International Journal of Pharmaceutics 434 (2012) 140-147

Contents lists available at SciVerse ScienceDirect ;
PHARMACEUTICS
(e

International Journal of Pharmaceutics ©

journal homepage: www.elsevier.com/locate/ijpharm

Pharmaceutical Nanotechnology

Influence of choroidal neovascularization and biodegradable polymeric particle
size on transscleral sustained delivery of triamcinolone acetonide

Rajendra S. Kadam?®!, Puneet Tyagi®!, Henry F. Edelhauser®, Uday B. Kompella?*

a Departments of Pharmaceutical Sciences and Ophthalmology, University of Colorado Anschutz Medical Campus, Aurora, CO, United States
b Emory Eye Center, Emory University, Atlanta, GA, United States

ARTICLE INFO ABSTRACT

Article history:

Received 16 December 2011

Received in revised form 19 April 2012
Accepted 15 May 2012

Available online 23 May 2012

Purpose: One objective of this study was to determine whether polymeric nanoparticles and/or micropar-
ticles sustain transscleral choroidal and retinal delivery of triamcinolone acetonide (TA) for two months
in therapeutically effective concentrations after single periocular administration. Another objective of
this study was to assess the influence of choroidal neovascularization on transscleral delivery of TA.
Methods: Polymeric nano- and micro-particles of TA were prepared by o/w emulsion-solvent evaporation
method using poly-L-lactide (PLA). Particles were characterized for drug loading, size, surface morphol-
ogy, and the in vitro drug release profile. Choroidal neovascularization (CNV) was induced in brown
Norway (BN) rats using a 532 nm diode argon laser and the CNV induction was assessed using fluorescein
angiography. In vivo delivery was assessed in control and CNV induced rats at 2 months after periocular
injection of TA loaded nano- or micro-particle suspension, or plain TA suspension in PBS (pH 7.4). Ocu-
lar tissue levels of TA were estimated using LC-MS/MS following liquid-liquid extraction of drug from
tissue samples. Nile red loaded microparticles entrapped in periocular tissue at the end of the study was
visualized using scanning electron microscopy and confocal microscopy. Inhibitory effect of TA on VEGF
secretion was evaluated in ARPE-19 cells.

Results: Triamcinolone acetonide-PLA nano- (551 nm) and micro-particles (2090 nm), with 14.7 and 29.5%
drug loading, respectively, sustained in vitro TA release for about 45 and 120 days. After subconjunctival
injection, microparticles were able to sustain the delivery in all intraocular tissues for 2 months; whereas
no drug levels were detected for TA loaded nanoparticles and plain suspension of TA. Intraocular deliv-
ery of TA from microparticles was higher in CNV induced rats when compared to control rats. Significant
amount of microparticles remained in periocular tissue at 2 months afterinjection, and maintained spher-
ical shape. TA decreased VEGF secretion by 50% at 0.07 .M. At the end of the in vivo study, choroid-RPE
and retina TA levels in CNV induced rats were 16- and 5-fold higher than the ICso for VEGF secretion.
Conclusions: Single periocular injection of polymeric microparticles but not nanoparticles sustained effec-
tive levels of TA in choroid-RPE and retina for 2 months, with the TA delivery being greater in CNV induced
rats than the control rats.
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1. Introduction number is expected to increase by 50% by 2020 (Jager et al., 2008).

AMD is a chronic, multifactorial, life-long ocular disease. Available

Age related macular degeneration (AMD) is a leading cause of
blindness amongst the elderly population. In the United States
alone, more than 8 million people suffer from the AMD and this
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medical treatment helps to avoid further progression of the disease,
but cannot cure the disease and hence, chronic administration of
pharmaceutical therapy is necessary (Nowak, 2006). Current gold
standard for the treatment of the wet or neovascular form of AMD
is ranibizumab, an antibody fragment that binds vascular endothe-
lial growth factor (VEGF). Further, bevacizumab, a full length VEGF
antibody and triamcinolone acetonide (TA), a corticosteroid, are
being used off-label to treat wet AMD (Nowak and Bienias, 2007).
In AMD, therapeutic agents need to reach the retina and
choroid-retinal pigmented epithelium (RPE) to exert their action.
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Drug delivery to the posterior ocular tissues by conventional
topical or systemic routes is limited by extraocular epithelial bar-
riers (conjunctival and corneal epithelium) and the blood-tissue
barriers (Sunkara and Kompella, 2003). Drug delivery to the
posterior segment of the eye is most efficiently achieved by local,
ocular routes of administration including intravitreal, subretinal,
suprachoroidal, and periocular injections (Raghava et al., 2004).
However, intravitreal and subretinal routes are highly invasive
to the retina and repeated injections have a high risk of serious
complications including retinal detachment and endophthalmitis
(Shah et al., 2011). On the other hand, periocular injections, which
include subconjunctival, subtenon, peribulbar, retrobulbar, and
posterior juxtascleral injections, are generally considered safer, as
these are more peripheral to the eye (Raghava et al., 2004).

Triamcinolone acetonide is the most commonly used off-label
steroid treatment for AMD and vitreoretinal disorders (Jonas et al.,
2002). Vitreal half-life of TA after intravitreal injection of 0.3 mg
drug suspension in vitrectomized and nonvitrectomized rabbits is
1.57 days and 2.89 days, respectively (Chin et al., 2005). In order
to maintain the effective concentration of TA in the target tissue
for prolonged periods, the patient must be administered a high
initial dose or receive frequent injections. Higher intravitreal con-
centration of TA is associated with various side effects including
blurred vision, cataract, elevated intraocular pressure, and retinal
cell damage (Ozkiris and Erkilic, 2005; Schlichtenbrede et al., 2009).
Therefore, the most common approach for achieving therapeutic
levels of TA in the target tissue is to administer frequent intrav-
itreal injections, which as described above increases the risk for
injection-related complications. An alternative to intravitreal injec-
tion is periocular injection of TA, which is a less invasive and a safer
option for delivery of TA to the choroid-RPE and retina at effec-
tive concentrations. The major problem with periocular injection
of TA suspension is the very short half-life of TA in the periocu-
lar space because of conjunctival lymphatic and blood clearance
(Robinson et al., 2006). Cheruvu et al. showed that the choroid-
RPE half-life of celecoxib, a drug that is less soluble than TA, is
3.7h after subconjunctival injection of celecoxib suspension in
Brown Norway rats (BN) (Cheruvu et al., 2008). Similar to intrav-
itreal injection, patients treated with periocular injections must
be administered multiple injections in order to maintain effec-
tive concentrations, which is inconvenient and costly. Sustained
delivery systems can maintain effective drug levels for prolonged
periods of time, thereby reducing the dosing frequency (Kompella
et al., 2010). Drug encapsulated in biodegradable polymeric nano-
and micro-particles with properly designed vehicles are clinically
viable options for the sustained delivery of drug molecules adminis-
tered by periocular injection. A previous report from our laboratory
showed the effectiveness of subconjunctivally injected celecoxib-
PLGA microparticles for two months in a diabetic retinopathy
model (Amrite et al., 2006). Further, the transscleral delivery of
therapeutic agents to the posterior ocular tissues can be higher
in AMD patients due to compromised ocular barriers and altered
clearance. Significant reduction in choroidal blood flow in AMD
patients has been previously reported (Grunwald et al., 1998,
2005). Additionally, growth of new choroidal vessels into and
through the retinal pigment epithelium (RPE) or subretinal space
can result in loss of the RPE barrier integrity (Dobi et al., 1989;
Dong et al., 2011), which can lead to enhanced transscleral delivery
of therapeutic agents. Previously we observed enhanced delivery
of celecoxib to the choroid and retina in a diabetic rat as com-
pared to control rats (Cheruvu et al., 2009). No reports are currently
available regarding delivery of therapeutic agents in choroidal
neovascularization.

Based on all the above reasoning, the main objective of this study
was to determine the influence of choroidal neovascularization
(CNV) on transscleral delivery of TA. Another objective of this study

was to develop polymeric, biodegradable nano- and micro-particles
and assess their ability to sustain TA delivery to choroid-RPE and
retina in therapeutically effective concentrations for at least two
months.

2. Materials and methods
2.1. Materials

Poly-(L-lactide) (PLA), with inherent viscosity of 0.95-1.20dL/g
(product No. B6002-2P), was purchased from Birmingham Poly-
mers (Pelham, AL). Triamcinolone acetonide was purchased
from Spectrum Chemical Mfg. Corp (New Brunswick, NJ).
Dichloromethane, poly (vinyl alcohol) of Mw 30,000-70,000,
acetonitrile, and sodium azide were purchased from Sigma Aldrich
(St. Louis, MO). All other chemicals and reagents used in this study
were of analytical reagent grade.

2.2. Preparation of triamcinolone acetonide loaded nanoparticles
and microparticles

Nanoparticles were prepared by an o/w emulsion-solvent evap-
oration method. PLA polymer (200mg) was dissolved in 5ml
dichloromethane and mixed with 1 ml dichloromethane contain-
ing TA (100 mg) and Nile red (0.5 mg). The drug polymer solution
was transferred to 30 ml of cold 2% (w/v) aqueous polyvinyl alco-
hol solution in an ice bath under sonication (Misonix Sonicator
3000, Farmingdale, NY) at 3 W for 2 min to prepare an o/w emul-
sion. The o/w emulsion was transferred to 100 ml chilled 2% (w/v)
aqueous polyvinyl alcohol solution in an ice bath under sonica-
tion at 12-15W for 2 min to stabilize the emulsion. The emulsion
was stirred for 3h at room temperature using a magnetic stir-
rer to harden the nanoparticles. The hardened nanoparticles were
then centrifuged for 20 min at 27,000 x g using an ultracentrifuge.
The nanoparticle pellet was washed twice with 150 ml of distilled
water. The final pellet was dispersed in 10 ml of double distilled
water and lyophilized in a Labconco freeze dryer (Labconco Corpo-
ration, Kansas City, MO) over 24 h.

TA loaded microparticles were also prepared by o/w emulsion-
solvent evaporation method. PLA polymer (200 mg) was dissolved
in 5 ml of dichloromethane. TA (100 mg) and 1 ml of Nile red solu-
tion (0.5 mg/ml solution in dichloromethane) were dissolved in
the above polymer solution. The drug polymer dispersion was
transferred to 30 ml of 2% w/v aqueous polyvinyl alcohol solution
under homogenization at 10,000 rpm for 2 min using a Virtishear
Cyclone® Homogenizer. The above o/w emulsion was further trans-
ferred to 100 ml of 2% (w/v) aqueous polyvinyl alcohol solution
under homogenization at 10,000 rpm for 5 min using a Virtishear
Cyclone® Homogenizer. The final emulsion was stirred for 3h
using a magnetic stirrer. The microparticles thus formed were cen-
trifuged at 10,000 x g for 20 min. The microparticle pellet obtained
after centrifugation was washed twice with 150 ml of distilled
water. The final microparticle pellet was redispersed in 10 ml dou-
ble distilled water and lyophilized in a Labconco freeze dryer
(Labconco Corporation, Kansas City, MO) over 24 h.

2.3. Characterization of nanoparticles and microparticles

Lyophilized particles (1 mg) were resuspended in 5ml of fil-
tered deionized water to measure particle size and size distribution.
Nanosizer (Malvern Inc., Westborough, MA) was used to evaluate
particle size and size distribution. Surface morphology was stud-
ied with a scanning electron microscope (JSM-6510, Jeol USA, Inc.,
CA) after mounting particles on aluminum stubs and coating with
a layer of gold using a sputter Coater (Anatech USA, CA). TA and
Nile red content in the particles was measured by dissolving 1 mg
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of lyophilized TA loaded particles in 2 ml chloroform, followed by
vortexing (Vortex Genie, Scientific Industries, Bohemia, NY) for 1h
at room temperature. TA and Nile red content was measured in
chloroform using UV spectrophotometry (238 nm and 520 nm for
TA and Nile red, respectively). Separate standard curves for TA and
Nile red were prepared by dissolving a known amount of TA or Nile
red in chloroform, followed by serial dilutions. All measurements
were done in triplicates. The % drug loading and entrapment effi-
ciency in particles were determined using the following formulas.

mass of drug in nanoparticles
mass of nanoparticles

drug loading (%) = x 100,

_ experimental drug loading

encapsulation efficiency (%) = theoretical drug loading x 100.

2.4. Invitro drug release study

Two milligrams of drug-loaded particles were dispersed in 1 ml
of pH 7.4 phosphate buffered saline (PBS). The particle dispersion
was transferred into a dialysis membrane bag (7Spectra/por®, Spec-
trum Laboratories, CA) with a molecular weight cut off of 10,000 Da.
The dialysis bag was suspended in 10ml pH 7.4 PBS containing
0.05% (w/v) sodium azide, maintained at 37°C in a shaker incu-
bator (Max Q 4000 Shaker, Thermo Scientific, Waltham, MA). Two
ml of dissolution medium was withdrawn at various intervals and
replaced with drug-free dissolution medium maintained at 37°C.
The amount of drug released in the dissolution medium at each
time interval was analyzed by UV spectrophotometer at 238 nm.
All incubations were done in triplicates.

2.5. Animals

Animal studies were conducted in accordance with ARVO State-
ment for the Use of Animals in Ophthalmic and Vision Research and
guidelines by animal care committee of University of Colorado Den-
ver. Adult male Brown Norway rats (150-180g) were purchased
from Harlan Sprague Dawley Inc. (Indianapolis, IN, USA).

2.6. Induction and assessment of CNV

Rats were anesthetized using an intraperitoneal injection of
50 mg/kg ketamine and 10 mg/kg xylazine mixture. Pupils were
dilated by topical administration of 1% tropicamide solution. A
glass cover slip with a drop of 2.5% hypromellose solution was
used to visualize the fundus of the rat. Eight laser spots (100 pm,
150 mW, 100 ms) concentric with the optic nerve were placed in
the right eye of each rat using a 532 nm diode laser (Oculight Glx;
Iridex Inc., Mountain View, CA, USA) and a slit lamp (Zeiss slit
lamp 30SL; Carl Zeiss Meditec Inc., Dublin, CA, USA). Left eye was
used as a control for each animal. Rats showing hemorrhage upon
laser administration were excluded from the study. The Bruch’s
membrane breakage was confirmed using bubble formation as the
end point. CNV lesions were allowed to develop for 14 days after
induction of laser burns for tissue distribution studies. Develop-
ment of CNV was studied using a Fundus camera (Genesis Df, Kowa
Optimed, CA) after intravenous injection of 1% sodium fluorescein
solution (250 1) in PBS pH 7.4.

2.7. Invivo tissue distribution

In vivo tissue distribution of TA loaded polymeric nano- or
micro-particle dispersions and TA suspension was carried out
in normal and CNV induced BN rats. Rats were anesthetized
with intraperitoneal injection of 50 mg/kg ketamine and 10 mg/kg

xylazine. TA loaded nanoparticle or microparticle dispersion or TA
suspension (25 pl containing 150 g of TA) was administered into
the posterior subconjunctival space of right eye (ipsilateral) using
a 30-gauge needle (n=4). The left eye was untreated. The animals
were allowed to recover from anesthesia, and water and food were
provided ad libitum and kept for 2 months. At the end of 2 months,
the animals were euthanized by intraperitoneal injection of sodium
pentobarbital (250 mg/kg). Eyes and periocular tissues were col-
lected and immediately frozen using a mixture of isopentane and
dry ice. Tissues were stored at —80°C until analysis. Ocular tis-
sues were separated by dissection of the eye in frozen condition
on a ceramic tile placed above dry ice isopentane bath. Drug levels
were measured in sclera, choroid-RPE, retina, vitreous, lens, cornea,
iris-ciliary body, and periocular tissue by an LC-MS/MS method.

2.8. Assessment of nanoparticles and microparticles entrapped in
rat periocular tissue

Microparticles entrapped in periocular tissues were visualized
using confocal microscopy. For confocal microscopy, tissues were
placed on a glass slide and a drop of Supermount mounting medium
was added. A cover slip was placed on the tissue and air dried for 2 h
before assessment using Nikon C1si® confocal microscope. Confo-
cal microscopy indicated the presence of Nile red dye in periocular
tissues. Scanning electron microscopy (SEM) was used to further
confirm that particles were present in the tissue. For SEM, tissues
were mounted on aluminum stubs and coated with a layer of gold
using a sputter Coater (Anatech USA, CA). The morphology was
observed with JSM-6510 scanning electron microscope (Jeol USA,
Inc., CA) at an accelerating voltage of 5.0 kV.

2.9. VEGF secretion assay

Inhibitory effect of TA on VEGF secretion in ARPE-19 cells was
evaluated as per previously described methods (Kompella et al.,
2003). Briefly, 4000 cells were seeded per well in a 96-well plate
and cultured for 24 h until 70-80% confluency. After 24 h, the cul-
ture medium was replaced with serum free medium and cells were
allowed to remain in quiescence for 12 h before drug treatment.
Cells were treated with 50 nM to 50 wM of TA for 12 h. At the end of
12 h, the medium was collected and the secreted VEGF was quan-
tified using an ELISA kit capable of detecting VEGF 45 and VEGF;24
isoforms (Research Diagnostic, Inc., Flanders, NJ).

2.10. Tissue sample processing

TA content in rat ocular tissues was measured after extraction of
drugs from tissues by liquid-liquid extraction. Briefly, the weighed
amount of ocular tissues were mixed with 500 ul of PBS (pH
7.4) containing 250 ng/mL budesonide (internal standard) in 2 ml
microcentrifuge tube, vortexed for 10 min, and then homogenized
using a hand homogenizer in an ice bath. Dichloromethane (1.5 ml)
was added to this homogenate and vortexed for 10 min using a
multitube vortexer (VWR LabShop, Batavia, IL). The organic layer
was separated by centrifugation at 10,000 x g for 10 min. Separated
organic layer was transferred into clean glass tubes and evaporated
under nitrogen stream (Multi-Evap; Organomation, Berlin, MA) at
40°C. The residue after evaporation was reconstituted with 250 .l
of acetonitrile:water (75:25, v/v) and subjected to LC-MS/MS anal-
ysis. The liquid-liquid extraction method for extraction of TA from
rat ocular tissues was validated to determine the extraction recov-
ery using three different concentrations (low, medium and high) to
cover the entire range of expected concentrations of TA in various
tissues.
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Fig. 1. Size and surface morphology of (A) nanoparticles and (B) microparticles, and (C) in vitro release of triamcinolone acetonide from nanoparticles and microparticles.
(D) In vitro release of one sample of microparticles was monitored for 120 days, until complete drug release.

2.11. LC-MS/MS analysis

Ocular tissue levels of TA were measured by means of
LC-MS/MS. An API-3000 triple quadrupole mass spectrome-
ter (Applied Biosystems, Foster City, CA, USA) coupled with a
PerkinElmer series-200 liquid chromatography (Perkin Elmer,
Walthm, Massachusetts, USA) system was used for analysis. Ana-
lytes were separated on a Sunfire C18 column (2.1 x 50 mm, 5 wm)
using 5 mM ammonium formate in water (A) and acetonitrile (B) as
mobile phase. A linear gradient elution at a flow rate of 0.25 ml/min
with total run time of 4 min was as follows: 60% A (0-0.8 min), 10% A
(2.0-4.0 min),and 60% A (5.0-6.0 min). TA and budesonide (internal
standard) were analyzed in positive ionization mode with following
multiple reaction monitoring (MRM) transitions: 435 — 415 (TA);
431 — 413 (budesonide).

2.12. Data analysis

The data obtained for VEGF secretion were fit to sigmoidal
inhibitory models with a baseline effect using WinNonlin software
(version 1.5; Scientific Consulting, Inc., Cary, NC). Statistical com-
parisons between two experimental groups were performed using
independent samples Student’s t-test. The results were considered
statistically significant at P<0.05.

Before CNV
induction

g

7 days after
CNV induction

3. Results

3.1. Preparation and characterization of nanoparticles and
microparticles

Triamcinolone acetonide loading was 29.5 and 14.7% for
microparticles and nanoparticles, respectively. Nile red content
was 0.33 and 0.41% and for microparticles and nanoparticles,
respectively. The particle size for nanoparticles and microparticles
was 551 and 2090 nm, respectively. Scanning electron microscopy
(SEM) was used to study surface morphology. SEM images showed
that the particles were spherical in shape with small pores on the
surface (Fig. 1).

3.2. Invitro drug release

Release of TA from nanoparticles and microparticles was mon-
itored using UV spectrophotometer. The time for complete release
of TA from nanoparticles and microparticles was about 45 and 120
days, respectively. Burst release of 6.31 and 4.97% was observed
from nanoparticles and microparticles, respectively (Fig. 1).

3.3. Assessment of CNV

CNV development was monitored before laser treatment and
7 days and 14 days after laser treatment with a fundus camera

14 days after
CNV induction

Fig. 2. Development of CNV lesions occurred within 14 days after laser burn in BN rats. Representative fluorescein angiography images assessing CNV induction in Brown

Norway rats.
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Fig. 3. Single periocular injection of triamcinolone acetonide microparticles sustain
the intraocular delivery of TA for 2 months. Tissue distribution of TA in BN rat ocular
tissues at the end of 2 months after periocular injection of TA microparticles at a
dose equivalent to 150 g of TA/animal. TA levels in ocular tissues were below the
limit of detection (2.5 ng/ml) for the nanoparticle and plain drug suspension groups.
Data represents mean + SD for N =4. * Significantly different from control at P < 0.05.

(Fig. 2). Sodium fluorescein leakage was seen to increase with time.
In comparison to day 7, fluorescein leakage was more at day 14.

3.4. Invivo drug delivery

In vivo delivery of TA was assessed in control and CNV induced
BN rats after subconjunctival injection of nanoparticle or micropar-
ticle dispersion in PBS (pH 7.4) and plain TA suspension in PBS. At
the end of 2 months post injection, no drug levels were detected in
any ocular tissues for nanoparticles or the plain suspension group.
TA microparticles sustained the delivery of TA for 2 months post
injection in both control and CNV induced rats. As shown in Fig. 3,
TA levels were the highest in periocular tissue (site of injection).
For posterior ocular tissues, the rank order of drug distribution was
in the order: choroid-RPE > sclera > retina > vitreous. TA levels in
CNV induced rats were 3.6-, 2.3-, 2.4-, 2.9-, and 1.3-folds higher in
sclera, choroid-RPE, retina, vitreous, and periocular tissue respec-
tively than control rats. Differences were statistically significant
only for sclera, lens, and iris-ciliary body. Although the TA delivery
to choroid-RPE, retina, and vitreous in CNV induced rats was not
significantly different from control rats, the P values were less than
0.12.

Significant amount of entrapped microparticles were observed
in the periocular tissues of both control and CNV induced rats at the
end of 2 months post injection. Microscopic visualization of perioc-
ular tissues using scanning electron microscope (SEM) and confocal
microscope showed the presence of microparticles in periocular tis-
sues (Figs. 4 and 5). Microparticles loaded with Nile red as a tracer
dye were visible in red color in confocal microscopy images (Fig. 5).

3.5. Inhibition of VEGF secretion

Triamcinolone acetonide inhibited VEGF secretion from ARPE-
19 cells with an IC5y of 0.07 £0.01 M. Drug effects were evident
at concentrations as low as 0.05 wM (Fig. 6), with the reduction in
VEGF secretion being 33%.

4. Discussion

This study, for the first time, shows that the transscleral deliv-
ery of TA to the intraocular tissues was higher in CNV induced
rats when compared to control animals. Further, we have suc-
cessfully developed biodegradable polymeric microparticles of TA,

R.S. Kadam et al. / International Journal of Pharmaceutics 434 (2012) 140-147

Perioculartissue with
microparticles
(2 months post-dosing)

Perioculartissue
without microparticles

Fig. 4. Assessment of entrapped microparticles in periocular tissues (site of
injection) in BN rats 2 months post injection. Pictures were obtained using a scan-
ning electron microscope (JEOL) at 5000x magnification. Arrowhead shows the
entrapped microparticles in periocular tissue of BN rats.

which sustained choroidal and retinal delivery for 2 months in
therapeutically effective concentration after a single periocular
injection. Further, we showed that significant amount of micropar-
ticles remain in the periocular space at the end of two months and
maintain their spherical shape.

To sustain the long term delivery of TA, polymeric nano- and
micro-particles were prepared using poly(L-lactide). Pure poly(L-
lactide), has degradation half-life of 12-16 months (Yeo and Park,
2004). Further, TA is a lipophilic drug molecule and entrapment
efficiency of lipophilic drugs is much better in a hydrophobic
homopolymer such as PLA than a more hydrophilic copolymer such
as PLGA. Herein, we demonstrated that particles made with PLA
have 14.7% drug loading in nanoparticles and 29.5% drug loading
in microparticles (Table 1). Microparticles have better drug load-
ing and entrapment efficiency than nanoparticles since they have
lower surface-to-volume ratio, which minimizes surface drug that
is removed during particle washes (Lecaroz et al., 2006; Mohanraj
and Chen, 2006). For microparticles, entrapment efficiency was
88.5%, whereas for nanoparticles the entrapment efficiency was
44.1%, which is significantly lower than microparticles (Table 1).
Surface morphology of particles showed uniform spherical shapes
with small pores on the particle surface. Removal of organic sol-
vent from the particle core results in the formation of honeycomb
like internal structure and pores on the surface of particles (Yeo
and Park, 2004). In vitro release profile showed that microparticles
sustained the drug release for longer duration than nanoparticles
(Fig. 1). Since nanoparticles are smaller in diameter, their surface
areais larger than their volume and hence, the large amount of drug
closer to the particle surface results in rapid drug release (Mohanraj
and Chen, 2006; Redhead et al., 2001). Previously, we have also
shown that in vitro release of budesonide was faster from PLA
nanoparticles than microparticles (Kompella et al., 2003). Although
we did not measure the residual dichloromethane content in this
study, an earlier study of ours employing similar methods indicated
that PLA microparticles have a dichloromethane content of about
1 ppb (Shelke et al., 2011).
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Differential interference
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microparticles
(2 months post-dosing)

Periocular tissue
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fluorescence

Overlay

Fig. 5. Confocal microscopy images of periocular tissue were obtained from control and microparticles injected rats. Pictures were obtained using confocal microscope (Nikon
C1 si®) set at 20x magnification. Nile red was added as tracer dye in microparticles, which appears red under the microscope. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of the article.)

Table 1

Physicochemical characterization of triamcinolone acetonide loaded poly-L-lactide nanoparticles and microparticles.

Batch Particle size Polydispersity Nile red loading (%, Triamcinolone acetonide Triamcinolone acetonide
(nm) index w/w) loading (%, w/w) encapsulation efficiency (%,
wiw)
Microparticles 2090 + 302.7 0.043 + 0.030 0.33 £+ 0.027 29.5 +2.82 88.5 £ 6.10
Nanoparticles 551.4 + 80.8 0.146 + 0.013 0.41 + 0.038 14.7 £ 1.95 44.1 £5.70

Long term sustained in vivo delivery of TA form polymeric
particles was evaluated in BN rats after periocular injection. Pre-
viously, we showed that budesonide loaded microparticles sustain
the choroidal and retinal delivery for 2 weeks whereas, nanoparti-
cles exhibited detectable drug levels for only 7 days after periocular
injections in rats (Kompella et al., 2003). The objective of the cur-
rent study was to sustain TA delivery for at least 2 months after
periocular injection. Herein, we demonstrated that single periocu-
lar injection of TA microparticles sustained the posterior segment
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Fig. 6. Triamcinolone acetonide inhibits the VEGF secretion in ARPE-19 cells. Data

represents mean =+ SD for N=6. The ICso values were calculated using the inhibitory
sigmoid Enyax model with baseline effects.

drug delivery for at least 2 months (Fig. 3), whereas no drug lev-
els were detected for plain drug suspension and nanoparticles. Our
in vivo results were in agreement with the in vitro release profile of
TA from nano- and micro-particles, where nearly 100% of the drug
was released within 45 days for nanoparticles and 120 days for
microparticles (Fig. 1). Further, a significant amount of micropar-
ticles remained at the site of injection even after 2 months, which
is expected to sustain the TA delivery for longer periods. Micro-
scopic examination of periocular tissue showed that particles still
maintained their spherical shape and were entrapped in the tissue
matrix (Figs.4 and 5). Previously we have shown that PLA micropar-
ticles remain in the rabbit vitreous for 3 months after intravitreal
injection and maintain its spherical shape and sustain the delivery
of hydrophilic drug molecule (Shelke et al., 2011).

After subconjunctival injection of TA microparticles, significant
amount of drug remained at the site of injection (periocular tis-
sue). Delivery of TA to posterior ocular tissues was in order of
choroid-RPE > sclera > retina > vitreous (Fig. 3). TAlevels in choroid-
RPE were slightly higher than sclera; even though choroid-RPE
comes after sclera for subconjunctival delivery. TA is a lipophilic
corticosteroid; significant amount of lipophilic drug molecules
preferentially accumulate in choroid-RPE due to melanin binding
(Thakur et al., 2010). Previously, with subconjunctival injection of
corticosteroids and beta-blockers, we observed similar trends of
drug distribution to the posterior ocular tissues, with drug levels
being higher in choroid-RPE than sclera, retina, and vitreous for
lipophilic drugs such as TA (Kadam and Kompella, 2010; Thakur
et al,, 2010). Significant amount of TA levels were detected in the
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anterior segment ocular tissues including cornea, aqueous humor
and iris-ciliary body. Delivery of drug to the anterior tissue after
periocular injection can be partially explained by leak-back of drug
through the needle track as well as diffusion across conjunctiva into
the tear film (Cheruvu et al., 2008).

Another objective of the current study was to evaluate the effect
of disease state on intraocular delivery of TA after periocular injec-
tion. Previously with a diabetic retinopathy model, we showed
that the retinal delivery of celecoxib was 2.0-fold higher in dia-
betic rats than in control rats (Cheruvu et al., 2009). In the current
study, there was more TA delivered to all ocular tissues in the CNV
induced rats compared to control rats (Fig. 3). Further, the drug
levels in the CNV group at the dosing site were 1.3-fold higher
but not significantly different from the control group. One pos-
sible reason for the increase in TA delivery in CNV induced rats
may be due to compromised ocular barriers and altered delivery or
clearance in the choroid-RPE and retina. Various literature reports
showed that there is a significant reduction in choroidal blood flow
in AMD patients compared to normal healthy subjects (Grunwald
et al,, 1998, 2005). Further, during CNV progression, migration
of choroidal endothelial cells in RPE results in disruption of the
RPE barrier (Dong et al., 2011; Hartnett et al., 2003), which might
increase retinal drug delivery from the periocular site. The combi-
nation of reduced blood flow and disruption of ocular barriers may
result in higher intraocular delivery of TA in CNV induced rats com-
pared to control rats. Although the TA delivery was higher in CNV
induced rats than the control rats, significant differences were only
observed with sclera, lens, and iris-ciliary body.

To develop the exposure-response relationship between TA
delivery to the choroid-RPE and an efficacy parameter related to
CNV, we measured the inhibitory effect of TA on VEGF secretion.
An elevation in VEGF levels is a key contributor for the devel-
opment of ocular neovascular diseases such as CNV and diabetic
retinopathy (Miller, 1997). Various studies indicated a central role
for elevated VEGF in the pathogenesis of CNV (Spilsbury et al., 2000;
Kwak et al., 2000), and it was previously shown that inhibitory
effect of TA on choroidal neovascularization can be explained in
part by a reduction in VEGF secretion (Tong et al., 2006). Our
in vitro VEGF secretion assay in ARPE-19 cells showed a very potent
inhibitory effect of TA with an IC5g of 0.07 £ 0.01 wM. This effect is
in good agreement with previous published reports. Budesonide
and fluocinolone acetonide, other potent corticosteroids showed
43 and 37% inhibition of VEGF secretion, respectively, in ARPE-
19 cells at 0.1 wM (Ayalasomayajula et al., 2009; Kompella et al.,
2003). In our in vivo delivery study, at the end of 2 months,
drug levels in the choroid-RPE were 1.14 and 0.48 uM and 0.36
and 0.14 uM in the retina, in CNV and normal rats, respectively.
Compared to the ICs5q for VEGF inhibition, these levels were 16-
and 7-fold higher in choroid-RPE and 5- and 2-fold higher in
retina of CNV and normal rats, respectively. Thus, single periocular
injection of TA microparticles can sustain choroid-RPE and reti-
nal drug levels for at least 2 months at therapeutically effective
concentrations.

5. Conclusion

In summary, PLA microparticles are better than nanoparticles in
sustaining posterior segment delivery of TA after periocular injec-
tion. Spherical microparticles remained entrapped in the tissue
matrix at the site of injection after 2 months. Delivery of TA is
significantly higher in CNV induced rats than control rats, and poly-
meric microparticles maintain therapeutic concentrations of TA in
choroid-RPE and retina for at least 2 months after a single periocular
injection.
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