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PURPOSE. To test the hypothesis that mucoadhesive microdiscs
formulated in a rapidly dissolving tablet can increase preocular
residence time.

METHODS. Microparticles smaller than 10 �m in diameter were
fabricated by emulsification with poly(lactic-co-glycolic acid)
as a core material and, in some cases, poly(ethylene glycol) as
a mucoadhesion promoter. To examine the effect of particle
geometry, microparticles were also cut to have flat surfaces
(i.e., microdiscs) and were compared with spherical particles
(i.e., microspheres). In vitro mucoadhesion of microparticles
was tested on a mucous layer under shear stress, mimicking the
human blink. The resultant microparticles were also formu-
lated in two dosage forms, an aqueous suspension and a dry
tablet, to test the effect of formulation on the retention capac-
ity of microparticles on the preocular space of rabbits in vivo.

RESULTS. Mucoadhesive microdiscs adhered better to the sim-
ulated ocular surface than did other types of microparticles.
When a dry tablet embedded with mucoadhesive microdiscs
was administered in the cul-de-sac of the rabbit eye in vivo,
these microdiscs exhibited longer retention than the other
formulations tested in this study. More than 40% and 17% of
mucoadhesive microdiscs remained on the preocular surface at
10 minutes and 30 minutes after administration, respectively.
Fluorescence images from the eye surface showed that muco-
adhesive microdiscs remain for at least 1 hour in the lower
fornix.

CONCLUSIONS. This study demonstrated that mucoadhesive mi-
crodiscs formulated in a dry tablet can achieve a prolonged
residence time on the preocular surface and thus are a prom-
ising drug delivery system for ophthalmic applications. (Invest
Ophthalmol Vis Sci. 2008;49:4808–4815) DOI:10.1167/
iovs.08-2515

Topical drug administration is widely used to treat various
eye disorders but is nonetheless limited by low drug bio-

availability because of rapid clearance by blinking, tear drain-
age, and absorption into the conjunctival vasculature.1,2 Ap-
proximately 75% of the applied dose is known to be lost almost
instantly through nasolacrimal drainage on topical administra-
tion with eyedrops; thus, less than 5% of the applied drug is
ultimately bioavailable in the anterior segment of the eye. To
maintain therapeutic drug levels, frequent administration or
large doses are often required, which can reduce patient com-
pliance, cause local side effects, and lead to undesirable sys-
temic exposure. These problems could be addressed by a drug
delivery system that remains on the preocular surface and
slowly delivers drug for a prolonged period.

Various attempts have been made to increase drug resi-
dence time on the preocular surface. Drug solutions formu-
lated with viscosity enhancers, such as carboxymethyl cellu-
lose, hydroxypropyl cellulose, poly(vinylpyrrolidone), and
polyvinyl alcohol, slowed drug clearance and increased drug
bioavailability in rabbits.3–5 However, despite their prolonged
residence time, the rate of drug release was not controlled,
which often caused a rapid drug efflux out of the polymer
network. Gels, ointments, and ocular inserts can increase res-
idence time and also provide sustained release from a drug
depot typically in the conjunctival sac.6–8 However, discom-
fort, ocular irritation, and blurred vision are often associated
with such systems, which can adversely affect patient compli-
ance.

Across medicine, biocompatible microparticles are widely
used for controlled-release drug delivery because of their ease
of fabrication, simplicity of administration, and possible use in
localized and targeted delivery.9 Drug molecules encapsulated
in microparticles are released by drug diffusion, polymer deg-
radation, or both, resulting in sustained release. In addition,
microparticles can be easily formulated into a variety of dosage
forms, such as suspensions, tablets, and gels, which makes
them applicable to many different localized or systemic treat-
ments. Various therapeutic agents, such as acyclovir, dexa-
methasone, piroxicam, and vancomycin, have been delivered
topically to the eye through microparticles and exhibit en-
hanced targeting and drug bioavailability.10,11

Microparticles designed to have increased residence time at
the preocular surface would further improve drug retention on
the eye and, hence, would be more effective for the therapy of
ocular diseases, such as glaucoma, keratoconjunctivitis sicca,
and dry eye disease. Microparticles have been made using
mucoadhesive polymers to enhance their adhesion to the mu-
cous layer on the preocular surface.12–15 Microparticles formu-
lated using numerous mucoadhesive polymers, such as chi-
tosan, pectin, hyaluronic acid, sodium carboxymethylcellulose,
and polyacrylic acid, have achieved slower preocular clearance
and increased drug bioavailability.14–17

In this study, we proposed ophthalmic drug delivery using
microparticles engineered to optimize three design parame-
ters: mucoadhesion, geometry, and dosage form. We hypoth-
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esized that mucoadhesive microdiscs formulated in a rapid-
dissolving tablet can increase preocular residence time.
Although previous studies have examined the use of mucoad-
hesive microparticles, this is the first study to consider micro-
particle geometry (i.e., in particular a flat, microdisc geometry)
and to embed microparticles in a rapidly dissolving tablet
formulation for ophthalmic delivery. These attributes were
designed to promote mucoadhesion by increasing contact area
between the microparticles and the preocular surface and by
reducing convective forces of tear fluid flow that carry parti-
cles away.

Microparticles were made of poly(lactic-co-glycolic acid)
(PLG) and poly(ethylene glycol) (PEG), which were used as the
core material11 and the mucoadhesion promoter,18 respec-
tively. Mucoadhesiveness of PEG is known to be generated by
hydrogen bonds with mucins that contain hydroxyl, carboxylic
acid, and sulfate groups.19 These materials are also widely
established as safe for various medical applications.20,21

Two different shapes of microparticles—spheres and
discs—were compared to examine the effect of particle geom-
etry. We were interested in studying microdiscs because their
flattened surfaces can increase the frictional contact area with
the preocular mucous surface and can reduce hydrodynamic
resistance when aligned parallel to the direction of tear flow.22

The diameters of microparticles were also controlled to be
smaller than 10 �m to avoid possible eye irritation and to allow
safe clearance through the lacrimal canals, which measure 300
to 500 �m in diameter.2

Finally, microparticles were formulated in aqueous suspen-
sion and as a rapidly dissolving dry tablet. We were interested
in studying the dry tablet formulation because tablet dissolu-
tion would increase local viscosity, which should facilitate
initial contact between mucoadhesive microparticles and the
preocular mucous surface, allowing particles to become an-
chored before exposure to the full hydrodynamic shear of tear
fluid flow. Dry tablets were prepared by embedding micropar-
ticles in mannitol, which has been widely used in ophthalmic
formulations.23

MATERIALS AND METHODS

Materials

PLG (50:50; lot number LP-353; average MWt 15 kDa; IV 0.15–0.25
dL/g) and PEG (average MWt 6 kDa) were purchased from Lakeshore
Biomaterials (Birmingham, AL) and Acros Organics (Morris Plains, NJ),
respectively. Polyvinyl alcohol (PVA; 87%–89% hydrolyzed; MWt
31–50 kDa), mannitol, Nile Red, and type 2 mucin from porcine
stomach were obtained from Sigma Chemical (St. Louis, MO). Methyl-
ene chloride and acetone in high purity were purchased from Fisher
Scientific (Pittsburgh, PA). Hanks buffered saline solution (HBSS) was
obtained from Mediatech (Manassas, VA). Optimal cutting temperature
(OCT) compounds, generally used as embedding media for frozen
tissue specimens, were obtained from Sakura Finetek USA (Torrance,
CA) and used as the microparticle embedding media for cryosection-
ing. Proparacaine HCl (0.5% ophthalmic solution) was purchased from
Bausch & Lomb (Tampa, FL). Anesthetics for subcutaneous injection to
the rabbits (ketamine, xylazine, and acepromazine) were obtained
from Fort Dodge Animal Health (Fort Dodge, IA), Lloyd (Shenandoah,
IA), and Boehringer Ingelheim (St. Joseph, MO), respectively.

Fabrication of Microparticles

Four different kinds of microparticles were prepared: microspheres of
PLG (PLG MS), microspheres of a blend of PLG and PEG (PLG/PEG MS),
microdiscs (cut microspheres) of PLG (PLG MD), and microdiscs of a
blend of PLG and PEG (PLG/PEG MD). To make PLG and PLG/PEG
microparticles, a polymer solution was prepared by dissolving either
200 mg PLG or a mixture of 200 mg PLG and 20 mg PEG in 2 mL

methylene chloride. Two milligrams of the fluorescent tracer Nile Red
was also dissolved in these solutions to label the microparticles.

Each resultant solution was then dispersed in 15 mL water contain-
ing PVA (2% wt/vol) and was sonicated at 100 W for 10 seconds to
obtain oil-in-water emulsion droplets of appropriate size (ultrasonic
converter, CV33; power supply, VC505; Sonics & Materials, Newtown,
CT). The emulsion was stirred overnight to evaporate the methylene
chloride and to obtain solid microparticles. The solid microparticles
were filtered (nylon net filter, 11-�m pore; Millipore, Billerica, MA) to
remove particles larger than 10 �m, suspended in OCT compound, and
frozen at �75°C for 2 hours. The distribution of PEG inside the
microparticles was expected to be fairly homogeneous because of the
quick polymer-phase inversion of small microparticles (�10 �m) dur-
ing solvent evaporation.24

To prepare microspheres, the frozen OCT compound was thawed
at room temperature without further treatment, washed thoroughly
with DI water, and freeze dried (VirTis Advantage, Gardiner, NY) for 2
days. To fabricate microdiscs, a piece of the frozen OCT compound
embedded with microparticles was sectioned into 1 �m–thick films on
a cryostat (HM 560 Cryo-Star; Microm International, Waldorf, Ger-
many), which were then thawed, washed with DI water, and freeze
dried.

Preparation of Microparticle Formulations

Microparticles were formulated in two different dosage forms, an
aqueous suspension and a dry tablet. Preparing each of the four
microparticle types in each of these two dosage forms yielded eight
different microparticle formulations: PLG MS suspension, PLG MS tab-
let, PLG MD suspension, PLG MD tablet, PLG/PEG MS suspension,
PLG/PEG MS tablet, PLG/PEG MD suspension, and PLG/PEG MD tablet.
Suspensions were prepared in 100 �L HBSS with concentrations of 10
mg/mL and 5 mg/mL microparticles for the in vitro and in vivo
mucoadhesion tests, respectively. To fabricate a dry tablet used for in
vivo tests, a homogeneous mixture of 20 mg mannitol and 0.5 mg
microparticles was hand pressed in a 3 mm–diameter bore formed in
a 1 cm–thick acrylic sheet (Goodfellow, Oakdale, PA). In this way, each
of the eight formulations used for the in vivo study was prepared to
contain 0.5 mg microparticles for single use.

Characterization of Microparticles

The size and shape of microparticles were examined using a scanning
electron microscope (LEO 1530; Carl Zeiss SMT, Peabody, MA). A
droplet of an aqueous suspension of microparticles was placed on a
small piece of silicon wafer attached to the top of a scanning electron
microscope sample holder. Samples were dried with desiccant over-
night and sputter-coated with gold. Microparticles were imaged at 2 to
10 kV. A Coulter counter (Multisizer 3; Beckman Coulter, Fullerton,
CA) equipped with a 50-�m aperture was used to determine the size
distribution of microparticles. Microparticles were suspended in elec-
trolyte (Isoton; Beckman Coulter) with a dispersant (Dispersant IA;
Beckman Coulter) to prevent aggregation. At least 5000 particles were
counted for each sample.

Nile Red was used as a fluorescent tracer to facilitate measuring the
amount of microparticles remaining on the preocular surface over
time. Although the initial loading of Nile Red (1% wt/wt) was known,
the amount of Nile Red actually entrapped in microparticles was also
measured by dissolving 4 to 5 mg Nile Red–loaded microparticles in 10
mL acetone with strong agitation and then measuring the Nile Red
concentration in the solution using calibrated fluorescence spectros-
copy (Photon Technology International, Birmingham, NJ).

A differential scanning calorimeter (DSC, STA409; Netzsch, Exton,
PA) was used for thermal analysis of microparticles. Briefly, 5 to 15 mg
pure PLG or pure PEG or a microparticle formulation was placed in an
aluminum pan with hermetic sealing and heated from 25°C to 150°C at
a rate of 10°C/min. The locations of endothermal peaks were deter-
mined to identify the peak shift associated with the presence of PEG in
microparticles made of a blend of PLG and PEG.
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In Vitro Mucoadhesion Study

Microparticle adhesion to the mucous layer was examined under a
condition mimicking the shear force applied to the preocular surface
during the blink of a human eye (150 dyne/cm2).25 A mucous layer was
prepared on a hydrophilic membrane measuring 1 cm � 1 cm (cellu-
lose nitrate membrane, 0.45-�m pore size; Whatman, Florham Park,
NJ) that was first soaked for 2 hours with an aqueous mucin solution
prepared in HBSS (0.1% wt/vol).15 Then, 20 �L of a 10 mg/mL suspen-
sion of microparticles was applied as a single drop at the center of the
membrane. After 30 seconds, the membrane was placed on a stress/
strain-controlled rheometer (MCR 300; Anton Paar, Ashland, VA) to
apply continuous shear stress in the range of 140 to 160 dyne/cm2 for
60 seconds, which was performed using parallel surfaces separated by
50 mm and filled with HBSS. Peltier temperature control was used to
maintain the temperature of HBSS at 33°C to 34°C during the experi-
ment because the temperature of tear fluid is known to be approxi-
mately 2° to 3°C lower than the body core.25 After applying the shear
stress, the microparticles remaining on the membrane were dissolved
in acetone under strong agitation and quantified using calibrated fluo-
rescence spectroscopy (Photon Technology International). Experi-
ments were performed in triplicate for each type of microparticle.

In Vivo Mucoadhesion Study

In vivo studies were performed using male New Zealand White rabbits
(Myrtle’s Rabbitry, Thompsons Station, TN) weighing 3.4 to 3.6 kg and
without any ocular defects. All experiments were conducted in com-
pliance with the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research. The experimental protocol was approved by the
Institutional Animal Care and Use Committee of the Georgia Institute
of Technology. Rabbits were housed singly in a standard cage without
any restriction of food and water.

To administer the microparticle formulation, each rabbit was re-
moved from the cage and placed in a soft cloth restraint bag (Four Flags
Over Aspen, Janesville, MN) opened just enough to expose its head.
Each rabbit lay on its stomach during this whole procedure. A total of
100 �L microparticle suspension (5 mg/mL) was added topically to the
rabbit eye by four consecutive administrations of 25 �L each at
1-minute intervals, which collected to a large extent almost instantly in
the lower cul-de-sac because of gravity. Alternatively, a tablet was
placed in the lower cul-de-sac, and the eyelid was closed manually for
5 minutes so that the tablet could completely dissolve in the tear fluid.
The same dose of microparticles (0.5 mg) was administered using
suspensions and tablets. No anesthesia was required for these proce-
dures, which were well tolerated by the rabbits. After administration,
the rabbit was placed back in the cage and allowed to move freely until
samples were collected.

Microparticles remaining on the preocular surface were collected
10 minutes, 30 minutes, or 60 minutes after administration of the
suspension or complete dissolution of the tablet. Only one sampling
time was used per animal. The preocular surface was wiped thor-
oughly using a cellulose surgical sponge (Ultracell Medical Technolo-
gies, North Stonington, CT) while the eye was locally anesthetized
with topical administration of 25 �L of 0.5% proparacaine HCl oph-
thalmic solution. The surgical sponge containing microparticles was
then submerged in acetone for 1 hour, and the acetone was assayed
with calibrated fluorescence spectroscopy (Photon Technology Inter-
national) to determine the amount of microparticles collected. For
each sample and each time after administration, at least three eyes
were selected randomly among eight different eyes (four rabbits were
used in this study). The interval between two consecutive sample
collections for each eye was a minimum of 48 hours to permit the
animals to recover from any experimental stress.

To obtain images of microparticles on the eye, each rabbit was
anesthetized with a single subcutaneous injection of a cocktail of 17.5
mg/kg ketamine, 8.5 mg/kg xylazine, and 0.5 mg/kg acepromazine.
One or two additional boosters (5.6 mg/kg ketamine, 2.8 mg/kg xyla-
zine, and 0.16 mg/kg acepromazine) were used if needed. Each of the

eight microparticle formulations was administered under the same
condition as the quantitative analysis described. The images of micro-
particles on the preocular surface were obtained using a fluorescence
stereomicroscope (SZX 12; Olympus America, Center Valley, PA) 10
minutes, 30 minutes, and 60 minutes after administration while the
rabbit lay on its side. Locations imaged were cornea, lacrimal caruncle,
upper fornix, and lower fornix. Between the intervals of imaging, the
rabbit lay on its stomach, and the eye was manually blinked once per
5 minutes as if the rabbit were awake.

Statistical Analysis

The percentage of remaining microparticles was assessed based on the
amount applied initially for in vitro and in vivo experiments. Mean
percentages of remaining microparticles among the different micro-
particle formulations were statistically analyzed using a generalized
linear model ANOVA with � � 0.05, followed by pairwise comparisons
using a Tukey post hoc test.

RESULTS

Characterization of Microparticles

Four different kinds of microparticles were prepared, as shown
in Figure 1. PLG MS was prepared as a control formulation of
spherical geometry and no mucoadhesion promoter. PLG MD
was prepared to assess the effect of microdisc geometry in the
absence of a mucoadhesion promoter. PLG/PEG MS was pre-
pared to assess the effect of a mucoadhesion promoter in
spherical microparticles. PLG/PEG MD was prepared to assess
the combined effect of a mucoadhesion promoter and micro-
disc geometry.

The average diameter of all microparticles was less than 10
�m (Table 1), which was achieved by removing larger particles
by filtration. Microparticles in this size range should be appro-
priate for topical ophthalmic delivery.2 After cutting, the mi-
crodiscs exhibited flat surfaces (Figs. 1B, 1D), whereas the
uncut particles were spherical (Figs. 1A, 1C). The amount of
Nile Red entrapped in microparticles was determined to be 7
to 8 �g/mg microparticles (Table 1).

FIGURE 1. Scanning electron micrographs of microparticles prepared
for ocular adhesion studies. (A) PLG MS. (B) PLG MD. (C) PLG/PEG MS.
(D) PLG/PEG MD. Scale bars, 10 �m.
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To further characterize the effect of cutting, particle size
distribution was measured using a multisizer. As shown in
Figure 2 and Table 1, the cut microdiscs were smaller than the
uncut microspheres. Although the 4 �m–diameter micro-
spheres were cut to 1-�m thickness to make microdiscs, the
multisizer shows a relatively small change in size because the
multisizer measurement depends strongly on particle orienta-
tion in the electric field formed in the measuring orifice.26 If
the long axis of a microdisc is oriented perpendicularly to the
electric field, that particle appears to the instrument to be of
similar size as the original microspheres. If a microdisc is
oriented parallel to the electric field, its size will appear to be
close to 1 �m. In addition, because of limitations inherent in
the cryosectioning method (bluntness of the blade, particle
deformability in cryostat), very small microspheres might not
have been cut satisfactorily. In this regard, the data make better
sense when considering the biased averaging of microdisc size
performed by the Coulter method.

DSC analysis was also performed on microparticles to vali-
date the presence of PEG in microparticles made of a blend of
PLG and PEG. As control experiments, Figure 3 shows that the
Tg (glass transition temperature) of pure PLG appeared at 52°C,
and the Tm (melting temperature) of pure PEG appeared at
77°C. Microparticles of PLG alone exhibited the same Tg as
pure PLG. However, microparticles composed of a blend of
PLG and PEG exhibited a higher Tg of 54°C, which is attributed
to the presence of PEG in the microparticles. This is consistent
with a previous report in which a similar transition of Tg was
observed with a film made by solvent casting of PLG (75:25)
and PEG (10 kDa).27 The lack of PEG-melting endotherm for
the PLG/PEG microparticles could be explained by the high
miscibility and small mass fraction of PEG in microparticles,
probably smaller than the initial loading of 10% wt/wt, because
of partial PEG diffusion out of the particles during the solvent
evaporation step of fabrication.

Microparticles were formulated in two different dosage
forms, an aqueous suspension and a dry tablet, to examine the
effect of the formulation on microparticle adhesion to the
preocular surface. For ophthalmic application, a tablet should
be small and dissolve rapidly in tear fluid to minimize possible
discomfort on the sensitive eye surface. Figure 4 shows the
fluorescence images of a dry tablet containing microparticles
and the resultant microparticle suspension after tablet dissolu-
tion in HBSS. The fluorescence signal observed from the tablet
indicates the presence of embedded microparticles labeled
with Nile Red (Fig. 4A). The cylindrical tablet measured 3 mm
in diameter and 3 mm in height, corresponding to a volume of
21 �L, and was small enough to be applied in the lower
cul-de-sac of the eye. Mannitol, a highly water-soluble and
biologically inert material, was used as the embedding medium
of microparticles, which enabled the tablet to fully dissolve in
HBSS within 5 minutes and to release the individual micropar-
ticles (Fig. 4B).

In Vitro Mucoadhesion of Microparticles

With this collection of microparticle formulations, we deter-
mined the effect of mucoadhesion and microparticle geometry
on preocular residence time using an in vitro model of the
preocular surface. This test was carried out for 60 seconds
under a shear stress (140–160 dyne/cm2) that mimicked the
blink of a human eye because most particle clearance is ex-
pected during blinking.28

Under these conditions, 15% of PLG MS, with spherical
geometry and no mucoadhesion promoter, remained on the
model preocular surface, as shown in Figure 5. Neither cutting
the particles into microdiscs nor adding a mucoadhesion pro-
moter significantly changed the extent of particle adhesion
(P � 0.10). However, the combination of the microdisc geom-

TABLE 1. Properties of Microparticles Tested for Ocular Adhesion

Microparticle Mean Diameter (�m) Nile Red (�g/mg)

PLG MS 4.13 � 1.76 8.07 � 0.12
PLG MD 3.59 � 1.19 7.51 � 0.17
PLG/PEG MS 4.21 � 1.93 7.53 � 0.07
PLG/PEG MD 3.09 � 1.24 7.01 � 0.31

Values are mean � SD.

FIGURE 2. Size distribution of PLG MS (gray curve) and PLG MD
(black curve) measured by a multisizer.

FIGURE 3. Differential scanning calorimetry thermograms of PLG MS
and PLG/PEG MS. Thermograms from pure PLG and PEG are also
plotted for comparison.

FIGURE 4. Fluorescence micrographs of (A) red fluorescent PLG MS
embedded in a dry mannitol tablet and (B) PLG MS suspension after
dissolution of a tablet for 5 minutes in HBSS. Scale bar, 10 �m.
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etry and the mucoadhesion promoter doubled the percentage
of microparticles remaining to 30% (P � 0.05). This can be
explained by the increased force of adhesion of microparticles
to the model preocular surface enabled by the mucoadhesion
promoter and the reduced fluid mechanical force acting to
remove microparticles enabled by the microdisc geometry.

In Vivo Mucoadhesion of Microparticles

We next sought to validate these in vitro findings using the
rabbit as an in vivo model. The same four types of micropar-
ticles were formulated as an aqueous suspension and a dry
tablet and were administered topically to the rabbit eye. The
percentage of microparticles remaining on the preocular sur-
face was determined after 10, 30, and 60 minutes, as shown in
Figure 6. Retention of any of the four microparticle types,
when administered as a suspension, was relatively poor, with
just 1% to 10% remaining after 10 minutes and even less
remaining at later times. We believe this poor retention can be
partially explained by the coadministration of eyedrop carrier
fluid to the preocular space, which is known to expedite tear
drainage and thus to remove microparticles more rapidly.29,30

To reduce the effect of rapid removal of microparticles by
excess tear drainage, we formulated the same dose of micro-
particles into rapidly dissolving mannitol-based tablets. These
small cylindrical tablets dissolved in tear fluid on the preocular
surface within 5 minutes (data not shown). This tablet formu-
lation had no significant effect on PLG MS relative to the
suspension formulations (P � 0.1). PLG MD tablets increased
microdisc retention from 1.7% to 10.5% at 10 minutes and from
0.9% to 3.9% at 30 minutes compared with suspension, but this
was not statistically significant (P � 0.1). The tablet formula-
tion of PLG/PEG MS also made nonsignificant increases in
mucoadhesive microsphere retention relative to PLG/PEG MS
suspension (P � 0.1).

Finally, PLG/PEG MD tablets gave the best result, with 41%
remaining at 10 minutes and 17% remaining at 30 minutes. The
use of PLG/PEG MD tablets increased microparticle retention
by 8-fold at 10 minutes and 17-fold at 30 minutes compared
with a PLG MS suspension. Retention of PLG/PEG MD tablets
was significantly greater at 10 minutes than for all other for-
mulations except PLG/PEG MS tablets and at 30 minutes com-

pared with all kinds of suspensions (P � 0.05). This shows that
the combination of mucoadhesion promoter, microdisc geom-
etry, and tablet formulation provided the greatest increase in
preocular residence time.

As a companion to these quantitative results, we next im-
aged the distribution of microparticles on the preocular surface
using the same eight microparticle formulations at the same
three time points, as shown in Figure 7. Four different regions
of the eye were imaged: cornea (CN), lacrimal caruncle (LC),
upper fornix (UF), and lower fornix (LF). Microparticles ap-
plied as a suspension were not seen much in any region of the
eye. Some microparticles observed at the LC could be attrib-
uted to accumulated microparticles draining toward the lacri-
mal duct. Similarly, tablets embedded with PLG MS and PLG
MD also disappeared rapidly, probably because of the absence
of a mucoadhesion promoter (Figs. 7B, 7D).

More extensive microparticle retention was observed with
PLG/PEG MS and PLG/PEG MD tablets (Figs. 7F, 7H) at all
regions except the CN. The UF showed moderate accumula-
tion of microparticles that mostly disappeared 1 hour after
administration. The LF showed extensive microparticle reten-
tion, especially for the PLG/PEG MD, which persisted for at
least 1 hour. Extensive accumulation in the LF can be ex-
plained because the goblet cells in the lower cul-de-sac are
known to be mainly responsible for the production of mucin
on the preocular surface.13,25 Therefore, the local mucin con-
centration should be higher in the LF than in other locations on
the ocular surface, which would promote mucoadhesion of
PLG/PEG microparticles. The LF was also the site of tablet
administration, which would further help localize mucoadhe-
sion at that location.

The absence of microparticles on the CN could be ex-
plained by the locally vigorous hydrodynamics and lack of
mucin. During blinking, tear fluid on the CN experiences the
strongest shear and highly dynamic mixing.25 This, combined
with the thin film thickness of the tear fluid (�10 �m),31

makes microparticle adhesion to the CN surface difficult.

DISCUSSION

Because of the rapid clearance of drug from the preocular
surface, topical delivery to the eye would benefit from a

FIGURE 6. In vivo residence time of microparticles on the rabbit eye.
The percentage of microparticles remaining on the preocular surface
of rabbits was measured for eight different microparticle formulations.
**At 10 minutes, the PLG/PEG MD tablet was significantly different
from all other formulations (P � 0.05) except the PLG/PEG MS tablet.
*At 30 minutes, the PLG/PEG MD tablet was significantly different from
all suspensions (P � 0.05). Data points represent the mean � SD of
three to five measurements.

FIGURE 5. In vitro mucoadhesion of microparticles. The percentage
of microparticles remaining on a model mucous membrane was mea-
sured after applying a shear stress similar to that of a human blink
(140–160 dyne/cm2) for 60 seconds. *PLG/PEG MD was significantly
different from the other types of microparticles (P � 0.05). Data points
represent the mean � SD of three measurements.
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delivery system with longer preocular residence time to
improve drug bioavailability and efficacy of therapy. To
achieve this goal, we designed microparticles considering
three design parameters: mucoadhesion, disc geometry, and
tablet formulation. With this approach, we achieved micro-
particle residence times on the preocular surface of up to 1
hour, an order-of-magnitude increase over conventional eye-
drops, which have a typical residence time of just 3 to 7
minutes.32

The turnover rate of mucin on the preocular surface is
known to be much slower than that of the tear fluid.13 Thus,

microparticles formulated with a mucoadhesion promoter,
such as PEG,18 are expected to remain on the eye longer.
Considering tear flow and blinking, a disc shape should also
help retain microparticles in the preocular space because of
the low hydrodynamic resistance and high static frictional
adhesion to the eye surface enabled by this geometry. The in
vitro test in this study supports these expectations by showing
synergetic enhancement of preocular residence time resulting
from mucoadhesion and disc geometry. The use of mucoadhe-
sive microdiscs (PLG/PEG MD) increased adhesion to the sim-
ulated ocular surface by a factor of 2 (Fig. 5).

FIGURE 7. Fluorescence micrographs
of red-fluorescent microparticles re-
maining on the preocular surfaces of
rabbits as a function of time and lo-
cation on the eye. Formulations used
were (A) PLG MS suspension, (B)
PLG MS tablet, (C) PLG MD suspen-
sion, (D) PLG MD tablet, (E) PLG/
PEG MS suspension, (F) PLG/PEG MS
tablet, (G) PLG/PEG MD suspension,
and (H) PLG/PEG MD tablet. Each
column presents images from a spe-
cific ocular region (CN, LC, UF, LF).
Each row presents images at differ-
ent times after microparticle admin-
istration. Scale bars, 500 �m.
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Use of a tablet formulation also played a key role to increase
the residence time of microparticles in vivo. Mucoadhesive
microdiscs, when administered in a dry tablet to rabbit eyes in
vivo, exhibited the best retention of all and provided an in-
crease in remaining particles of up to 17-fold compared with a
PLG MS suspension (Figs. 6, 7). In contrast to aqueous suspen-
sions, dissolution of the mannitol-based tablet probably in-
creased the viscosity of tear fluid at the site of administration,
which gave time for particles to react with the mucin better
and thereby enhanced microparticle attachment to the preocu-
lar surface.

Based on these observations, we propose mucoadhesive
microdiscs formulated in a rapidly dissolving tablet as a novel
topical drug delivery technology for the eye. We propose that
in addition to prolonged residence time on the preocular
surface, controlled drug release from microdiscs can be
achieved by encapsulating drug within the core material
(PLG).20 Depending on the ratio of lactic acid to glycolic acid,
polymer molecular weight, degree of drug loading, addition of
other excipients, and other factors, the drug release rate can be
tailored to achieve sustained or otherwise controlled release.
Previously, suspensions of PLG MS (non-mucoadhesive micro-
spheres), when administered topically to the rabbit eye,
showed significant improvement in drug bioavailability be-
cause of controlled release.10,11,16

In addition to mucoadhesiveness, PEG may play a role in
modulating the drug release profile. For example, the release of
transforming growth factor �1 was reported to be more sus-
tained from microparticles blended with PEG.33 In contrast,
different microparticles with water-soluble PEG became more
porous because of rapid PEG dissolution in the release media,
which accelerated the release of a number of compounds, such
as ovalbumin, immunoglobulin, and dextran.34,35

Optimal bioavailability might be achieved by matching the
duration of drug release from the microparticles to the resi-
dence time of microparticles on the preocular surface. Note
that PLG microparticles can be formulated for drug release
more quickly than the time taken to fully degrade the micro-
particles, especially for small drug molecules and at high drug
loading in the microparticles.9 In this way, controlled release
from PLG microparticles can be achieved according to time
scales most useful to topical delivery to the eye (e.g., hours)
rather than with microparticles that may biodegrade over
much longer times (e.g., days or weeks). Biodegradation time
of the microparticles may not be a critical parameter because
after they are cleared from the preocular surface through the
lacrimal ducts, they will probably be eliminated through the
gastrointestinal tract in hours.36

In some previous studies, microparticles made solely of
mucoadhesive materials, such as pectin and poly(acrylic acid),
were shown to achieve residence times of up to 2 hours on the
preocular surface.15,16 Although it is difficult to make quanti-
tative comparisons between studies because of different exper-
imental methods and analytical detection limits, this study
showed that mucoadhesive microdiscs in a dry tablet had a
similar residence time of at least 1 hour (Fig. 7H) but had the
added advantage of a PLG formulation that lent itself to con-
trolled release of encapsulated drugs. This increased residence
time was achieved with a small mass fraction of mucoadhesive
PEG (10% wt/wt at most). Thus, the addition of mucoadhesion
promoter, along with improved optimization of microdisc and
tablet formulation, could increase residence time still further.

Microdiscs developed in this study should be distinguished
from nanoparticles widely investigated for topical drug deliv-
ery to the eye. Such nanoparticles are often used based on their
ability to penetrate the cornea through intracellular or paracel-
lular pathways.37–39 For example, mucoadhesive nanoparticles
(PEG-coated nanoparticles) were previously suggested as drug

carriers with accelerated transport across the epithelium on
the eye.37 In contrast, microdiscs in this study were envisioned
primarily as controlled-release vehicles for release into the tear
fluid. Indeed, drug released from microdiscs was intended to
transport into the eye, but the microdiscs themselves remained
outside.

Microdiscs also differ from ocular inserts. Although each
system serves as a preocular reservoir to deliver drug into the
tear fluid,8 ocular inserts remain on the preocular surface as
macroscopic devices without dissolution or degradation,
which is bothersome to many patients.40 In contrast, a manni-
tol-based tablet can rapidly dissolve in the tear fluid, leaving
behind microdiscs smaller than 10 �m that are expected to be
well tolerated by patients.2

CONCLUSIONS

This study supported the hypothesis that mucoadhesive micro-
discs formulated in a rapidly dissolving tablet can increase
preocular residence time. Mucoadhesion can improve micro-
particle attachment to the mucous layer of the preocular sur-
face. The microdisc geometry can further promote mucoadhe-
sion by increasing the contact area between microparticles and
the preocular surface and by reducing convective forces of tear
flow that carry particles away. In vitro tests showed that mi-
croparticles prepared with a mucoadhesion promoter (PEG)
and microdisc geometry can adhere to a model mucous mem-
brane twice as well as microparticles without these design
features.

Formulation in a rapidly dissolving tablet can also increase
preocular residence time because dissolution of the mannitol-
based tablet can increase the viscosity of tear fluid at the site of
administration, which gives time for microparticles to react
better with the mucin and thereby enhance microparticle
attachment to the preocular surface. In vivo tests in rabbits
showed that formulation of mucoadhesive microdiscs in a
rapidly dissolving tablet can increase preocular residence up to
1 hour, which represents a 1 order-of-magnitude increase over
conventional microparticles and eyedrop formulations. Over-
all, we conclude that mucoadhesive microdiscs formulated in a
rapidly dissolving tablet, coupled with encapsulation of drug
within the microparticles for controlled release into the tear
fluid, is a novel method of topical drug administration for
sustained delivery to the eye.

Acknowledgments

The authors thank Jae Kyu Cho for help with in vitro mucoadhesion
studies and Tae-Hyun Bae for help with DSC analysis.

References

1. Ghate D, Edelhauser HF. Ocular drug delivery. Expert Opin Drug
Deliv. 2006;3:275–287.

2. Sultana Y, Jain R, Aqil M, Ali A. Review of ocular drug delivery.
Curr Drug Del. 2006;3:207–217.

3. Saettone MF, Giannaccini B, Ravecca S, Marca FL, Tota G. Polymer
effects on ocular bioavailability—the influence of different liquid
vehicles on the mydriatic response of tropicamide in humans and
rabbits. Int J Pharm. 1984;20:187–202.

4. Saettone MF, Giannaccini B, Guiducci A, Marca F, Tota G. Polymer
effects on ocular bioavailability, II: the influence of benzalkonium
chloride on the mydriatic response of tropicamide in different
polymeric vehicles. Int J Pharm. 1985;25:73–83.

5. Chang SC, Chien DS, Budgaard H, Lee VHL. Relative effectiveness
of prodrug and viscous approaches in maximizing the ratio of
ocular to systemic absorption of topically applied timolol. Exp Eye
Res. 1988;46:56–69.

4814 Choy et al. IOVS, November 2008, Vol. 49, No. 11



6. Roziere A, Mazuel C, Grove J, Plazonnet B. Gelrite: a novel ion
activated, in situ gelling polymer for ophthalmic vehicles: effect on
bioavailability of timolol. Int J Pharm. 1989;57:163–168.

7. Miller SC, Donovan MD. Effect of poloxamer 407 gel on the miotic
activity of pilocarpine nitrate in rabbits. Int J Pharm. 1982;12:
147–152.

8. Macoul KL, Pavan-Langston D. Pilocarpine ocusert system for sus-
tained control of ocular hypertension. Arch Ophthalmol. 1975;93:
587–590.

9. Varde NK, Pack DW. Microspheres for controlled release drug
delivery. Expert Opin Biol Ther. 2004;4:35–51.

10. Loftsson T, Hreinsdottir D, Stefansson E. Cyclodextrin micropar-
ticles for drug delivery to the posterior segment of the eye: aque-
ous dexamethasone eyedrops. J Pharm Pharmacol. 2007;59:629–
635.

11. Gavini E, Chetoni P, Cossu M, Alvarez MG, Saettone MF, Giunchedi
P. PLGA microspheres for the ocular delivery of a peptide drug,
vancomycin using emulsification/spray-drying as the preparation
method: in vitro/in vivo studies. Eur J Pharm Biopharm. 2004;
57:207–212.

12. Vasir JK, Tambwekar K, Garg S. Bioadhesive microspheres as a
controlled drug delivery system. Int J Pharm. 2003;255:13–32.

13. Ludwig A. The use of mucoadhesive polymers in ocular drug
delivery. Adv Drug Del Rev. 2005;57:1595–1639.

14. Genta I, Conti B, Perugini P, Pavanetto F, Spadaro A, Puglisi G.
Bioadhesive microspheres for ophthalmic administration of acy-
clovir. J Pharm Pharmacol. 1997;49:737–742.

15. Durrani AM, Farr SJ, Kellaway IW. Precorneal clearance of muco-
adhesive microspheres from the rabbit eye. J Pharm Pharmacol.
1995;47:581–584.

16. Giunchedi P, Conte U, Chetoni P, Saettone MF. Pectin micro-
spheres as ophthalmic carriers for piroxicam: evaluation in vitro
and in vivo in albino rabbits. Eur J Pharm Sci. 1999;9:1–7.

17. Zimmer AK, Chetoni P, Saettone MF, Zerbe H, Kreuter J. Evalua-
tion of pilocarpine-loaded albumin particles as controlled drug
delivery systems for the eye, II: co-administration with bioadhesive
and viscous polymers. J Control Rel. 1995;33:31–46.

18. Iwanaga K, Ono S, Narioka K, et al. Application of surface-coated
liposomes for oral delivery of peptide: effects of coating the lipo-
some’s surface on the GI transit of insulin. J Pharm Sci. 1999;88:
248–252.

19. Efremova NV, Huang Y, Peppas NA, Leckband DE. Direct measure-
ment of interactions between tethered poly(ethylene glycol)
chains and adsorbed mucin layers. Langmuir. 2002;18:836–845.

20. Shive MS, Anderson JM. Biodegradation and biocompatibility of
PLA and PLGA microspheres. Adv Drug Del Rev. 1997;28:5–24.

21. Zalipsky S. Chemistry of polyethylene glycol conjugates with bio-
logically active molecules. Adv Drug Del Rev. 1995;16:157–182.

22. Champion JA, Katare YK, Mitragotri S. Particle shape: a new design
parameter for micro- and nanoscale drug delivery carriers. J Con-
trol Release. 2007;121:3–9.

23. Reader MJ. Influence of isotonic agents on the stability of thimer-
osal in ophthalmic formulations. J Pharm Sci. 1984;73:840–841.

24. Berkland C, Kim K, Pack DW. PLG microsphere size controls drug
release rate through several competing factors. Pharm Res. 2003;
20:1055–1062.

25. Dilly PN. Structure and function of the tear film. In: Sullivan DA,
ed. Lacrimal Gland, Tear Film, and Dry Eye Syndromes. New
York: Plenum Press; 1994.

26. Eckhoff RK. A static investigation of the Coulter principle of
particle sizing. J Sci Instrum. 1969;2:973–977.

27. Forcino RG, Jonnalagadda S. The effect of fabrication methods on
the mechanical and thermal properties of poly(lactide-co-glycol-
ide) scaffolds. J Appl Polym Sci. 2007;104:944–949.

28. Owens H, Philips J. Spreading of the tears after a blink. Cornea.
2001;20:484–487.

29. Sieg JW, Triplett JW. Precorneal retention of topical instilled mi-
cronized particles. J Pharm Sci. 1980;69:863–864.

30. Zhu H, Chauhan A. A mathematical model for ocular tear and
solute balance. Curr Eye Res. 2005;30:841–854.

31. Watsky MA, Jablonski MM, Edelhauser HF. Comparison of conjunc-
tival and corneal surface areas in rabbit and human. Curr Eye Res.
1988;7:483–486.

32. Schoenwald RW. Ocular pharmacokinetics. In: Zimmerman TJ, ed.
Textbook of Ocular Pharmacology. Philadelphia: Lippincott-
Raven Publishers; 1997:119–138.

33. Lu L, Stamatas GN, Mikos AG. Controlled release of transforming
growth factor beta-1 from biodegradable polymer microparticles.
J Biomed Mater Res Part A. 2000;50:440–451.

34. Cleek RL, Ting KC, Eskin SG, Mikos AG. Microparticles of poly(DL-
lactic-co-glycolic acid)/poly(ethylene glycol) blends for controlled
drug delivery. J Control Release. 1997;48:259–268.

35. Yeh M-K, Jenkins PG, Davis SS, Coombes AGA. Improving the
delivery capacity of microparticle systems using blends of poly(DL-
lactide co-glycolide) and poly(ethylene glycol). J Control Release.
1995;37:1–9.

36. Khan MZ, Prebeg Z, Kurjakovic N. A pH-dependent colon targeted
oral drug delivery system using methacrylic acid copolymers, I:
manipulation of drug release using Eudragit L100–55 and Eudragit
S100 combinations. J Control Release. 1999;58:215–222.

37. De Campos AM, Sanchez A, Gref R, Calvo P, Alonso MJ. The effect
of a PEG versus a chitosan coating on the interaction of drug
colloidal carriers with the ocular mucosa. Eur J Pharm Sci. 2003;
20:73–81.

38. Giannavola C, Bucolo C, Maltese A, et al. Influence of preparation
conditions on acyclovir-loaded poly-d,l-lactic acid nanospheres and
effect of PEG coating on ocular drug bioavailability. Pharm Res.
2003;20:584–590.

39. Kompella UB, Sundaram S, Raghava S, Escobar ER. Luteinizing
hormone-releasing hormone agonist and transferrin functionaliza-
tions enhance nanoparticle delivery in a novel bovine ex vivo eye
model. Mol Vis. 2006;12:1185–1198.

40. Saettone MF, Salminen L. Ocular inserts for topical delivery. Adv
Drug Deliv Rev. 1995;16:95–106.

IOVS, November 2008, Vol. 49, No. 11 Mucoadhesive Microdiscs for Ophthalmic Drug Delivery 4815


