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Abstract
Purpose: The objective of this study was to develop a novel folate receptor-targeted drug delivery system for
retinoblastoma cells using doxorubicin (DOX) as a model drug.
Methods: Biodegradable DOX-loaded poly(d,l-lactide-co-glycolide)-poly(ethylene glycol)-folate (PLGA-PEGFOL) micelles (DOXM) were prepared with various solvents (dimethylsulfoxide, acetone, and dimethylformamide). The effects of solvents on entrapment efficiency, particle size, and polydispersity were examined. The
effects of thermosensitive gel structure on the release of DOX from the DOXM were also studied. Qualitative and
quantitative uptake studies of DOX and DOXM were carried out in Y-79 cell line. Cytotoxicity studies of DOXM
were performed on Y-79 cells.
Results: Based on size, polydispersity, and entrapment efficiency, dimethylformamide was found to be the most
suitable solvent for the preparation of DOXM. Dispersion of DOXM in PLGA-PEG-PLGA gel sustained drug
release for a period of 2 weeks. Uptake of DOX was *4 times higher with DOXM than DOX in Y-79 cells
overexpressing folate receptors. This was further confirmed from the quantitative uptake studies. DOXM exhibited higher cytotoxicity in Y-79 cells when compared with pure DOX.
Conclusion: These polymeric micellar systems suspended in thermosensitive gels may provide sustained and
targeted delivery of anticancer agents to retinoblastoma cells following intravitreal administration.

Introduction

R

etinoblastoma (RB) represents a common form of
intraocular malignancy affecting the retina.1,2 Eightyseven percent of children who are diagnosed with RB do not
survive very long because of invasion, metastasis, and hematogenous spread.3,4 It is common in children between the
age of 3 and 7.5 Reese-Ellsworth (RE) classification system is
applied most widely for describing intraocular tumors.6,7 As
per the classification, RB tumor is divided into 5 groups as
shown in Table 1. Although it is not a real staging system it has
served as an excellent tool for determining and comparing
different treatment strategies. RE groups IV and V are considered as very advanced and do not respond well to chemotherapy.8 In such cases, external beam radiotherapy (EBR)
and enucleation are employed as the last recourse. Both
treatments leave the survivors with complete or nearly complete vision loss.9 Currently, EBR is no longer a viable option
because of long-term side effects such as optic neuropathy,
cataract, retinopathy, and chronic dry eye.10 Development of
secondary tumors in the area exposed to radiation after a long

time period is the major reason that discourages the application of EBR.10 Enucleation is the only treatment option for RE
group V tumors.
In the last decade, several reports suggest that chemotherapy is successful in treating the RE groups I to III tumors.8 This is due to the presence of vitreal seeds that are
responsible for disease recurrence.9 However, exposing the
eye to another external beam radiation may result in complications caused by a high radiation dose. Chemotherapy
helps in the reduction of vitreal seeds and tumor size, so that
focal therapy (photocoagulation, hyperthermia, cryotherapy,
or radioactive plaque) can be applied to a relatively small
area and tumor can be shrunk without loss of vision.8,11,12
Systemic chemotherapy for RB was introduced in the 1960s.
Recent work has explored the use of topotecan, etoposide,
carboplatin, and vincristine for the treatment of RB.8,13 Some
investigators have added cyclosporine in the regimen as a
P-glycoprotein (P-gp) inhibitor assuming that anticancer
agents will show better efficacy, but this therapeutic regime
remains controversial.14 One of the major impediments to
drug development in RB has been the lack of knowledge
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Table 1.

Group I
Very favorable
Group II
Favorable
Group III
Doubtful
Group IV
Unfavorable
Group V
Very unfavorable

Reese-Ellsworth System for Intraocular Retinoblastoma
Solitary tumor, <4 disc diameters in size, at or behind the equator
Multiple tumors, none >4 disc diameters in size, all at or behind the equator
Solitary tumor, 4–10 disc diameters in size, at or behind the equator
Multiple tumors, 4–10 disc diameters in size, behind the equator
Any lesion anterior to the equator
Solitary tumors >10 disc diameters behind the equator
Multiple tumors, some >10 disc diameters
Any lesion extending anteriorly to the ora seratta
Massive tumors involving over half the retina
Vitreous seeding

regarding intraocular disposition, elimination, blood ocular
transport, and retinal uptake of chemotherapeutic agents.
For effective therapy, chemotherapeutic agents should enter
tumor cells in required therapeutic concentrations. Generally, chemotherapeutic agents are administered by intravenous route, which, in the absence of any targeting strategy,
exposes normal cells to high levels of anticancer agents,
resulting in cytotoxicity.13 In addition, initial drug exposure
causes upregulation of multidrug-resistant (MDR) genes, resulting in increased expression of efflux pumps (P-glycoprotein
(P-gp), multidrug resistance protein (MRP), and breast cancer resistance protein (BCRP) leading to increased drug efflux.15 RB cells are known to express efflux proteins such as
P-gp and MRP.16,17 Most of the chemotherapeutic agents are
good substrates for these efflux pumps, which reduces drug
concentrations in retinal tissues.18,19
In the past few years, research in drug delivery to the
posterior segment by intravitreal (IVT) injections has grown
significantly. Although IVT injections can achieve therapeutic drug concentrations in the neural retina, adverse effects
such as retinal detachment from repeated injections, hemorrhage, endophthalmitis, and other retinal toxicities due to
high drug concentrations achieved from IVT bolus dose
administration may result in patient noncompliance.20 Direct
IVT administration of chemotherapeutic agents lead to druginduced cataract in the lens and clouding of the cornea.21 An
ideal drug delivery system for the treatment of RB should
possess high encapsulation efficiency and should selectively
deliver drugs to tumor cells in a sustained manner.
Drug targeting via receptors is an effective way to cellselective drug delivery, because this process allows a satisfactory transport rate and ligand-dependent cell specificity.
Folic acid, an essential vitamin, enters into cells through a
membrane-associated folate-binding protein in addition to a
classical high-affinity/low-capacity carrier system.22,23 Targetability of various delivery systems such as liposomes,
polymer conjugates, polymeric micelles, and nanoparticulates has been achieved with a covalently attached folate on
the surface.24 For chemotherapeutics agents such as doxorubicin (DOX), biodegradable polymeric micelles have been
utilized for passive and active targeting to various solid tumors.24,25 Selective targeting and higher cytotoxicity in folate
receptor-positive cancer cells have been achieved with folateconjugated polymeric micelles.24,26 However, no studies
have been reported regarding the effectiveness of polymeric
micelles in the treatment of intraocular tumors. Drugs entrapped inside polymeric micelles are released rapidly within
a short span of 24–48 h. Yoo and Park conjugated DOX to
poly(d,l-lactide-co-glycolide)-poly(ethylene glycol) (PLGAPEG) block copolymer and utilized this construct for the

preparation of polymeric micelles. DOX-PLGA-PEG micelles
exhibited sustained drug release for 2–3 weeks.27 However,
this strategy is tedious and expensive because the chemistry
involved in the conjugation of a polymer to a ligand needs to
be optimized for each drug.
In this study, we made an attempt to develop and evaluate
a novel folate receptor-targeted drug delivery system for RB
cells. DOX, a fluorescent molecule, was used as a model drug
for the studies. Previous studies from our laboratory have
confirmed the presence of folate receptors on RB (Y-79) cell
line.28 We have synthesized PLGA-PEG-folate (FOL) for
selective delivery to RB cells. Biodegradable DOX-loaded
PLGA-PEG-FOL micelles (DOXM) were prepared from
various solvents [dimethylsulfoxide (DMSO), acetone, and
dimethylformamide (DMF)]. The effects of solvents on entrapment efficiency, size, and polydispersity were examined.
Further, the effects of thermosensitive gel (PLGA-PEG-PLGA)
on the release of DOX from DOXM were also described.

Methods
Materials
Polyoxyethylene bis(amine) (Mw 3,000), folic acid, DOX
HCl, DMSO, dicyclohexylcarbodiimide (DCC), triethylamine
(TEA), acetone, PEG 1450, and dialysis tubing made of cellulose membrane were procured from Sigma Chemicals. Resazurin dye was obtained from Biotium. DMF was obtained
from American Scientific Products. PLGA (RG502H) [weight
average molecular weight (Mwb): 8,000] was obtained from
Boehringer Ingelheim. The thermosensitive gel PLGA-PEGPLGA (Mwb: 4,759 Da) was synthesized and purified.

Synthesis of PLGA-PEG-FOL
PLGA-PEG-FOL was synthesized according to a previously published procedure with minor modifications: step
I—activation of PLGA; step II—synthesis of PLGA-PEGNH2; step III—synthesis of PLGA-PEG-FOL.24
Step I—activation of PLGA. PLGA was activated with
DCC and N-hydroxysuccinimide (NHS) in dichloromethane
(molar ratio of DCC:NHS:PLGA ¼ 1.2:1.2:1) under inert atmosphere for 24 h. Activated PLGA was precipitated with
ice-cold diethyl ether followed by filtration and vacuum
drying for 24 h.
Step II—synthesis of PLGA-PEG-NH2. One gram of activated PLGA was dissolved in dichloromethane (5 mL). In a
separate flask, 2.1 g of PEG-bis-amine was dissolved in 2 mL
of dichloromethane and added to PLGA solution in a
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dropwise manner (PLGA:PEG-bis-amine ¼ 1:5). The reaction
mixture was stirred under inert atmosphere. PLGA-PEG-NH2
was dialyzed (Molecular weight cut-off [MWCO]: 10 kDa)
against deionized water for 48 h to remove unreacted PEGbis-amine and freeze dried (VirTis Wizard 2.0 Freeze Dryer
Control System).
Step III—synthesis of PLGA-PEG-FOL. Folic acid was
activated with NHS and DCC at a molar ratio of folic acid/
NHS/DCC ¼ 1:2:2. Folate-conjugated di-block copolymer was
synthesized by coupling PLGA-PEG-NH2 (500 mg) in DMSO
to activated folic acid. The reaction was performed under inert
atmosphere at room temperature for 12 h. The reaction mixture was mixed with 50 mL of distilled water and centrifuged
at 5,000 g and the pellet of dicyclourea was discarded. The
supernatant was dialyzed (MWCO: 10 kDa) extensively
against deionized water for 48 h and then freeze dried.

Characterization of PLGA-PEG-FOL
The structure of PLGA-PEG-FOL was confirmed by 1H
NMR spectroscopy (Varian-400 MHz NMR spectrometer) in
d6-DMSO. Chemical shifts (d) were expressed in parts per
million (ppm) relative to the NMR solvent signal (d6-DMSO)
using tetramethyl silane as an internal standard. Amount of
folic acid conjugated to PLGA-PEG-FOL was determined by
a calibration curve of folic acid generated in DMSO at 340 nm.

Preparation of DOXM
DOX was neutralized with 2 mol excess of TEA in 2 mL of
DMSO, acetone, or DMF. Dialysis tubing used in the study
was resistant to DMSO, acetone, or DMF. Briefly, 5 mg of
DOX (after TEA treatment) and 20 mg of PLGA-PEG-FOL
were dissolved in 5 mL of DMSO, acetone, or DMF and
vortexed for 10 min. This solution was dialyzed (MWCO:
10 kDa) for a period of 48 h against distilled deionized water
to remove solvent and unentrapped DOX. Micelles thus
formed were freeze dried and characterized for entrapment
efficiency, particle size, polydispersity, morphology, and
in vitro release characteristics.25 PLGA-PEG micelles of DOX
(DOXMC) were also prepared in a similar manner and used
as control in the uptake studies.

Entrapment efficiency studies
Two milligrams of freeze-dried DOXM was dissolved in
DMSO and DOX content was analyzed using a microplate
reader (DTX 880 Series Multimode Detector, Multimode
Detection Software; Beckman Coulter) at 485 nm (excitation
wavelength) and 595 nm (emission wavelength). Entrapment
efficiency was calculated using equation (1). All experiments
were conducted in triplicates.
Entrapment efficiency (%) ¼

Weight of drug in micelles
· 100
Weight of drug fed initially
(1)

Particle size analysis
Dynamic light scattering (Brookhaven Zeta Plus instrument) technique was employed to measure the particle size
of DOXM. Polydispersity values were also measured.
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Morphology of polymeric micelles
Transmission electron microscopy (TEM; Philips CM12
STEM) was utilized to examine the morphology of polymeric
micelles. A drop of micellar solution was placed on a carboncoated copper grid and excess of fluid was removed by a
piece of filter paper. The sample was then stained with 2%
phosphotungstic acid solution and excess solution was removed using a filter paper. TEM images were taken after the
sample was completely dried.

In vitro drug release
Five milligrams of DOXM was dispersed in 1 mL isotonic
phosphate buffer saline (pH 7.4) or 1 mL of 23% (w/w)
PLGA-PEG-PLGA polymer solution and subsequently introduced into dialysis bags (MWCO: 6,275 g/mol). The
polymer solution inside the bags was allowed to form a gel
at 378C for 30–60 s. The dialysis bags were introduced into
vials containing 10 mL isotonic phosphate buffer saline and
0.025% (w/v) sodium azide to avoid microbial growth and
0.02% (w/v) Tween-80 to maintain sink condition. The vials
were placed in a shaker bath with temperature maintained at
378C  0.58C and constant agitation of 60 oscillations/min.
At regular time intervals, 200 mL samples were withdrawn
and replaced with equal volumes of fresh buffer. Samples
were analyzed with a microplate reader at 485 nm (excitation
wavelength) and 595 nm (emission wavelength). All experiments were conducted in triplicates.

Morphology of polymeric micelles suspended
in thermosensitive gels
Scanning electron microscopy (FEG ESEM XL 30; FEI)
was employed for studying surface morphology. The thermosensitive gels with suspended freeze-dried powder of
polymeric micelles were attached to a double-sided tape,
spray-coated with gold–palladium at 0.6 kV, and then examined under a electron microscope.

Cell culture
Human RB cell line (Y-79) was obtained from American
Type Culture Collections. Y-79 cells were used for estimating
the qualitative and quantitative uptake of DOX from micelles. Further cytotoxicity studies were also performed on
these cells. Y-79 cells were incubated in 75-cm2 tissue culture
flasks as a suspension in RPMI-1640 medium supplemented
with 15% nonheat-inactivated fetal bovine serum, 1 mM
glutamine, penicillin (100 U/mL), and streptomycin (100 mg/
mL). The cells were maintained at 378C in a humidified atmosphere of 5% CO2 and 90% relative humidity.

Uptake studies
Y-79 cells were centrifuged and washed 3 times with a
Dulbecco’s phosphate-buffered saline (DPBS; pH 7.4) containing 0.03 mM KCl, 130 mM NaCl, 1 mM CaCl2, 7.5 mM
Na2HPO4, 1.5 mM KH2PO4, 0.5 mM MgSO4, and 5 mM glucose to remove endogenous folates bound to folate receptors
on the cell surface. Uptake studies were carried out in DPBS
(pH 7.4). Uptake was initiated by the addition of 200 mg/mL
of DOX solution, DOXMC, DOXM, and DOXM solution in
the presence of excess folic acid (*1 mM) for 1 h. After incubation, the cells were centrifuged and rinsed 3 times with
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1 mL of ice-cold stop solution (210 mM KCl, 2 mM HEPES) to
arrest uptake. After each wash, the cells were centrifuged
and separated. The cells were then solubilized in 0.5 mL of
1% Triton-X solution and frozen at 808C. DOX concentration was measured with the help of fluorescence spectrophotometer at 485 nm (excitation wavelength) and 595 nm
(emission wavelength).28

Confocal studies
Y-79 cells were incubated with DOX solution, DOXM, and
DOXM in the presence of excess folic acid (*1 mM) for 30 min
in DPBS. DOX concentration equivalent to 10 mg/mL was
maintained in the solutions. Following incubation the cells
were washed 3 times to remove uninternalized DOX, then
exposed to 4% buffered paraformaldehyde for 20 min at 48C,
rinsed thrice with DPBS, and mounted on glass slides using
mounting gel. Slides were observed under a confocal laser
fluorescence microscope. Series of images were acquired in
the z-axis (0.5 mm apart) with Olympus FV300 confocal laser
scanning unit coupled to an Olympus BX61 upright microscope. Pictures were processed by Fluoview software and
edited by Adobe Photoshop CS3 (Adobe Systems).

Cell viability studies in Y-79 cells
As Y-79 cells do not attach to the substratum, the 96-well
plates were initially coated with coated 50 mg/mL poly-dlysine solution. Approximately, 5,000 cells/well were plated
and incubated with RPMI-1640 medium containing laminin

BODDU ET AL.
(12.5 mg/mL, added to the medium) at 378C for 24 h. The
cells were then exposed to various concentrations (0–10 mM)
of DOX solution and DOXM. The cells with medium alone
were used as negative control. The cells were incubated for
48 h, drug solutions were aspirated, and then 100 mL of resazurin dye solution was added to each well. The plate was
incubated for 1 h at 378C and the amount of absorbance in
each well was measured at 600 nm. Resazurin is a bluecolored compound that turns pink upon oxidation in the
presence of live cells. The amount of absorbance reflects the
number of viable cells.

Results
Biodegradable copolymer PLGA-PEG-FOL was successfully synthesized according to a previously published procedure with minor modifications.24 Chemical shifts (d) were
expressed in ppm relative to the NMR solvent signal
(d6-DMSO) with tetramethyl silane as an internal standard.
Figure 1 demonstrates various proton peaks associated with
PLGA-PEG-FOL polymer. Small peaks at 6.6, 7.6, and
8.7 ppm indicate protons associated with folate. The peak at
3.6 ppm is due to -CH2- protons of PEG block. The peaks at
1.6 and 5.2 ppm are due to -CH3 and -CH- protons of PLA
block. The peak at 4.8 ppm belongs to the -CH2- protons of
PGA block. On molar ratio basis the conjugation percentage
of folate to PLGA-PEG was found to be 52.7%. DOXM were
successfully prepared by dialysis method. Table 2 shows
the effect of particle size, polydispersity, and entrapment of
DOX in various solvents. Based on size, polydispersity, and

FIG. 1. 1H NMR spectrum of poly(d,l-lactide-co-glycolide)-poly(ethylene glycol)-folate (PLGA-PEG-FOL) conjugate. The
corresponding proton peak numbers marked in the NMR are denoted in the inset structure of PLGA-PEG-FOL.

TARGETED DELIVERY OF DRUGS FOR THE TREATMENT OF RB

463

Table 2. Effects of Solvents on Particle Size,
Polydispersity, and Encapsulation Efficacy
of Doxorubicin
Solvent

Particle
size (nm)

Polydispersity

Encapsulation
efficiency (%)

DMSO
Acetone
DMF

85.30  4.53
101.20  5.63
75.20  2.40

0.31
0.23
0.08

58.20  2.01
52.45  3.74
60.32  2.56

Abbreviations: DMF, dimethylformamide; DMSO, dimethylsulfoxide.

entrapment efficiency, DMF was found to be suitable for the
preparation of DOXM. The particle size of DOXM in DMSO,
acetone, and DMF were observed to be 85.30, 101.20, and
75.20 nm, with a polydispersity of 0.31, 0.23, and 0.08, respectively. The entrapment efficiencies of DOX in DMSO,
acetone, and DMF were found to be 58.20%, 52.45%, and
60.32%, respectively. DOXM were further characterized for
morphology and in vitro release. The spherical morphology
of DOXM was confirmed by TEM studies (Fig. 2). In vitro
drug release study revealed a biphasic release pattern with
an initial rapid release (burst release) followed by sustained
release for a period of 48 h (Fig. 3). The release of DOX from
DOXM was retarded in the presence of PLGA-PEG-PLGA
gel. The synthesis and characterization of the triblock copolymer PLGA-PEG-PLGA (Mwb determined by gel permeation chromatography is 4,759 Da) has been already
published from our laboratory.29 Phase-transition studies
revealed that the polymer at concentrations ranging between
20% and 25% (w/v) forms gel at 328C–608C.29 As the temperature inside the eye ranges from 348C to 378C, such
polymeric gels may be appropriate for drug delivery (Fig. 4A
and B).30 PLGA-PEG-PLGA gel sustained the release of DOX
for a period of 132 h. Surprisingly, the dispersion of folateconjugated polymer micelles in the PLGA-PEG-PLGA gel
structure sustained the drug release for a period of 2 weeks
(Fig. 3). Scanning electron microscopy image of DOXM dispersed in thermosensitive gels revealed a very dense network structure (Fig. 4C). The reversibility of the PLGA-PEGPLGA gel was tested by slowly reducing the temperature
from 378C to 258C, to achieve a clear solution (Fig. 4D). The
uptake of DOX from pure drug solution, DOXM, and DOXM
in the presence of folic acid was analyzed with confocal
microscopy in Y-79 cells. DOXM exhibited higher fluorescence relative to free DOX (Fig. 5A and B). The fluorescence
intensity was reduced in the presence of excess folic acid,
suggesting uptake of micelles via folate receptor (Fig. 5C). Zstack images were taken to confirm the presence of DOXM
inside Y-79 cells (Fig. 5D–K). The uptake of both DOX and
DOXM was quantitatively estimated in Y-79 cells. The uptake of DOX was *4 times higher in the presence of DOXM
(Fig. 6). Cytotoxicity studies of DOX formulations (free DOX
and DOXM) were carried out in RB cell line (Y-79 cells). At
concentrations ranging from 0 to 10 mM, DOXM exhibited
higher cytotoxicity in Y-79 cells expressing folate receptors
(Fig. 7).31,32

Discussion
Systematically administered antineoplastic agents exhibit
limited permeability into the retina and vitreous mainly

FIG. 2. Transmission electron microscopy image of
doxorubicin-loaded PLGA-PEG-FOL micelles (DOXM). (A)
DOXM prepared by dimethylsulfoxide; (B) DOXM prepared
by acetone; (C) DOXM prepared by dimethylformamide.

because of blood retinal barrier.20 Moreover, the presence of
efflux pumps such as P-gp and MRP further restrict the
permeation of various chemotherapeutic agents.33 Although
IVT injections deliver drugs to the retina directly, potential
side effects such as increased intraocular pressure, hemorrhage, retinal detachment, cataract, and endophthalmitis
lead to complications limiting long-term therapy.20 Recent
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FIG. 3. In vitro release profile of DOX
from (^) DOXM, (&) DOX suspended
in PLGA-PEG-PLGA thermosensitive
gel, and (~) DOXM suspended in
PLGA-PEG-PLGA thermosensitive gel.
Each data point is the average of 3
samples. Error bars represent the standard error of mean.

advances in drug delivery system design led to the development of IVT implants that can be placed inside the vitreous to deliver constant drug levels over prolonged periods.
However, such a system requires repeated surgery for the
implantation and removal of implants.20 Keeping these facts
in mind we have developed an alternative strategy that
employs in situ gelling polymers for sustaining drug release
from surface-modified polymeric micelles targeting drugs to
RB cells. Polymeric micelles have been successfully utilized
as targeted drug delivery systems.34 However, polymeric
micelles tend to dissociate upon dilution in biological fluids
after injection, which results in burst release.35 The exact

mechanism involved in the destabilization of polymeric micelles is not clear. Recent studies by Chen et al. revealed that
potential interactions of polymeric micelles with various
biological components may affect the release pattern of
entrapped drugs.36 We hypothesized that thermogelling systems (PLGA-PEG-PLGA) as delivery vehicles might prevent
the dilution and interaction of polymeric micelles with biological components.
Previous studies reported 44.8% (molar ratio basis) conjugation of folate to PLGA-PEG.24 In the present study, the
conjugation of folate was found to be 52.7%. At a fixed ratio
of drug to polymer of 1:4, the effects of solvents on entrapment

FIG. 4. Gelation and uniform dispersion of polymeric micelles in PLGA-PEG-PLGA thermosensitive gel. (A) DOXM suspended in PLGA-PEG-PLGA thermosensitive gel at 258C; (B) DOXM suspended in PLGA-PEG-PLGA thermosensitive gel at
348C–378C; (C) scanning electron microscopy images of DOXM suspended in PLGA-PEG-PLGA thermosensitive gel; (D)
reverse transition of gel to solution at 258C.
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FIG. 5. Confocal images of Y-79 cells following treatment with DOX and DOXM. (A) Pure DOX; (B) DOXM; (C) DOXM in
the presence of folic acid; (D–K) Z-stack images of DOXM to show that micelles are inside Y-79 cells. Scale bar ¼ 50 mm.
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DOX conc (ug)/mg of protein
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FIG. 6. Quantitative uptake of DOX in Y-79 cells, using
pure DOX, DOX-loaded in PLGA-PEG micelles/nontargeted
micelles (DOXMC), DOXM, and DOXM in the presence of
folic acid. **P < 0.05.

efficiency, size, and polydispersity were studied. DMF resulted in low polydispersity values, indicating uniform micellar size when compared with DMSO and acetone. The
particle size of DOXM was found to be higher in case of
acetone. Slight variations in entrapment efficiency and size
may be attributed to the differences in miscibility/solubility
of organic solvents in water.37 Further characterization was
carried out for DOXM prepared from DMF as the initial
solvent. DOX release rate was faster from DOXM in the first
8 h and then became progressively lower and sustained for
48 h thereafter. The release from polymeric micelles mainly
involves 2 mechanisms: diffusion and copolymer degradation. However, several studies suggest that when the rate of
drug release is greater than the rate of copolymer degradation, diffusion mechanism predominates.38 Burst release is
mainly due to the DOX molecules adsorbed within the corona or at the interface of core/corona.25 When dispersed in
PLGA-PEG-PLGA thermosensitive gels, in vitro release of
DOX from DOXM was sustained for 2 weeks. The exact
mechanism involved in the sustained release of DOX from
DOXM suspended in PLGA-PEG-PLGA is not clear. Temperature-sensitive polymeric gels such as PLGA-PEG-PLGA
remain in solution form at room temperature and as gels at
body temperature. At room temperature, the hydrogen

bonding between the water molecules and PEG chains
dominate and forces the copolymer molecules to stay in solution. At body temperature, the hydrophobic forces among
the PLGA segments dominate and hydrogen bonding becomes weaker, thus leading to sol–gel transition. The release
of drugs from the hydrogels mainly occurs by 2 mechanisms:
(1) initial phase consists of drug diffusion from the hydrogel
and (2) later phase consists of erosion hydrogel matrix.39 The
external surface of polymeric micelles is hydrophilic in nature and tends to partition in the PEG domains (Fig. 8). We
anticipate that during the initial phase the polymeric micelles
(*70–100 nm) tend to slowly diffuse through the hydrophilic
porous channels, whereas in the later stage the release may
be due to a combination of diffusion and erosion of the
polymeric gel matrix. Moreover, it is likely that thermosensitive polymers upon gelation at body temperature
(348C–378C) prevent the dilution of DOXM from the external
fluids. Hence, these polymeric micelles may remain intact
inside the thermosensitive gels and gradually release its
cargo as the gel degrades. The release of DOXM from PLGAPEG-PLGA gels acts as the major rate-limiting step in the
release rate of DOX.
Qualitative uptake analysis with confocal imaging of Y-79
cells overexpressing folate receptor revealed that DOXM
exhibits a much larger extent of cellular uptake than pure
DOX. This was further confirmed by quantitative uptake
studies. Z-stack images clearly depict the internalization of
DOXM in Y-79 cells. DOX is a well-known substrate for
MDR1 efflux pumps, which are highly expressed on Y-79
cells. These efflux pumps lower the entry of DOX into Y-79
cells.18 However, DOXM enter the cells via folate receptors
on the surface of Y-79 cells. PEG acts as a linker between
PLGA and folate moiety to form nanomicelles such that folate can easily bind to the folate receptor on Y-79 cells. With
equivalent drug loading in the culture medium, DOXM
showed much higher cell cytotoxicity than DOX in Y-79 cells.
Huang et al. reported that the expression of folate receptor is
much higher on the basolateral side of ARPE-19 cells when
compared with the apical side.40 This shows that DOX when
administered as polymeric micelles conjugated to folic acid

Percent cell viability

120
100
80
60
40
DOX
20

DOXM

0
0

2

4

6

8

10

12

Concentration (uM)

FIG. 7. Cell viability studies of DOX in Y-79 cells following
treatment with DOX and DOXM.

FIG. 8. Release mechanism of DOXM from PLGA-PEGPLGA thermosensitive gel.
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can specifically target the RB cells sparing the healthy retinal
cells, which do not express folate receptor.
Previous studies from our laboratory concluded that IVT
delivery of ganciclovir-loaded PLGA microspheres in PLGAPEG-PLGA gel resulted in therapeutic vitreal concentrations
for 14 days.30 Moreover, this formulation did not produce
any major breakdown in the retinal cell structure. We anticipate that our current formulation will be safe for the
healthy retinal cells and toxic for the RB cells.

Conclusion
In summary, we have provided proof for a novel injectable
drug carrier system for the local and targeted delivery of
drugs to RB cells using DOX as a model drug. Release of DOX
from DOXM was successfully retarded by PLGA-PEG-PLGA
gel system. Qualitative uptake studies revealed that DOXM
exhibited higher cellular uptake than pure DOX in Y-79 cells
overexpressing folate receptors. This result was further confirmed from the quantitative uptake studies. Polymeric micellar systems suspended in thermosensitive gels may provide
sustained and targeted delivery of anticancer agents (topotecan, etoposide, carboplatin, and vincristine) to RB cells.
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