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The eye is afflicted by chronic vision debilitating neovascular disorders, such as age-related macular

degeneration, proliferative diabetic retinopathy, and corneal angiogenesis. Photodynamic therapy

(PDT) is an innovative, evolving approach for treating neovascular diseases of the eye. PDT refers to the

process of activating a light sensitive agent or carrier with non-thermal light to induce chemical

reactions that ameliorate a pathological condition. Key components of PDT include a photosensitizer, a

colloidal carrier or formulation and a light source. This article summarizes currently available clinical

PDTs, desirable features of PDTs and photosensitizers, useful light sources for PDT and investigational

nanosystems, and colloidal carriers for PDT.
Introduction
Therapeutic application of light is ancient. In fact, a review of the

historical usage of light therapy reveals a cross-cultural pattern of

inclusion in folk medicine, leading to established medical proce-

dures. Throughout ancient Egypt, India, and China, light alone, or

light in combination with chemical compounds, was used exten-

sively to induce therapeutic effects in various conditions including

depigmented skin lesions (vitiligo), psoriasis, and neurodermite

[1]. Around the turn of the past century, a medical student named

Oscar Raab observed that low concentrations of acrydine dye in

the presence of light could be lethal to the protozoan paramecium

[1]. Raab hypothesized that upon irradiation, acrydine dye con-

verted light energy into chemical energy. The chemical reaction

initiated phototoxic effects in the presence of molecular oxygen to

kill the paramecia; hence, the term ‘photodynamic reaction’ was

coined for the reactions [1]. Such photodynamic reactions are of

potential value in reducing undesirable cell proliferation in var-

ious disorders, especially endothelial cell or other cell proliferation

associated with neovascular or angiogenic disorders including

cancers. Photodynamic reactions are the driving forces of photo-

dynamic therapy (PDT) currently used in clinics to treat ocular

neovascular disorders, such as age-related macular degeneration.

The purpose of the present review is to present key advances in
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light sensitive delivery systems intended for improved drug and

gene therapy in the eye.

Clinical applications
The application of PDT, as seen in Figure 1, employs a delivery

method to localize a photosensitizing compound selectively in the

target tissue. For instance, in treating neovascularization or abnor-

mal endothelial proliferation in the back of the eye, a colloidal

carrier containing a photosensitizer can be injected intravenously

to facilitate the localization of the carrier in the neovascular region

owing to enhanced permeability and slow clearance of colloidal

carriers from such regions [2]. Subsequent activation of the photo-

sensitizing compound via a non-thermal laser light generates

highly reactive singlet oxygen (1O2) in order to prompt light-

induced cytotoxicity [2]. Damaged neovascular endothelial cells

are known to release procoagulant and vasoactive factors through

the lipo-oxygenase and cyclo-oxygenase pathways, resulting in

platelet aggregation, fibrin clot formation, and vasoconstriction

[3]. Effective PDT is dependent upon an abundant supply of

molecular O2, which ensures its usefulness in living tissue [1].

When treating corneal angiogenesis associated with transplant

rejections, destruction of neovascular vessels is often needed [4].

Thus, it can be envisioned that the photosensitizer formulation

can be administered either intravenously or as a topical drop,

followed by activation. An alternative to the use of photosensitizer
ee front matter � 2008 Elsevier Ltd. All rights reserved. doi:10.1016/j.drudis.2007.12.005
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FIGURE 1

Photodynamic therapy mechanism.
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as a therapeutic agent is its use as a mediator in facilitating targeted

release of drugs, plasmids, or dyes intended for therapy. For

instance, a photosensitizer incorporated in a carrier formulation

can potentially be activated to disrupt the carrier and release its

contents, including therapeutic or diagnostic agents.

The most attractive light sensitive delivery system for PDT is

capable of controlled photosensitizer or drug release, of targeting

specific tissues and of being biocompatible and having limited

toxic effects in the body (Box 1).

In recent years, PDT has evolved into a viable treatment for age-

related macular degeneration (AMD) as well as cancers. In devel-

oped countries, AMD is the leading cause of vision loss [2]. A long-

term therapeutic strategy is needed for such blinding diseases as

AMD because they are chronic and progressive [5]. Clinical use of

PDT is now facilitated through Visudyne1, a FDA approved light

sensitive delivery system (Table 1). Visudyne1 is a liposomal

formulation that reduces the risk of vision loss in the cases of
BOX 1

Desirable features of photodynamic therapy (PDT)

� Photosensitizer of viable photophysical and photochemical proper-

ties

� Limited or no toxicity; absence of skin photosensitivity

� Controlled photosensitizer release at the target site for predeter-

mined rates and for predefined periods of time

� Appropriate wavelength of light source (e.g. 600–800 nm) for

optimum tissue penetration

� Precise dosimetry for light exposure

� Short interval between drug administration and light treatment

� Abundant supply of molecular oxygen (O2) at the target site
predominately classic (‘wet’) subfoveal choroidal neovasculariza-

tion due to age-related macular degeneration or subfoveal chor-

oidal neovascularization secondary to pathological myopia,

particularly in the absence of occult CNV [6]. The photosensitizer

verteporfin, a benzoporphyrin-derivative monoacid ring A, is the

principle ingredient of Visudyne1. The finished drug product is a

green, lyophilized liposome powder that is reconstituted before

intravenous infusion using sterile water for injection. Visudyne1

is administered in a two-stage process requiring both the injection

of verteporfin, followed by the application of non-thermal red

light after a 15 min interval. Liposomal formulation of Visudyne1

is selectively retained in neovascular spots of the eye, which allows

targeted therapy. The interval between the administration of

formulation and light application is the shortest among the clin-

ical applications of PDT listed in Table 1. Such a short interval

allows the design of a formulation that minimizes prolonged skin

photosensitivity.

Likewise, Photofrin1 is currently approved by the FDA for the

treatment of esophageal cancer and endobronchial non-small cell

lung cancers. The active ingredient of Photofrin1 is the photo-

sensitizer, porfimer sodium, often referred to as dihematopor-

phryin ether (DHE). Photofrin1 is a freeze-dried cake that

requires reconstitution in a vehicle, provided by the manufacturer,

before administration. DHE is a widely used photosensitizer with

an established safety profile. In preclinical trials, DHE demon-

strated a distinct ability to localize in neovascular tissues for

photodynamic therapy of the bladder, laryngeal papillomas, bron-

chial, cutaneous, and ocular malignancies, and particularly cor-

neal neovascularization [7]. Photosensitizer clearance from several

other tissues occurs over 40–72 h following the injection. In

patients with corneal neovascularization, intravenous administra-

tion of DHE (2 mg/kg), followed by treatment with an argon green
www.drugdiscoverytoday.com 125
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TABLE 1

FDA approved photodynamic therapies [49]

Brand name Formulation and light source Indication Dosing regimen

VisudyneW Ingredients: 15 mg verteporfin plus

lactose, egg phosphatidylglycerol, dimyristoyl

phosphatidylcholine, ascorbyl palmitate and

butylated hydroxytoluene

CNV treatment: Classic (‘wet’)

subfoveal choroidal neovascularization

due to AMD

Photosensitizer
dosage: 6 mg/m2 body surface

area dose intravenously (diluted

with 5% dextrose for 30 mL volume)
Reconstitution: Each vial of VisudyneW

is mixed with 7 mL of sterile water to

provide 7.5 mL containing 2 mg/mL

verteporfin. The preparation must be used
within 4 h after reconstituted

Classic subfoveal choroidal

neovascularization secondary to

pathological myopia

Light dosage:
Exposure time of 83 s at a

dose of 50 J/cm2 of neovascular

lesion at a light intensity of 600 mW/cm2

Approved light sources: Coherent
OpalPhotoactivator laser console and
modified Coherent LaserLink adapter,

Manufactured by Lumenis Inc., Santa

Clara, CA; Zeiss VISULAS 690s laser and

VISULINK PDT/U adapter, Manufactured
by Carl Zeiss Inc., Thornwood, NY

Light application: Exposure to

689 � 3 nm wavelength
(non-thermal red light) using diode

laser 15 min after start of injection

Treatment spot size should be 1000 mm

larger than the greatest linear dimension
of the lesion on the retina to allow a

500 mm border. The maximum spot size

used in clinical trials was 6400 mm

PhotofrinW Ingredients: 75 mg porfimer sodium
as a freeze-dried cake or powder

Cancer treatments:
Esophageal cancer

Photosensitizer dosage: 2 mg/kg
body weight dose intravenously

Reconstitution: Each vial of Photofrin is

mixed with 31.8 mL of 5% dextrose

or 0.9% sodium chloride resulting in a final
concentration of 2.5 mg/kg porfimer sodium.

The preparation must be protected from

bright light and administered immediately

Non-small cell lung cancer Light dosage: Exposure times of

12.5 min at a dose of 300 J/cm of

tumor length in esophageal cancer

Approved light source: Cylindrical
OptiguideTM fiber optic diffusers are used

to pass light through the operating

channel of an endoscope/bronchoscope

Precancerous lesions in
Barrett’s Esophagus

Exposure time of 8.3 min at a dose of
200 J/cm of tumor length in

endobronchial cancer

Light application: Exposure to 630 nm
wavelength (non-thermal laser) after

40–50 h interval following injection

Optional second laser application

96–120 h after injection
Important to perform a debridement

of residual tumor two to three days

following each light administration

LevulanW KerastickW Ingredients: Plastic tube containing
two sealed glass ampules; First ampule

contains 1.5 mL of solution vehicle comprising

alcohol USP (ethanol content = 48%, v/v),

water, laureth-4, isopropyl alcohol, and
polyethylene glycol; second ampule contains

354 mg of aminolevulinic acid HCl

(LevulanW KerastickW for Topical Solution)

as a dry solid

Actinic keratosis treatment:
Minimally to moderately thick

actinic keratosis (Grade 1 or 2)

of the face and scalp

Photosensitizer dosage: Application
of product with LevulanW KerastickW

Reconstitution: N/A Light dosage: Exposure time of

16.67 min at a dose of 10 J/cm2

Administered using LevulanW KerastickW Light application: Exposure to
400–450 nm wavelength using blue

light after 14–18 h interval following

product application

Approved light source: BLU-U Blue

Light Photodynamic

Therapy Illuminator
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laser (514 nm) at 72 h, is effective. Patients experienced positive

outcomes with immediate and sustained reduction in corneal

neovascularization. Some patients experienced short-term photo-

toxicity reactions and other adverse effects [7]. Integration of DHE

into liposomal or other carriers might further enhance this ther-

apeutic approach.

Furthermore, Levulan1 Kerastick1 is another form of PDT

applied topically followed by light therapy. This therapy has been

approved for the treatment of actinic keratoses using aminolevu-
126 www.drugdiscoverytoday.com
linic acid HCl as the photosensitizer. Each Levulan1 Kerastick1 for

Topical Solution applicator consists of a plastic tube containing

two sealed glass ampules and an applicator tip. The first ampule

contains 1.5 mL of solution vehicle, while the second ampule

contains 354 mg of aminolevulinic acid HCl. Both ampules of

the applicator are crushed and mixed within a protective card-

board sleeve and cap. Immediately after reconstitution, the solu-

tion is applied directly from the applicator tip to the target lesions.

Following a 14–18 h interval, laser light is applied using the FDA-
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TABLE 2

Current clinical trials: PDT as an adjuvant to other therapeutic agents

Therapeutic combination Comparative trial Application

VisudyneW/Lucentis (LUV Trial) Combination therapy with intravitreal Lucentis and verteporfin PDT versus
Intravitreal Lucentis alone

AMD/CNV (Phase IV)

TAC-PF/AvastinW (VERTACL) Triple therapy using intravitreal AvastinW, half fluence verteporfin PDT, and intravitreal

triamcinolone acetonide-preservative free (TAC- PF) versus Intravitreal Avastin alone

AMD/CNV (Phase II)

VisudyneW/AvastinW VisudyneW PDT (low or very low fluence rate) combined with intravitreal injections
Avastin versus Intravitreal Avastin alone

AMD/CNV (Phase II)

Vatalanib/VisudyneW Oral Vatalanib (VEGF-receptor tyrosine kinase inhibitor) with VisudyneW

PDT versus Oral Vatalanib alone

AMD/CNV (Phase II)

Reduced Fluence
VisudyneW-Anti-VEGF-
Dexamethasone (RADICAL)

Reduced-fluence VisudyneW followed by intravitreal Lucentis (within 2 h) or

two regimens of reduced-fluence VisudyneW followed by intravitreal
Lucentis-Dexamethasone triple therapy (within 2 h) versus Intravitreal Lucentis

AMD/CNV (Phase II)
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approved BLU-U Blue Light Photodynamic Therapy Illuminator.

During light exposure, patients often experience transient stinging

or burning at the target site. The use of Levulan1 Kerastick1 for

Topical Solution with any other light device is not recommended.

Adverse effects may occur if Levulan1 Kerastick1 comes into

contact with perilesional areas, because exposure to light may

result in skin photosensitivity and erythema and/or edema of the

lesions. The effect of Levulan1 Kerastick1 on ocular tissue is

unknown, yet it is possible that such an approach might find

application to the corneal and conjunctival surfaces of the eye.

In addition to the above FDA-approved approaches for PDT,

several clinical trials are now underway to determine the useful-

ness of PDT as an adjuvant to other therapeutic agents in treating

choroidal neovascularization in AMD. Several of these examples

are listed in Table 2. For example, the therapies being assessed

involve Visudyne1 in combination with anti-VEGF therapeutics,

including Lucentis (a VEGF antibody fragment approved for intra-

vitreal use in treating AMD), AvastinTM (a VEGF antibody

approved for colon cancer treatment but shown to be of value

in treating AMD after intravitreal injection), and Vatalanib (a

receptor tyrosine kinase inhibitor with specificity for VEGF and

platelet derived growth factor receptors). Also, Visudyne1 is being

assessed in combination with steroid drugs including triamcino-

lone acetonide and dexamethasone for its effectiveness in CNV.

Although the motivation behind some of these studies might be to

better position therapeutic agents, such as Lucentis and AvastinTM

in comparison to Visudyne1, it will be interesting to see if the

combination therapies result in improved vision compared with

any of the monotherapies.

Identifying the growth factors and receptors of diseases such as

CNV, may open doors toward treatments devised to block the

receptors that stimulate new vessel formation. As an addendum to

this research, one study proposed a stimulating complementary

therapeutic outcome through co-administering photodynamic

therapy, using either a liposomal formulation or polymeric nano-

particles, in conjunction with a compound capable of inhibiting

vascular endothelial growth factor (anti-VEGF) [3]. The combined

use of both treatments involves the occlusion of CNV lesions using

PDT while anti-VEGF therapy alters the progression of the disease

and maintains the PDT effect. Evidence from another study invol-

ving AQ4, an antitumor anthracenedione, suggests that AQ4 may

potentially be used in the photodynamic therapy of ocular neo-
vascular disorders. In the eye, AQ4 inhibits endothelial cell pro-

liferation and vascular endothelial growth factor secretion [8].

A light sensitive delivery system protects and decreases the

toxicity of a therapeutic agent while improving its stability. In

the following discussion, examples of delivery systems that can be

used for photosensitizers or other therapeutic agents as a part of

PDT are described.

Light sensitive delivery systems
Liposomes
Liposomes possess characteristics that are favorable for ocular

photodynamic therapy. Besides their established use as nanocar-

riers for drug and gene delivery, liposomes can entrap photosen-

sitizers with different physicochemical properties [9,10].

Visudyne1 is the only liposomal photosensitizer that has been

clinically approved. Liposomes in Visudyne1 therapy are primar-

ily the vesicles composed of phospholipids and cholesterol. These

liposomes allow accumulation of the photosensitizer in the neo-

vascular tissue of the eye. Further, liposomal formulations are

capable of substantially decreasing photosensitizer aggregation,

which ameliorates the efficiency of the photosensitizer.

Upon light exposure, the light sensitive liposomes release their

content by oxidative degradation of the lipid bilayer. Additional

strategies can be used to induce triggered release from liposomes.

For example, addition of lipids, such as plasmenylcholine, may be

used as liposome membrane constituents. In response to photo-

sensitization at wavelengths between 630 and 820 nm, such usage

increases membrane permeability of the liposome [9]. In the

presence of light, reactive oxygen species attack the plasmenycho-

line vinyl–ether bond, generating single chain surfactants, such as

lysolipids and fatty aldehydes [9]. This results in vesicle membrane

defects, leading to liposome leakage. The irradiation wavelength

required for drug release is dictated by the absorption spectrum of

the liposome-entrapped sensitizer. If an appropriate sensitizer is

chosen, liposome oxidation may occur at wavelengths that are

non-destructive to the drug or neighboring tissues [11].

The development of a liposomal formulation capable of remain-

ing stable and inert before administration to the body is crucial [9].

A notable approach involves liposomes made of dipalmitoyl phos-

phatidylcholine and N-stearoyl-L-histidine incorporating the dye,

hematoporphyrin [9]. These liposomes are stable in the dark and

leaky upon photolysis with visible light. In these liposomes, one
www.drugdiscoverytoday.com 127
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photosensitizer was bound to the membrane and another encap-

sulated in the core. In such cases, the membrane-bound photo-

sensitizer initiates triggered release of the liposome contents, and

the encapsulated photosensitizer proceeds to occlude ocular

lesions with improved efficiency.

Another liposome innovation entails the use of polymerizable

lipids for light sensitive delivery. One example is inclusion of bis-

substituted photosensitive lipids (e.g. bis-SorbPC or bis-DenPC) in

poly (ethylene glycol) liposomes (PEG-liposomes) that allows the

light-induced formation of cross-linked polymer networks [12].

Because the liposomes are PEG conjugated, they are sterically

stable with increased drug and gene delivery potential. The

cross-polymerization of domains significantly increases the per-

meability of the liposome’s bilayer. The reactive lipids, bis-SorbPC

and bis-DenPC, each has an activated diene group incorporated in

the lipid tail near the glycerol backbone or at the end of the

hydrocarbon tail [13]. Light-induced destabilization of PEG-lipo-

somes consisting of bis-Sorb PC may be further sensitized to visible

light by incorporating cyanine dye into the bilayer wall. A parti-

cularly effective sensitizer dye is the green light absorbing 1,10-

dioctadecyl-3,3,30,30-tetramethylindocarbocyanine (DiIC(18)3)

because it has a strong affinity for SorbPC bilayers. Researchers

have shown that the addition of ballasted cyanine dyes to lipo-

somes composed of polymerizable lipids render the liposome

sensitive to the wavelength of light absorbed by the dye, which

is advantageous in comparison to plasmologen liposomes

[12,14,15]. It is speculated that the dye initiates electron transfer

from the dye-excited state of oxygen, yielding superoxide anion,

which forms hydrogen peroxide in aqueous media [13]. Oxygen is

required to initiate the reaction; however, dye-sensitized polymer-

ization is mediated by the formation of hydroxyl radicals near the

lipid bilayer. The reaction is limited to select monomers owing to

oxygen’s ability to inhibit radical polymerization [13]. Properties

of cyanine dye, such as absorption, emission, and aggregation, are

also affected in the lipid environment. Further investigation of the

interaction between lipid bilayer and ballasted cyanine dye may

elucidate ways to impede the dye’s tendency to aggregate. Differ-

ent cyanine dyes exhibit maximum absorption in the blue, green,

or red regions of the visible spectrum, providing the ability to vary

the wavelength of activation light on the basis of the therapeutic

aim [13].

With respect to gene therapy, cationic liposomes are useful in

enhancing gene expression in the target tissue. However, their

limitations include inefficient DNA condensation, inefficient cell

surface receptor binding, poor intracellular trafficking, toxicity,

and reduced efficiency in the presence of serum. Compared with

naked pDNA, pDNA/cationic liposome complexes enhance gene

expression in ocular tissues after intravitreal injection [16]. Gene

delivery to selected neovascular targets can be potentially

enhanced by using light sensitive cationic liposomes or other

delivery systems in conjunction with the pDNA. Light-induced

destabilization of such liposomes offers a method to couple the

temporal and spatial control of light to drug and gene delivery,

allowing the development of new therapeutic treatments.

In retrospect, patients receiving Visudyne1 PDT often require

several treatments, owing to persistent inflammation and hypoxia

along with the elevation of angiogenic stimuli, including vascular

endothelial growth factor (VEGF) [3]. Repeated PDT treatments
128 www.drugdiscoverytoday.com
may lead to cumulative damage of the retinal pigment epithelium

(RPE), choriocapillaries, and overlying neurosensory retina [17].

Visudyne1 is also not applicable in the treatment of CNV lesions

<50% classic or occult CNV without the classic component

[17,18]. In this regard, Visudyne1 has not met the ideal objective

of PDT, which is to destroy, extensively, abnormal blood vessels

while avoiding damage to the normal surrounding tissues of the

eye. Even after including photosensitizer dyes in the gene and drug

delivery systems, their toxicity needs further careful evaluation.

For instance, liposomes containing porphyrin as the photosensi-

tizer have induced early and extensive endocytoplasmic damage

[9].

Polymeric micelles
Polymeric micelles, widely assessed as nanocarriers for drug and

gene delivery, offer innovative opportunities for PDT [2]. The core

of polymeric micelles can act as a reservoir for hydrophobic

photosensitizers intended for photodynamic therapy. Compared

with liposomes, polymeric micelles can potentially be smaller,

allowing greater tissue-penetrating ability. Micelles ranging in

size between 50 and 100 nm can be readily prepared. Similar to

liposomes, micelles can be formed on the basis of principles of

self-assembly. Block copolymers can be judiciously used for this

purpose. For instance, a di-block copolymer with one hydrophilic

segment and a lipophilic segment can self-assemble into a micelle

at and above crucial micellar concentrations. Alternatively, a

di-block copolymer with one positively charged segment and a

neutral segment can interact with a negatively charged material,

resulting in the formation of micelle-like structures. In order to

overcome PDT side effects, such as skin hypersensitivity, micellar

delivery systems have been investigated in recent years.

An example of PDT micellar systems entails incorporation of

dendritic photosensitizers into micelles. Recently, ionic dendritic

porphyrin loaded in PEG-block-poly(L-lysine) micelles has been

shown to be a viable delivery system for ophthalmic applications

[2]. In this design, the focal core of porphyrin is surrounded by the

third generation of poly(benzyl ether) dendrons with peripheral

ionic (carboxyl) groups. The framework of ionic dendritic por-

phyrin prevents the aggregation of porphyrin and ensures effective

production of singlet oxygen, even in extremely high concentra-

tions. In general, photosensitizers exhibit large p-conjugation

domains and hydrophobic characteristics, causing them to aggre-

gate easily [19]. When photosensitizers are loaded into delivery

systems, aggregates form and result in self-quenching of the

excited state, which may change the photochemical reaction

mechanism from type II to type I. The change in reaction mechan-

ism depletes the yield of singlet oxygen and the efficiency of PDT

[19,20]. Ionic dendritic porphyrin is easily incorporated into poly-

meric micelles through the electrostatic interaction of the carboxyl

groups with the positively charged PEG-block-poly(L-lysine) copo-

lymers. Dendritic porphyrin also has a peak excitation wavelength

(lmax) in the 415–430 nm range. In an ophthalmic study using rats,

PDT with dendritic porphyrin loaded PEG-block-poly(L-lysine)

micelles was useful in treating choroidal neovascularization

(CNV) [2,19]. Observations revealed that the dendritic porphyrin

loaded micelles specifically accumulated in the CNV sites as early as

15 min after injection, peaked at 4 h, and the accumulation was still

evident 24 h after the injection. In comparison, free dendritic
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porphyrin concentrated in CNV sites up to 4 h following injection

but disappeared within 24 h owing to its negatively charged per-

iphery [19]. The application of the laser 4 h following injection

resulted in a 60–80% occlusion of the CNV lesions. Approximately

80% occlusion of CNV was maintained 7 days after the treatment,

indicating the success of using dendritic porphryin-loaded micelles

for PDT. In response to dilution in the body, dendritic porphyrin

loaded micelles are expected to dissociate gradually avoiding

damage to the retinal and choroidal vessels while preventing

long-term light-induced cytotoxicity. When exposed to broadband

visible light (377–700 nm) 4 h after treatment, the rats did not suffer

any skin damage [2,19].

Light-induced gene transfer may be allocated through the use of

dendritic porphyrin coated non-viral vectors. One such technol-

ogy employs ‘photochemical internalization’. In this approach,

photosensitizers are coated in a polymeric micelle containing the

gene of interest. After cellular uptake, the photochemical reaction

of the photosensitizer upon irradiation damages the endosomal

membrane and triggers endosomal escape of the plasmid DNA/

cationic polymer complexes (polyplexes), allowing gene transfec-

tion in a light-inducible manner [2,18,21–23]. The polyplexes

possess the favorable ability to package and protect negatively

charged plasmid DNA. In one such application, pDNA/polycation

polyplex was enveloped with the photosensitizer, anionic dendri-

tic phthalocyanine, and functionalized with a nuclear localization

signal [24]. The nuclear localization signal enabled the transport of

the complexes to the nuclei [25]. Dendritic phthalocyanine has an

excitation wavelength of 680 nm, which is longer in comparison

to the wavelength of dendritic porphyrin. Quadruplicated cationic

peptide, a disulfide-linked cationic peptide containing a nuclear

localization signal, was used as the polycation for plasmid DNA

condensation. The protocol of the study involved subconjunctival

injection of the ternary complexes into the eyes of a rat followed

by laser irradiation. Hypothetically, the complexes underwent

cellular uptake via endocytosis. Protonation of the carboxyl

groups on the dendrimer periphery facilitated the dissociation

of dendritic phthalocyanine from the complex and its interaction

with the endosomal membrane. The application of light cued the

reaction of dendritic phthalocyanine, disrupting the endosomal

membrane and releasing the complex into the cytoplasm. As a

result, there was appreciable gene expression in the conjunctival

tissue at the laser-irradiated site and reduced light-induced cyto-

toxicity [2].

Currently, most light sensitive systems for drug and gene deliv-

ery are administered intravenously; however, techniques to

administer PEO-PPO-PEO non-ionic copolymeric micelles

through topical eye drops have shown promise in ocular tissues

[26]. The study revealed the ability of PEO-PPO-PEO polymeric

micelles to deliver plasmid DNA with lacZ gene in vivo [26]. After

topical administration three times a day for two to three days,

enhanced gene expression was observed in the iris, sclera, con-

junctiva, and lateral muscle of rabbit eyes. The copolymer micelle

avoided degradation by the liver, prevented serum/protein inter-

action, and displayed an increased half-life (t1/2) for potentially

effective drug delivery [26]. Sensitizing PEO-PPO-PEO micelle

systems to visible light and administering them intravenously

rather than topically may improve the time interval between

administration and localization while providing further control
over gene release rates and site-directed expression at predefined

periods of time. Further research concerning polymeric micelles

with integrated smart functions such as light sensitivity might

establish them as viable nanomedicines.

Polymeric micelles have yet to undergo clinical trials. Unfortu-

nately, in vivo use of the application may be limited owing to

significant light-induced cytotoxicity. Further exploration of poly-

meric micelles may offer insight into new nanotechnology-based

treatment of ophthalmic neovascular diseases.

Vectosomes
Drug and gene delivery to posterior tissues of the eye pose diffi-

culties because the eye is a small and closed organ that receives a

tiny fraction of the cardiac output. On the basis of limitations

posed by this formality, vectosomes, vesicles made of VP22, a

structural protein of the herpes simplex virus, may be utilized

for localized gene therapy of ocular diseases. The protein VP22

contains overlapping domains dictating characteristic subcellular

localization patterns such as cytoplasmic accumulation, microtu-

ble binding, and mitotic chromatin binding [27]. Vectosomes are

spherical particles of 0.3–1 mm diameter that can be easily inter-

nalized by cells and remain stable in the cell cytoplasm for weeks. A

specific example of vectosomes is light sensitive complexes that

consist of antisense oligonucleotides bound to the C-terminal

amino acids of purified VP22 protein [28]. Vectosomes have been

observed in retinal layers, specifically in the cytoplasm of RPE cells

24 h after intravitreal injection. Following illumination, vecto-

somes destabilize and release antisense oligonucleotides, allowing

their migration from the cytoplasm to the cell nuclei. Although

the mechanism is not fully known, a recent study confirmed the

feasibility of VP22 light-induced delivery of antisense oligonucleo-

tides in vitro in ocular melanoma cells and in cells of retinal

pigment epithelial origin [28]. The mechanism requires the cova-

lent linkage of fluorochrome to either the protein or the antisense

oligonucleotide. The presence of fluorochrome, a photosensitizer,

is important, on the basis of the assumption that thermal effects

resulting from fluorochrome’s absorption of light may cause vec-

tosome disruption and antisense oligonucleotide release through-

out the cell. Without affecting cell structure or function,

vectosomes form well-delineated endsome-like vesicles in cell

cytoplasm. Therefore, the intracellular process is more than likely

carried out by endocytosis [28]. In theory, when light is applied,

fluorochrome absorbs energy of a specific wavelength and in turn

releases energy, inducing physical changes of the VP22 protein to

release antisense oligonucleotides. Displaying a base sequence

complementary to a specific mRNA, antisense oligonucleotides

are able to selectively block the production of faulty disease

associated proteins [5,29].

In comparison to cationic lipids and other delivery systems as

depicted in Table 3, vectosomes may be a feasible alternative for

the transfection of genes because cationic lipids are limited by

their potential toxicity and reduced efficiency in the presence of

serum. By contrast, VP22 imparts a high rate of transfection and is

not affected by serum [28]. When compared to polymeric nano-

particles, vectosomes exhibit the same migration pattern in ocular

tissue after intravitreal injection. However, vectosomes are inter-

nalized more rapidly by various cell types and remain strictly in the

cytoplasm until activated. Vectosome disruption is initiated with
www.drugdiscoverytoday.com 129
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TABLE 3

Comparison of delivery systems

Delivery system Advantages Disadvantages

Liposome
(e.g. VisudyneW)

� Capable of treating CNV lesions >50% classic for clinical use � Incapable of treating CNV lesions <50% classic

� Prevent long-term cytotoxicity � Require reconstitution before intravenous infusion

� Particle size of 120–125 nm � Require repeated treatments

� Biodegradable � Accumulate in other parts of the body besides
targeted tissue

� Accommodate oxidative degradable lipid or

photo-polymerizable lipid and ballasted cyanine dyes

� Reduced efficiency in the presence of serum

� Triggered release system � Potential toxicity still remaining
� Flexible and high loading capacity

Polymeric Micelle � Effectively occlude CNV lesions in experimental animal studies � Not internalized rapidly by various cell types

� Reduced toxicity � Require reconstitution before intravenous infusion

� Particle size of 50–100 nm � Require repeated treatments
� Dissociate gradually avoiding damage to ocular vessels � Accumulate in other parts of the body besides

targeted tissue� Ability to package pDNA and provide appreciable

gene expression to the conjunctival tissue in research
� Effectively occlude CNV lesions in research studies

Vectosome � Selectively modulate the expression of a given gene in animal studies � Mechanism of action and dosage administration not

yet physically observed and established

� Remain strictly in the cytoplasm until activated � Antisense oligonucleotides have a very short half-life

� Spherical particles of 0.3–1 mm diameter � Potential skin photosensitivity
� Form well delineated endsome-like vesicles

accommodating different fluorophores in cell cytoplasm

� Triggered release system
� Internalized rapidly by various cell types and not affected by serum

Hydrogel � Maintain controlled drug release while protecting

encapsulated drug or gene

� Dosage administration not yet physically

observed and established

� Biodegradable � Slow response time

� Stimuli-mediated release � Possible toxic monomers
� Thermosensitive � Potential sustained skin photosensitivity
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white light, and studies have also found that lasers of 488, 532, and

543 nm efficiently induce disruption. Further, vectosomes may be

coupled with different fluorophores and tailored for a specific

therapeutic aim. Before seeking clinical approval, extensive in vivo

studies must be conducted to identify proper light wavelengths

and energies in order to prevent harmful damage to the retina [28].

A limitation is that the protein VP22 might be immunogenic.

Nevertheless, vectosomes portray beneficial attributes toward

advanced ocular drug and gene delivery.

Hydrogels
Hydrogels are a network of hydrophilic polymers that swell in

water and maintain their structure. Hydrogels protect the encap-

sulated drug and allow controlled drug release. Currently, there is

significant effort in developing stimuli-sensitive hydrogel based

drug delivery systems. In ophthalmic drug delivery, light sensitive

hydrogels might be of value [30]. The administration and specified

therapeutic aim of hydrogels have yet to be characterized exclu-

sively. Hydrogels may be sensitized to either UV or visible light. For

drug and gene delivery to the eye, sensitizing hydrogels to visible

light is advantageous. The preparation of visible light sensitive

hydrogels requires the introduction of a light sensitive chromo-

phore into a hydrogel. For instance, trisodium salt of copper

chlorophyllin is useful as a photosensitizer in conjunction with

poly(N-isopropylacrylamide) hydrogels [31]. However, the mono-

mers used to prepare this hydrogel are not known to be biocom-

patible [31]. A less toxic formulation for ocular tissues may consist

of biodegradable hydrogels of cross-linked hyaluronic acid encap-
130 www.drugdiscoverytoday.com
sulating a photosensitizer [30]. In the presence of visible light

(approximately 488 nm), the photosensitive molecules absorb

light energy, which induce temperature changes in the hydrogel.

An increase in temperature alters the swelling behavior of the

hydrogel because poly(N-isopropylacrylamide) hydrogels are

thermo-sensitive. The temperature increase is proportional to

the light intensity and the photosensitizer concentration. Light

sensitive hydrogels have a significantly slow response time, which

hinders the efficiency of the delivery system. Although the appli-

cation of light is instantaneous, the conversion of light into

thermal energy in order to alter the gel structure is time consum-

ing. Methods of improving the structure and response time of

these light sensitive delivery systems are a challenge in drug and

gene delivery applications [31].

Nanotechnology in summary
The evolution of nanoparticles and nanotechnology complements

the imperative vision of efficient drug and gene delivery to the eye

[32]. In ophthalmology, light sensitive delivery systems are pro-

mising functional carriers. Often the target tissues of ocular PDT

are located in the posterior segment of the eye. For drug and gene

delivery to the posterior segment of the eye, intravitreal, periocular

and subretinal injections are superior to topical and systemic

routes. Since repeated injections by these routes are inconvenient,

steps are still being taken to optimize the efficiency of intravenous

photodynamic therapy. Attention is focused on enhancing the

aspects of the delivery mechanism, such as the particle size,

sensitizer type and concentration, administration route, cellular
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FIGURE 2

Characteristics of ideal photosensitizer.
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uptake, appropriate light dose, and appropriate drug-to-light inter-

val in addition to issues of skin photosensitivity [1]. The nano-

particles previously discussed include liposomes, polymeric

micelles, vectosomes, and hydrogels. Each of these nanoparticles

may be conveniently utilized as carriers to facilitate improved

photodynamic therapy owing to their favorable size, enhanced

permeability and retention, and high affinity for neovascular

tissue. It has been suggested that photosensitizers incorporated

in colloidal carriers can directly occlude diseased vascular tissue or

rather functionalize carriers to have a triggered release. In the latter

case, the photosensitizer mediates targeted delivery of therapeutic

agents for definitive treatment of neovascular disorders.

Materials useful for light sensitive delivery
Photosensitizer
The photosensitizer is the most crucial component of photody-

namic therapy and its attributes determine the success of PDT in

terms of drug and gene therapy. Understanding the photophysical

and photochemical properties of a photosensitizer are imperative,

for ideal photosensitizers must meet certain criteria. The photo-

sensitizer’s absorption wavelength and corresponding extinction

coefficient are important [33]. A strong absorbance in the 600–

800 nm range with a high extinction coefficient is desirable [1]. At

longer wavelengths, photosensitizers are typically more efficient

photodynamic agents with higher molar absorption [17]. Photo-

sensitizers are capable of undergoing two separate reactions

known as type I reaction and type II reaction. Whether or not a

photosensitizer can excite to a higher, energy-rich triplet state

determines the success of a light sensitive delivery system. At the

ground state in the absence of light, photosensitizers exist with no
unpaired electron spin. Exposure to light causes an electron of the

photosensitizer to shift to a higher orbit and undergo fast spin

inversion, which generates the triplet state containing two

unpaired electrons (type I reaction) [1,34]. In type II reactions,

the photosensitizer molecules then collide with molecular O2, and

following the transfer of energy the photosensitizer returns to the

ground state [1,35]. Type II reactions are the major mechanism of

photochemical tissue damage, for they lead to the production of

singlet O2 radicals and, perhaps, superoxide and hydroxyl radicals.

Subsequently, highly toxic singlet oxygen is generated with a very

short lifetime (<0.04 ms) and acting distance (<0.02 mm) in bio-

logical systems [1,34,36,37]. Maintaining sufficient amounts of

molecular O2 during the irradiation of target cells ensures con-

tinuous production of singlet O2 for effective PDT [1,34]. In

summary, as illustrated in Figure 2, an ideal photosensitizer is

chemically pure and of known composition; it has high affinity for

localization in target tissue; it is only cytotoxic upon photoactiva-

tion; it has the ability to generate excited triplet states; it avoids

aggregation, which can affect its pharmokinetics and pharmaco-

dynamics; and it is rapidly excreted from the body to minimize

systemic toxicity [1,33,38].

In the midst of progressive research, two generations of photo-

sensitizers have been categorized. First generation photosensiti-

zers, such as Photofrin1 and hematoporphyrin derivative (HPD),

were employed in early ophthalmic studies [39]. Photofrin1 is a

purified hematoporphyrin derivative, approved for the treatment

of cancer in several countries of the Western world. The use of first

generation photosensitizers is limited because of inconsistent

tissue penetration and skin photosensitivity [33]. Because Photo-

frin1 only absorbs light up to 640 nm, light of longer wavelengths
www.drugdiscoverytoday.com 131
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TABLE 4

Resources for ophthalmic photodynamic therapy

Component Functions Examples [reference]

Delivery system Reservoir or carrier for photosensitizer, drug, or gene Liposome [10,13,14,17]

Controlled solute release Polymeric micelle [3,18,19,23]

Targetability Vectosome [25,26]

Biocompatibility Hydrogel [28,29]
Limited toxicity

Photosensitizer React to produce highly reactive 1O2 in the presence of light First Generation [30,31]

Second Generation [2,37,38]

Quantum Dots [40–42]

Light source Activate photosensitizer and plasmid release White light [2]
Effective within 600–800 nm range Dye laser [25]

Diode laser [2,30]

Gene Therapeutic agents Viral vectors [5,43]

Non-viral vectors [5,44,45]
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penetrates further into tissue [34]. Second generation photosensi-

tizers have evolved from the structure of porphyrin, chlorin,

purpurin, phtalocyanine, or naphtalocyanine. Although the sec-

ond generation sensitizers have proven to be successful in photo-

dynamic occlusion of sites of ocular neovascularization, the

sensitizers have also shown neurological side effects in animal

studies [1,40,41]. There are, however, some second generation

photosensitizers that may be appropriate for clinical use. These

include verteporfin (Visudyne1), tin ethyl etiopurpurin, lutetium

texaphryin, mono-L-aspartyl chlorine e6, aluminum phthalocya-

nine tetrasulfonate, optrin, and ATX-S10 [1,17,42]. On the basis of

the ideal criteria of photosensitizers, evaluation of these sensitizers

will further reveal the advantages of each for ophthalmic treat-

ments.

Looking to the future, quantum dots present a prominent plat-

form toward the advancement of ocular light sensitive delivery

systems. Quantum dots are semiconductor nanocrystals that may

function as photosensitizers when linked to biocompatible deliv-

ery systems [43]. In consideration of ophthalmic treatments,

quantum dot bioconjugates can be synthesized to localize in target

tissue and functionalized to be water soluble [44]. The character-

istics and properties of quantum dots are attractive for gene and

drug delivery, for quantum dots further exhibit sharp and sym-

metric emission spectra, high quantum yield (the probability that

a photosensitizer will excite to triplet state after absorbing a

quantum of light), good chemical and photo-stability, size-tun-

able fluorescence emission, and strong absorption, owing to a large

transition dipole moment [43–45]. Not only can the size (1–6 nm)

of quantum dots be controlled, but their fluorescence emission

may also be tuned from the UV to the near-infrared parts of the

spectrum, which is quite advantageous compared with first and

second generation photosensitizers exhibiting visible emission

[43]. Conversely, the outer layer of quantum dots must be thin

enough for the transfer of energy between the quantum dot and

oxygen. Encapsulation in tri-n-octylphosphine oxine and other

such polymers as polyethylene glycol may compromise the photo-

sensitizer characteristics of quantum dots [44]. Therefore, coupling

quantum dots with conventional photosensitizers may elevate the

efficiency of the delivery system and prove effective for ocular

photodynamic therapy. Problems with self-aggregation and the

lack of degradable processes for final excretion from the body are
132 www.drugdiscoverytoday.com
two additional aspects of quantum dots that are presently being

scrutinized by ophthalmologists. A greater understanding of the

functionality and setbacks of quantum dots is needed. Researchers

are currently studying the potential of quantum dots evolving into

the next generation of novel photosensitizers for photodynamic

therapy [43–45].

Light source
Among the resources of PDT referred to in QTable 4, the light source is

a fundamentalvariable for ophthalmicdrug and gene delivery. Early

researchers used white light with specific filters before moving

toward the more recent use of monochromatic light sources, such

as lasers and, presently, light-emitting diodes. When classifying the

appropriate light source, control over certain aspects, such as ther-

mal effects, light intensity, and light dose should be ascertained [1].

The wavelength of the light source should be based on the absorp-

tion spectra of the photosensitizer, which determines the depth of

light penetration in tissue. Precise dosimetry over the selected spot

ranging as large as 8000 mm is a requirement of ophthalmic light

sensitive delivery, in order to accomplish homogeneous phototoxi-

city [33]. For use in PDT, lasers are the standard light sources. Argon

dye, potassium–titanium–phosphate (KTP) dye, metal vapor lasers,

and diode lasers have been used for clinical PDT. In the study

employing vectosomes, a 532 nm argon laser was applied through

the cornea using a cover-slip and projected on the posterior pole of

the retina (10 impacts, 50 mm, 10–15 J/cm2) [28]. In the study of

verteporfin (Visudyne1), a diode laser delivered a uniformly illu-

minated circular spot using a contact lens via a fiber optic unit

coupled to a slit-lamp [33]. As emerging light applicators, light-

emitting diodes generate high-energy light of desired wavelengths,

and they are reliable, portable, and cost efficient [1,33].

Biological characteristics of the body also affect the choice of an

efficient light source. Because tissues have diverse optical proper-

ties, the penetrating depth of activating light is limited. Further,

the biological tissues limit the intensity of light that can be

tolerated without resulting in thermal effects. Light penetration

has been defined as most decisive within the 600–800 nm range,

coinciding with the absorption spectra of most existing photo-

sensitizers [1]. Located in the retina, RPE, and choroid tissues, the

pigments melanin, macular lutein, and hemoglobin might theo-

retically absorb light in the shorter wavelength range, which, in
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turn, may increase light absorption and decrease light penetration.

This hypothesis remains unsupported because the tissue layers in

the area of the retina, RPE and choroid are so thin that they negate

the loss of light intensity. Researchers have also observed that light

in longer wavelengths results in improved transmission, forming

the basis of a positive outlook for the treatment of patients with

varying degrees of cataract [33].

Gene use
The coupling of gene therapy with light sensitive delivery systems,

as non-viral vectors, appears to be an ideal method of ensuring

long-term therapeutic efficiency, thus reducing the need for

repeated treatments. The use of a light sensitive delivery system

improves the stability of the gene and decreases its toxicity, while

potentially allowing a slow release effect. In addition, the use of

non-viral vectors as opposed to viral vectors, despite their lower

transfection efficiency, seems even more attractive for gene ther-

apy. Viral vectors are widely used for ocular gene therapy, yet they

pose several pertinent risks [5,46]. Conversely, non-viral vectors

exhibit the ability to induce transgene expression without being

potentially mutagenic when integrated into the host genome and

without inducing significant ocular tissue inflammatory

responses. Non-viral vectors also have low toxicity, are safe to

handle, and can be produced in large quantities [5,47,48].

Future directions and unmet challenges of light
sensitive delivery
When tested in clinical trials, the vital challenge of light sensitive

delivery systems is the inability to outperform, exclusively,
alternative applications that are currently used clinically. The

optimization of variables for treatment using light sensitive deliv-

ery is not fully developed, hence, clinician resistance toward

accepting this method as a mainstream alternative for the therapy

of neovascular or angiogenic disorders. The application of light

sensitive systems for drug and gene delivery has yet to evolve. Fully

efficient and cost-effective avenues warrant further investigation

into appropriate photosensitizers, light sources, and application

processes, not only from a chemistry standpoint, but a biological

perspective as well.

Methods of expanding the treatment of PDT to both categories

of CNV, classic and occult, must be considered. In reference to the

desirable features of PDT in Box 1 and light-directed delivery

systems, improved loading capacity and controlled drug release

is needed. For some photosensitizers, sustained skin photosensi-

tivity remains a significant problem. Drugs that are highly selec-

tive and require a short drug to light interval also need

development. In retrospect, the clinical use of Visudyne1 and

other FDA-approved photodynamic therapies is an innovative

step, perhaps leading to unforeseen and unexpected opportunities

for successful treatment of ocular diseases.
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