structures similar to those of a
camera. The eye should preserve not only the transparency of ocular media but
also its configuration, in order to stabilize refractory structures (e.g., cornea and
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lens). For this aim, the most effective shape is a balloon-like configuration with
little vasculature, few cellular components, and transparent fluid inside. Aqueous
humor, the intraocular circulating fluid, is well conditioned with sufficient nutrients
for nonvascular structures and a strictly limited amount of macromolecules such
as proteins and lipids for homeostasis and transparency. This forms the blood—
aqueous barrier, composed of ciliary nonpigmented epithelium and iridal vascular
endothelium with tight junctions. The outer and inner blood—retinal barriers,
which are formed by the retinal pigment epithelium (RPE) and retinal vascular
endothelium, respectively, regulate retinal homeostasis (Maurice and Mishima
1984; Geroski and Edelhauser 2001; Ambati and Adamis 2002; Yasukawa et al.
2004, 2006, 2007). In this way the intraocular space is separated from the
systemic blood circulation (Fig. 1) and therefore systemically administered
drugs cannot easily reach the intraocular space (Pharmacological Therapy for
Macular Degeneration Study Group 1997; Ip and Gorin 1996). Therefore, high
drug dosages must be used to achieve efficacy, frequently causing side effects in
other healthy tissues. On the other hand, the eye is covered with collagenous
layers (e.g., cornea and sclera) and epithelial and endothelial barriers (e.g., cornea
and RPE). These barriers, continuous tear production, frontward flow of aqueous
humor, and choroidal circulation limit the penetration of topically administered
drugs (e.g., eye drops and ointments) (Lang 1995; Kim et al. 2007) (Fig. 1).
Consequently, eye drops must be instilled frequently or at high concentrations to
achieve therapeutic concentrations even in the anterior segment of the eye. It is
much harder to deliver drugs to the posterior segment because of the longer
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Fig. 1 Barriers which limit drug delivery into the posterior segment of the eye. The cornea, tear
drainage, episcleral blood flow, and intraocular counterdirectional convection limit the delivery of
locally administered drugs into the posterior segment of the eye. Systemically administered drugs
cannot reach the vitreous cavity and the retina easily because of the blood-retinal barriers
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diffusion distance and counterdirectional intraocular convection from the ciliary
body to Schlemm’s canal.

Considering these problems, most recent therapies for vitreoretinal diseases, for
example exudative (wet) age-related macular degeneration (AMD) and macular
edema, have been administered by periocular or intraocular injection (Ip et al. 2004;
Gillies et al. 2006; Rosenfeld et al. 2006; Brown et al. 2006; Augustin and Schmidt-
Erfurth 2006). In the vitreous cavity, however, the half-life of most drugs with a
low molecular weight is as short as a few hours, even large molecules such as
antibodies have a half-life of a few days (Bakri et al. 2007a, b). Therefore, repeated
intravitreal injections may be required, potentially associated with adverse effects
such as cataract formation, vitreous hemorrhage, endophthalmitis, and retinal
detachment (Cantrill et al. 1989; Cocherau-Massin et al. 1991; Heinemann 1989;
Ussery et al. 1988).

Drug delivery systems (DDSs) may overcome the aforementioned problems
of pharmaceutical approaches. Regarding DDSs to the anterior segment of the
eye, some inserts used instead of eye drops are already commercially available:
Ocusert® Pilo (controlled-release pilocarpine, Alza Co., Palo Alto, CA), Mydria-
sert™ (IOLTech, La Rochelle, France), and Lacrisert™ (hydroxypropyl cellulose
ocular insert, Merck & CO., Inc., Whitehouse Station, NJ) (Fig. 2). Ocusert®
Pilo inserts, which became commercially available in 1974, contain a core
reservoir consisting of pilocarpine and alginic acid. The core is surrounded by
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lithic-type) insert in the conjunctival sac. *Commercially available medical devices. **Products

under clinical trials



Medical Devices for the Treatment of Eye Diseases 473

a hydrophobic ethylene vinyl acetate (EVA) copolymer membrane that controls
diffusion of pilocarpine, an active pharmaceutical ingredient (API), from the
insert into the eye. Pilocarpine can decrease intraocular pressure in patients
with glaucoma. While commonly used eye drops should be administered four
times a day, the insert releases pilocarpine for a week after it is placed in contact
with the conjunctival surface. Mydriasert™ is an insoluble-matrix retropalpebral
ophthalmic insert containing phenylephrine and tropicamide as APIs to obtain
sustained mydriasis during surgery or fundus examination. Lacrisert™ is biode-
gradable and inserted daily into the conjunctival sac instead of eye drops in the
treatment of dry eye. These types of inserts could be easily removed if adverse
effects develop. However, these inserts do not provide striking benefits over
conventional use of eye drops. On the other hand, it must be beneficial but more
complicated and hard to develop DDSs to the posterior segment of the eye. The
implants should be placed into the sub-Tenon’s, intrascleral, or intravitreal space.
In this case, any mechanical effects of the remaining matrix and any pharmaco-
logic effects of the drug used should be considered.

In this section, we review medical devices for the treatment of diseases in the
posterior segment of the eye which are clinically available, under clinical trial, or
being tested preclinically.

2 Targeted Vitreoretinal Diseases

Vision loss easily impairs quality of life. In industrialized nations, AMD, diabetic
retinopathy, and retinitis pigmentosa as well as glaucoma are main causes of legal
blindness, while cataract and corneal diseases are still sight-threatening in develop-
ing countries. Retinal disorders are one of the most challenging diseases in the
body, involving AMD, diabetic retinopathy, retinitis pigmentosa, and macular
edema secondary to diabetic retinopathy, uveitis, pseudophakia, and retinal vein
occlusion. Some eyes with glaucoma are refractory to any medications and surgical
approaches. In such cases, retinal ganglion cells are damaged, resulting in progres-
sive visual field defect. Thus, most hard-to-treat eye diseases are associated with
alteration of retinal functions. Because the retina is a neurosensory organ with
binocular harmonized function, the retina and, in particular, its center, called the
macula, require homeostasis in (1) the structure and the location, (2) transparency,
and (3) neurophysiology. AMD and macular dystrophy often lead to irreversible
impairment of neurophysiologic functions at the macula. Macular edema impairs
not only the structure but also the transparency and physiologic functions of the
retina. To date, advances in surgery enable even the peeling of the internal limiting
membrane, the innermost thin layer of the retina, by the use of special instruments,
resulting in recent highly improved visual outcomes in eyes with macular holes.
However, most other macular diseases are still refractory to any type of treatment.

Many vitreoretinal disorders are refractory to the effects of current medications
because of the aforementioned difficulties in pharmacologic approaches. Therefore,
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a DDS may be necessary in the treatment of a variety of intraocular diseases.
Potentially, an intraocular controlled (sustained) release system can be used for
diseases in which repeated local administration of drugs is likely to be effective,
such as wet AMD, macular edema, cytomegalovirus (CMV) retinitis, and uveitis. In
addition, in diseases that initially require vitreoretinal surgery and in which com-
plications or recurrence may occur postoperatively, intraocular controlled release
devices implanted adjunctively during surgery may improve recovery (e.g., prolif-
erative vitreoretinopathy (PVR), choroidal neovascularization (CNV), and diabetic
retinopathy). Moreover, a controlled release system may be necessary to treat
chronic diseases with no satisfactory therapies, such as geographic atrophy (dry
AMD), macular edema, and retinitis pigmentosa.

2.1 Cytomegalovirus (CMV) Retinitis

CMV retinitis used to be an object of public concern, because it occurred in
approximately 25% of patients with acquired immune deficiency syndrome
(AIDS) and was a leading cause of blindness in terminally ill patients (Gross
et al. 1990). This background urgently required the development of a new treatment
modality. Early diagnosis and efficient management are necessary to preserve
vision. Systemic administration of ganciclovir or foscarnet first proved effective
in slowing the progression of CMV retinitis. However, these drugs frequently have
serious side effects: ganciclovir causes myelosuppression and foscarnet kidney
dysfunction, which may necessitate discontinuance of the therapy (Henderly et al
1987; Holland et al. 1986; Jabs et al. 1987). Therefore, intravitreal administration of
ganciclovir was then carried out but needed to be repeated to maintain intraocular
drug concentration in the therapeutic range, potentially associated with inherent
risks of retinal detachment, cataract, vitreous hemorrhage, and endophthalmitis
(Cantrill et al. 1989; Cocherau-Massin et al. 1991; Heinemann 1989; Ussery et al.
1988). A pressing need to preserve the quality of life in patients with AIDS focused
on the development of new intraocular DDSs, leading to the first commercial use
of a controlled release system for ganciclovir with a nonbiodegradable polymer
device (Vitrasert™) (Sanborn et al. 1992). This proved to be effective and biocom-
patible clinically, although it required surgery to remove the exhausted unit or to
repeat implantation (Morley et al. 1995; Sanborn et al. 1992; Smith et al. 1992).
More recently, highly active antiretroviral therapy (HAART), a combination of
reverse-transcriptase-inhibiting nucleosides and human immunodeficiency virus
type 1-specific protease inhibitors, has been established to normalize immunity in
patients with AIDS and promote the regression of several opportunistic infections
including CMV retinitis (Autran et al. 1997; Mitchell et al. 1999; Vrabec et al.
1998). Thus HAART has significantly reduced the need for an intraocular device
for patients with AIDS. Yet, a number of scientists that gained fundamental
knowledge in the field of intraocular DDSs, and now continue to develop new
devices to treat a variety of other challenging vitreoretinal diseases.
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2.2 Noninfectious Uveitis

The uvea is the intraocular tissue with melanin granules, involving the iris, the
ciliary body, and the choroid. Uveitis is an ocular autoimmune or inflammatory
disease occurring in the uvea and adjacent tissues such as the sclera and the retina.
Uveitis has acute or chronic features affecting local or diffuse areas of the eye, and
it has the potential for recurrence. The disease often requires long-term medication
with steroids, immunosuppressive agents, antibiotics, or their combination in order
to suppress inflammation or prevent recurrence in specific cases. Persistent inflam-
mation in the anterior segment sometimes results in posterior synechia of the iris
limiting the dilation of the iris, secondary glaucoma with or without peripheral
anterior synechia of the iris, and cataract formation, while longstanding inflamma-
tion in the posterior segment sometimes leads to hazy vitreous humor, macular
edema, exudative or ischemic retinal vascular disorders, and other retinal dysfunc-
tions. The necessity of long-term medication led to the development of a controlled
release system for fluocinolone acetonide with a nonbiodegradable polymer device
(Retisert™), which was approved by the US FDA in 2005 (Jaffe et al. 2000).

2.3 Macular Edema

Macular edema, if persistent, often leads to irreversible loss of visual acuity, accom-
panying a variety of diseases including diabetic retinopathy, uveitis, and retinal vein
occlusion (Fig. 3). This disease is characterized by leakage of serum from retinal
capillaries and subsequent swelling of the macula, the center of the retina.

Diabetic macular edema is one of major causes of legal blindness in patients
with diabetes mellitus. There are approximately 500,000 cases requiring treatment
in the USA every year. Permeability of retinal vasculature is enhanced by vascular
endothelial growth factor (VEGF) secreted from retinal cellular components in
response to occlusion of microcapillaries and subsequent ischemia. Also macular
edema is affected by a variety of general conditions: degree of diabetic nephropathy
as well as retinopathy, hypertension, anemia, and hyperlipidemia. Diabetic macular
edema is classified into two types: focal and diffuse. Focal macular edema is often
caused by microaneurysms with a compromise of the blood—retinal barrier integ-
rity, which is treatable by laser photocoagulation of the microaneurysms. On the
other hand, diffuse macular edema is caused by dilation of retinal capillaries around
the macular area. Diffuse macular edema is currently treated by grid laser treat-
ment, intravitreal or sub-Tenon’s injection of a steroid, triamcinolone acetonide
(Ip et al. 2004; Gillies et al. 2006), or vitrectomy. More recently, some nonbiode-
gradable or biodegradable devices with various corticosteroids for intraocular use
(Medidur‘@, I-vation®™, and Posurdex®) as well as intraocular injection of anti-
VEGF agents (Lucentis@, and Avastin®) are under clinical trial in the treatment of
diffuse diabetic macular edema.
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Fig. 3 Macular edema secondary to central retinal vein occlusion. (a) Fluorescein angiography
revealed cystoid macular edema. (b) Optical coherence tomography showed a retinal section with
cystic spaces at the macula. Visual acuity is 20/100. (c¢) Intravitreal injection of crystalline
triamcinolone acetonide (4 mg) reduced the macular edema and improved visual acuity to
20/50. However, macular edema often recurs and requires repeated administration of drug, laser
photocoagulation, or vitrectomy

2.4 Retinitis Pigmentosa

Retinitis pigmentosa is a clinically and genetically heterogeneous group of eye
diseases with primary retinal and RPE degeneration resulting from a variety of
genetic alterations in physiologic functions of photoreceptors and underlying RPE
cells as a sensor of visible light. Gene mutations involve autosomal dominant and
recessive, X-linked, and mitochondrial modes. Most causal genes may be asso-
ciated with the retinoid cycle, involving e.g., rpe65, abca4, vmd2. Generally, an
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electroretinogram is negative or non-recordable before the onset of visual field
defect. Many cases have progressive visual field defect, in some cases accompanied
by loss of visual acuity. To date, there have been no successful treatment modalities
to improve genetic alteration or even delay the progression of symptoms. However,
a recent report on gene therapy has shed hopeful light on the treatment. Intravitreal
injection of rpe65-encoding adenovirus vector delayed the worsening of visual
function in eyes with Leber’s congenital amaurosis (Maguire et al. 2008). This
result suggests that long-term supply of defect or altered proteins derived from gene
mutations may rescue eyes with retinitis pigmentosa. Intracellular delivery of
proteins as well as gene therapies using viral or nonviral vectors, siRNAs, and so
on may have great potential to treat retinitis pigmentosa.

2.5 Age-Related Macular Degeneration (AMD)

AMD is a leading cause of legal blindness in people over 50 years of age in most
developed countries (Klein et al. 1992; Ryan et al. 1994). Fifteen million Amer-
icans and more in other western countries are affected by AMD. About 14-24% of
US citizens aged 65-74 years and 35% of people over 75 years of age have the
disease. There are approximately 200,000 new cases of AMD each year in USA,
and the annual incidence is expected to grow as the population ages. AMD is
classified into two types: choroidal neovascularization (CNV; exudative or wet
AMD) and geographic atrophy (dry AMD). Geographic atrophy represents the
death of photoreceptors and underlying RPE cells and the atrophy of underlying
choriocapillaries, resulting in gradual impairment of central vision with no success-
ful treatment. In contrast, CNV often results in acute or subacute irreversible
visual loss (Ryan et al. 1994) (Fig. 4). CNV has been treated by surgical removal,
macular translocation with scleral retraction sutures or 360° retinotomy, laser
photocoagulation, photodynamic therapy, transpupillary thermotherapy, or radia-
tion (American Academy of Ophthalmology 2000; Bressler 1997; Chakravarthy et al.
1993; Kaplan 1996; Macular Photocoagulation Study Group 1986, 1990, 1994a, b).

Fig. 4 Exudative form of
age-related macular
degeneration. Choroidal
neovascularization (asterisk)
invaded into the subretinal
space with fibrin and
hemorrhage (arrows). Even
with the newest treatments
(anti-VEGF therapies), the
improvement of already-
decreased vision is limited.
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Despite a variety of treatments, recovery of vision in eyes with CNV is still highly
limited. In addition, the recurrence of CNV is a serious problem. Macular translo-
cation with 360° retinotomy often dramatically improves visual acuity (Eckardt
et al. 1999; Pertile and Glaes 2002). However, severe complications such as
postoperative PVR and diplopia have yet to be minimized.

Recently, many clinicians, investigators, and pharmaceutical companies have
been very interested in the development of pharmacologic therapies for AMD,
because photodynamic therapy with a photosensitizer, topical steroid therapy, and
more recently the use of anti-VEGF agents appeared relatively effective exudative
AMD (Blumenkranz et al. 2002; Rosenfeld et al. 2006; Brown et al. 2006; Augustin
and Schmidt-Erfurth 2006; Adamis and Shima 2005). A number of clinical trials are
now completing, ongoing, or prepared. Recent successful cases have been per-
formed by intravitreal or sub-Tenon’s injections because of the past history of the
failures of pharmacologic approaches by systemic use of interferon alpha and
thalidomide in the treatment of exudative AMD (Ip and Gorin 1996; Maguire
et al. 2001; Pharmacologic Therapy for Macular Degeneration Study Group
1997). However, more recent new agents have been or are planned to be tested,
not only by intravitreal or sub-Tenon’s injection but also by systemic administra-
tion or even by eye drops. Thus, recent major trends in the development of
new compounds tend to make many subsequent innovators blind to the impaired
access of pharmacologic agents to the posterior segment of the eye as a critical issue.
The development of an intraocular controlled-release system or drug targeting is
desired as eagerly as the development of a new potent anti-angiogenic agent.

2.6 Proliferative Vitreoretinopathy (PVR)

PVR, the major cause of failure of retinal detachment surgery, involves intraocular
pathologic wound healing: the formation of fibrous membranes composed of RPE
cells, glial cells, macrophages, and fibroblasts on or beneath the retina (Jerdan et al.
1989; Machemer and Laqua 1975; Retinal Society Terminology Committee 1983).
RPE cells that scatter into the vitreous cavity or subretinal space after retinal
detachment produce extracellular matrix proteins, proinflammatory cytokines,
and chemokines. This results in breakdown of the blood-retinal barrier, recruitment
of other inflammatory cells, and myofibroblastic transdifferentiation of RPE cells
(Scheiffarth et al. 1988). Contractile forces generated within the fibrous tissue
formed ultimately lead to tractional retinal detachment and/or macular pucker,
which threaten vision. RPE cells and fibroblasts are usually the predominant
cell types in the epiretinal membranes of PVR. A variety of cytokines may play
a role in the pathogenesis of PVR, including transforming growth factor-beta
(Gonzalez-Avila et al. 1995), platelet-derived growth factor (Milenkovic et al.
2003), basic fibroblast growth factor (Hueber et al. 1996-1997; La Heij et al.
2002), tumor necrosis factor-alpha (Armstrong et al. 1998), epidermal growth factor
(Milenkovic et al. 2003), interleukin-1beta (El-Ghrably et al. 2001), interleukin 6
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(EI-Ghrably et al. 2001; La Heij et al. 2002), interleukin 8 (El-Ghrably et al. 2001),
interferon gamma (El-Ghrably et al. 2001), hepatocyte growth factor (Hinton et al.
2002), connective tissue growth factor (Hinton et al. 2002), and VEGF (Armstrong
etal. 1998). Thus many substances can be candidates in the treatment of PVR. On the
other hand, a single treatment targeting one of these substances may be insufficient
to treat PVR. Because surgical approaches are necessary in many cases to mechani-
cally reduce the retinal traction, some devices for intraocular controlled release of
drugs can be applied intraoperatively as an adjunct to decrease the incidence of PVR.

3 Nonbiodegradable Devices

The development of intraocular controlled release systems has been enthusiasti-
cally investigated since the late 1980s because of the urgent necessity to establish a
new treatment modality alternative to repeated intravitreal injections of ganciclovir
in the treatment of CMV retinitis in patients with AIDS. These efforts led to the first
commercial product, Vitrasert™, which was a non-biodegradable implant contain-
ing ganciclovir (Fig. 2) (Sanborn et al. 1992). This reservoir-type implant is made
up from non-biodegradable polymers such as poly(vinyl alcohol) (PVA), EVA, and
silicon laminate, and contains an API in the inner space. This type exhibits the most
stable and long-standing release profile of an API, as compared with other types of
implants, because it can store a large amount of an API and regulate drug release
merely by total surface area and thickness of PVA, a permeable polymer (Fig. 5a)
(Okabe et al. 2003; Yasukawa et al 2004, 2006). EVA or silicon laminate, a
nonpermeable polymer, is used to limit the practical surface area for drug perme-
ability, while PVA is used to construct the framework of the device and regulate the
rate of drug permeability. On the other hand, the disadvantages of this type involve
the relatively large size of the device requiring a large incision for implantation,
which may increase the risk of vitreous hemorrhage, subsequent epiretinal mem-
brane and retinal detachment, and the potential need for removal surgery to
exchange the implant or treat possible complications such as retinal detachment
and API-induced adverse effects. In fact, the same type of implant, Retisert™,
which releases fluocinolone acetonide for the treatment of chronic non-infectious
uveitis, has a critically high incidence of steroid-induced cataract and glaucoma.
The investigators must consider not only sustained effects but also possible adverse
effects of APIs and nonbiodegradable devices in designing controlled release
systems.

3.1 Vitrasert™: Nonbiodegradable Implant with Ganciclovir

Vitrasert™ (Bausch & Lomb, Rochester, NY) is a reservoir-type implant that
delivers ganciclovir, an antiviral drug, intraocularly in patients with AIDS-related
CMV retinitis, approved in 1996 by FDA. Ganciclovir is a synthetic nucleoside
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analog of 2'-deoxyguanosine that inhibits replication of viruses including CMV,
herpes simplex virus-1 and -2, Epstein—Barr virus, and varicella zoster virus. This
intravitreal implant contains a ganciclovir tablet composed of 4.5 mg of ganciclovir
and 0.25% of magnesium stearate as an inactive ingredient, coated with PVA and
EVA. PVA and EVA are non-degradable polymers used for controlling the rate of
drug release. Hydrophobic EVA was used to limit the surface area available for
release of the hydrophilic drug. Ganciclovir is slowly released over a 5-8 month
period of time across the water-permeable PVA membrane following the entrance
of fluid into the device. Ganciclovir is partially dissolved with imbibed water up to
the saturated concentration and continuously diffuses across the PVA membrane.
The reservoir implant yields zero-order release kinetics, while the inner solution
remains saturated with ganciclovir. Vitrasert™ requires surgical implantation.
A 5.5 mm sclerotomy is made circumferentially 4 mm posterior to the limbus.
After trimming prolapsed vitreous humor, the ganciclovir implant is placed into the
vitreous cavity through the sclerotomy and fixed with anchoring sutures. Then
the sclerotomy and the conjunctiva are sutured. Caution is needed in handling the
device so as not to damage the PVA membrane. After the implantation, most
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patients will experience an immediate decrease in visual acuity for the following
2—-4 weeks. This temporal visual impairment may result from the surgical procedure
itself. The implanted device will require the removal procedure if re-implantation is
necessary or if any complications such as retinal detachment occur.

3.2 Retisert™: Nonbiodegradable Implant with Fluocinolone
Acetonide

Retisert® (Bausch & Lomb, Rochester, NY) is a reservoir-type implant with the
same shape as Vitrasert™, designed for the treatment of chronic non-infectious
uveitis (Jaffe et al. 2000) (Fig. 6a). The implant consists of a tablet containing
0.59 mg of the active ingredient, fluocinolone acetonide, and inactive components
such as microcrystalline cellulose, PVA, and magnesium stearate. The implant is
coated with PVA and silicon laminate to yield sustained release of a corticosteroid,
fluocinolone acetonide, at a steady rate of 0.3-0.6 pg/day to the posterior segment
of the eye for a period of 30 months. The device is 5 mm long, 2 mm wide, and
1.5 mm thick, smaller than Vitrasert™. Fluocinolone acetonide reduces inflamma-
tion and lowers intravitreal VEGF levels in the eye. The recurrence rate of uveitis is
reduced to 7-14% in the 34-week period post-implantation, in contrast to 40-54%
in the control group. The implant also decreases the necessity to use systemic and
topical administrations of steroid. The implantation procedure is same as that for
Vitrasert™. Caution should be exercised in handling the implant in order to avoid
damage to the PVA membrane, which may result in an unexpectedly increased rate
of drug release from the implant. Intraocular sustained release of steroid, however,
ironically results in a marked rate of steroid-induced intraocular complications.
Within 34 weeks post-implantation, approximately 60% of patients will need med-
ications to treat steroid-induced glaucoma. Moreover, within two years after implan-
tation, approximately 32% of patients will require glaucoma (filtering) surgery
(Callanan 2007). Also within a post-implantation period of two years, most phakic
eyes will develop cataract formation and require cataract surgery. Nevertheless,

Fig. 6 A variety of medical devices for DDSs to the posterior segment of the eye. (a) Retisert™
(Bausch & Lomb) contains a tablet with fluocinolone acetonide encapsulated with nonbiodegrad-
able polymers. (b) I-vation™ (SurModics) is a helical nonbiodegradable implant with triamcino-
lone acetonide, implantable through a small incision. () Posurdex™ (Allergan) is an injectable rod
with dexamethasone placed with a special applicator
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because long-standing intraocular inflammation itself can be associated with inci-
dence of secondary glaucoma and cataract, the sustained and excellent efficacy of
the implant to treat chronic uveitis is highly appreciable.

3.3 I-vation™: Nonbiodegradable Implant with Triamcinolone
Acetonide

A unique nonbiodegradable implant, I-vation™ (SurModics, Irvine, CA), is cur-
rently in a phase I clinical trial for the treatment of diabetic macular edema. This
device contains and releases 0.925 mg of a corticosteroid, triamcinolone acetonide,
slowly to the posterior segment of the eye. The shape of the device is a unique
scaffold designed for minimally invasive implantation, different from those
of Vitrasert™ and Retisert™ which require more invasive surgery for implantation
(Fig. 6b). The implant’s small diameter enables implantation through a sclerotomy
with a 25-gauge needle. The unique helical design maximizes the surface area
available for drug release as well as enabling anchoring of the implant against the
sclera. The thin cap attached is placed under the subconjunctival space. The
triamcinolone acetonide is coated with a blend of polybutyl methacrylate and
polyEVA. The safety and biocompatibility of I-vation™ have been derived from
preclinical studies for up to 9 months post-implantation. SurModics is sponsoring a
Phase I safety study called STRIDE (Sustained Triamcinolone Release for Inhibi-
tion of Diabetic Macular Edema) for the treatment of diabetic macular edema. Early
clinical results show I-vation™ to be safe and well tolerated. Average macular
thickness in eyes with diabetic macular edema decreased to 230 pm at month 6, as
compared with preoperative thickness of 376 um. The study subjects will be
followed for three years. The release profile of drugs can be customized by varying
ratios, thickness, and total surface area of constituent polymers in the coating. It
remains to be seen whether the sclera tolerates anchoring of the device for long
periods and after removal of the device.

3.4 Medidur®™: Nonbiodegradable Insert with Fluocinolone
Acetonide

Medidur® (Alimera Sciences Inc., Alpharetta, GA; pSivida Inc., Watertown, MA)
is an injectable nonbiodegradable intravitreal implant for the treatment of diabetic
macular edema. The Medidur®™ insert is only 3.5 mm in length and 0.37 mm
in diameter, designed to release a constant amount fluocinolone acetonide to the
posterior segment of the eye over a period between 18 and 36 months. The insert
is a reservoir-type implant like other nonbiodegradable implants. In contrast to
them, however, it is designed for sutureless insertion in an office setting by use of
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25-gauge transconjunctival injector system without the necessity for surgical inci-
sions in the conjunctiva and the sclera and subsequent suturing. The insert releases
0.2 pgor0.5 pg of fluocinolone acetonide to the vitreous cavity per day. A phase 111
trial is under way for the treatment of diabetic macular edema. It should be ascer-
tained whether the insert that is suspended without any fixation in the vitreous cavity
will have any adverse effects and, if necessary, can easily be surgically removed.

4 Biodegradable Devices

Compared with non-biodegradable implants, biodegradable implants have the
following merits: no need of removal surgery, and flexibility in shape. They can
be processed into a variety of configurations such as microparticles, rods, discs,
tablets, and implants (Fig. 2) (Yasukawa et al. 2004, 2006, 2007). Recently,
Posurdex™, a rod that is injectable using a special injector with a 22-gauge needle,
is under phase III clinical trial in the treatment of macular edema secondary to
retinal vein occlusion or diabetic macular edema. This implant is composed of the
homogenous mixture of dexamethasone as an API and poly(lactic-co-glycolic acid)
(PLGA), a biodegradable polymer, categorized as the monolithic type. In general,
this type has three phases of release of an API: (1) the first burst derived from APIs
deposited on the surface of the implant; (2) the diffusion phase driven by osmotic
pressure and polymer biodegradation; and (3) the final burst originating from
sudden disintegration of matrix of the implant (Fig. 5b) (Yasukawa et al. 2004).
Therefore, if the API possesses toxic effects at high concentrations, investigators
should take the first and the final bursts into consideration. In contrast to reservoir-
type implants, API release profiles for monolithic-type devices should be affected
by a variety of factors involving types and molecular weight of polymers, mixing
rate of polymers and APIs, and total surface area of the device. Yasukawa and
Kunou et al. demonstrated that a blend of two kinds of polymers with different
molecular weights resulted in reduction of the final burst and more stable and long-
standing release of APIs (Fig. 5b) (Yasukawa et al. 2000; Kunou et al. 2000). Thus
the release profile of APIs from biodegradable implants may become as stable as
non-biodegradable ones, while the duration of API release may be shorter due to the
limited amount of APIs contained.

4.1 Posurdex®™: Biodegradable Insert with Dexamethasone

Posurdex®™ (Allergan Inc., Irvine, CA) is a biodegradable polymer matrix prepared
with PLGA that releases dexamethasone over approximately five weeks and phase
IIT clinical trials have been evaluating its usefulness in persistent macular edema
associated with diabetic retinopathy, retinal vein occlusions, uveitis, and post-
cataract surgery. The prototype of this insert was implanted through a 20-gauge
scleral incision into the vitreous cavity in the operation area. A phase II clinical trial
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showed that patients who had been implanted with the insert containing 0.7 mg of
dexamethasone had the greatest improvement in vision, and most of these patients
exhibited a three-line increase in an eye chart to measure visual acuity. Adverse
effects such as elevated intraocular pressure or cataract formation were not
observed in the treated group. Thereafter, a novel insertion system employing a
disposable applicator with a 22-gauge needle was developed for Posurdex™
(Fig. 6c). The insert is injected in the office setting using this applicator. The
clinical trials are currently in phase III to investigate efficacy and safety in larger
numbers of patients with diabetic macular edema.

Surodex™ (Oculex Pharmaceuticals, Sunnyvale, CA) is a PLGA pellet with
0.06 mg of dexamethasone to provide sustained release of dexamethasone over
7-10 days after insertion into the anterior chamber. Surodex® achieves higher
intraocular drug levels than with conventional dexamethasone eye drops, effec-
tively reducing post-cataract surgery inflammation (Tan et al. 1999). This insert is
approved for use in cataract surgery in Singapore.

4.2 Injectable Microspheres

While it is advantageous that microspheres are injectable, in the 1990s intravitreally
injected microspheres had been assumed to impair the transparency of intraocular
media. Thereafter, intravitreal injection of crystalline triamcinolone acetonide
began to be carried out in the treatment of macular edema and exudative AMD
(Ip et al. 2004; Augustin and Schmidt-Erfurth 2006; Gillies et al. 2006). Triamcin-
olone acetonide is hydrophobic and mostly suspended in the vehicle. Nevertheless,
crystalline triamcinolone acetonide mostly sinks down into the inferior part of the
vitreous cavity, where it does not impair the ocular media and visual functions. This
successful use of drug suspensions will provide great opportunities for intraocular
DDSs using microparticles. The ongoing clinical trial of Posurdex® clearly indi-
cates that biodegradable polymers are biocompatible. In the near future, many types
of biodegradable implants and microparticles will proceed to clinical trial. In Japan,
sub-Tenon’s injection of microspheres with betamethasone (DE-102, Santen Phar-
maceuticals, Ikoma, Japan) is currently in phase II/III clinical trial for the treatment
of diabetic macular edema. Also, microspheres with pegaptanib, an aptamer with
affinity to VEGF (Macugen; Pfizer Inc., New York, NY), have been investigated in
the laboratory. These microspheres, when injected intravitreally in rabbits, slowly
release pegaptanib into the vitreous cavity for four months.

5 Triamcinolone Acetonide Crystal Suspensions

Crystal suspensions of triamcinolone acetonide have made great impact in the
treatment of vitreoretinal diseases; intravitreal and sub-Tenon’s administrations
of triamcinolone acetonide have been widely used in the treatment of macular
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edema, exudative AMD, and uveitis (Ip et al. 2004; Gillies et al. 2006; Augustin and
Schmidt-Erfurth 2006) (Fig. 3c). Because of its hydrophobicity, injected crystals
gradually dissolve, resulting in sustained release of triamcinolone acetonide. Intra-
vitreal injection of 4 mg or sub-Tenon’s injection of 20 mg of triamcinolone
acetonide provides 3-month efficacy in the chorioretinal tissue. While intravitreal
injection is more effective than sub-Tenon’s injection, it has more frequent risk
of steroid-induced glaucoma and cataract progression. Nevertheless, both compli-
cations are treatable in most cases. Thus the crystal suspensions are considered in
a sense as DDSs without any polymer matrix as a base. Future candidates for
devices to release steroids may need to have a release profile superior to that of
intravitreally injected crystalline triamcinolone acetonide.

6 NT-501: Encapsulated Cell Technology (ECT)

ECT is a novel technology developed by Neurotech Pharmaceuticals, Inc. (Lincoln,
RI, USA) to allow sustained delivery of cell-derived factors to the posterior
segment of the eye. ECT implants consist of cells, which have been genetically
modified to secrete therapeutic factors, and envelopes of semi-permeable hollow
fiber membrane (Fig. 2). The permeability of the hollow fiber membrane enables
long-term cell survival by allowing influx of oxygen and nutrients and preventing
direct contact of encapsulated cells with cellular and molecular elements of the
immune system. Encapsulated cells continuously produce the therapeutic protein,
which diffuses out of the implant at the target site. Protein delivery in the vitreous
cavity for as long as 18 months has been achieved by an ECT device, NT-501,
containing human cells genetically engineered to secrete ciliary neurotrophic
factor. NT-501 is fixed with suturing at the pars plana as for Vitrasert™ and
Retisert™. A phase I clinical trial was completed in early 2006 in ten patients
diagnosed with retinitis pigmentosa at the National Eye Institute in the USA.
ECT-mediated delivery of ciliary neurotrophic factor was found to be safe over a
six-month treatment period. In addition, unexpectedly, visual acuities tended to
improve a variable extend from baseline. NT-501 is currently in a phase II/III
clinical trial for the treatment of retinitis pigmentosa and in a phase II clinical trial
for the treatment of dry AMD. ECT devices can potentially release antibodies and
cytokines, too.

7 Conclusion

In the treatment of exudative AMD, repeated intraocular injections of anti-VEGF
agents recently exhibited remarkable inhibitory effects in contrast to other existing
treatment modalities such as photodynamic therapy, laser photocoagulation, and
surgery. A great number of drug candidates are now in clinical or preclinical trials.
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However, some trials are by systemic use or even by eye drops, not taking
specificity in ocular pharmacokinetics into consideration. Some scientists have
forgotten or did not recognize the previous unsuccessful history of interferon
and thalidomide. Other therapies by a single compound may be less effective
than anti-VEGF therapies, because VEGF must be a key regulator in many steps
of inflammation and angiogenesis and thus its blockage can inhibit inflammatory
reaction and angiogenesis directly and rapidly. Controlled release systems may be
necessary to further improve efficacy and to reduce the incidence of adverse effects
as compared with repeated intravitreal injections of anti-VEGF agents. In the
1980s, AIDS-associated cytomegalovirus retinitis accelerated advances in intraoc-
ular drug delivery systems, having realized the clinical use of non-biodegradable
implants. Today, a variety of biodegradable implants and microparticles are also
available for clinical use. Now, most challenging vitreoretinal diseases are targeted.
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