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Dispersion of microemulsion drops in HEMA hydrogel:
a potential ophthalmic drug delivery vehicle
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Abstract

Approximately 90% of all ophthalmic drug formulations are now applied as eye-drops. While eye-drops are convenient and
well accepted by patients, about 95% of the drug contained in the drops is lost due to absorption through the conjunctiva or
through the tear drainage. A major fraction of the drug eventually enters the blood stream and may cause side effects. The drug
loss and the side effects can be minimized by using disposable soft contact lenses for ophthalmic drug delivery. The essential idea
is to encapsulate the ophthalmic drug formulations in nanoparticles, and disperse these drug-laden particles in the lens material.
Upon insertion into the eye, the lens will slowly release the drug into the pre lens (the film between the air and the lens) and the
post-lens (the film between the cornea and the lens) tear films, and thus provide drug delivery for extended periods of time. This
paper focuses on dispersing stabilized microemulsion drops in poly-2-hydroxyethyl methacrylate (p-HEMA) hydrogels. The
results of this study show that the p-HEMA gels loaded with a microemulsion that is stabilized with a silica shell are transparent
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and that these gels release drugs for a period of over 8 days. Contact lenses made of microemulsion-laden gels a
to deliver drugs at therapeutic levels for a few days. The delivery rates can be tailored by controlling the particle and
loading. It may be possible to use this system for both therapeutic drug delivery to eyes and the provision of lubricants t
eye problems prevalent in extended lens wear.
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1. Introduction

The topical delivery of drugs by eye-drops curren
accounts for about 90% of all ophthalmic formulatio
This method of drug delivery is very inefficient and
some instances leads to serious side effects (Bourlais
et al., 1998). Only about 5% of the drug applied as dro
penetrates through the cornea to reach the intrao
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tissue, while the rest is lost due to tear drainage (Lang,
1995). Upon instillation, the drug mixes with the fluid
present in the tear film and has a short residence time
of approximately 2 min in the film. About 5% of the
drug gets absorbed into the cornea and the remaining
either gets absorbed in the conjunctiva or flows through
the upper and the lower canaliculi into the lacrimal sac
(Lang, 1995). The drug containing tear fluid is carried
from the lacrimal sac into the nasolacrimal duct. The
nasolacrimal duct empties into the nasal cavity, where
the drug gets absorbed into the bloodstream. This ab-
sorption leads to drug wastage, and more importantly,
the presence of certain drugs in the bloodstream leads
to undesirable side effects. For example, beta-blockers
such as timolol (Timoptic®) that are used in the treat-
ment of wide-angle glaucoma have also a deleterious
effect on the heart. Furthermore, the application of oph-
thalmic drugs as drops results in a rapid variation in the
drug delivery rates to the cornea and this limits the ef-
ficacy of the therapeutic systems (Segal, 1991). Thus,
there is a need for new ophthalmic drug delivery sys-
tems that increase the residence time of the drug in
the eye, thereby reducing wastage and minimizing side
effects.

To reduce the drug loss and the systemic side
effects, and improve the drug efficacy, we propose to
develop disposable soft contact lenses as a new vehicle
for ophthalmic drug delivery. The essential idea is
to encapsulate the ophthalmic drug formulations in
nanoparticles and disperse these drug-laden particles in
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Fig. 1. Schematic illustration of the particle-laden lens inserted in
the eye.

compared to about 2 min in the case of topical applica-
tion as drops (Bourlais et al., 1998; Creech et al., 2001;
Mc Namara et al., 1999). The longer residence time
will result in a higher drug flux through the cornea and
reduce the drug inflow into the nasolacrimal sac, thus
reducing the drug absorption into the blood stream.
In addition, due to the slow diffusion of the drug
molecules through the particles and the lens matrix,
drug-laden contact lenses can provide continuous drug
release for extended periods of time.

A number of researchers have attempted to use
contact lenses for ophthalmic drug delivery; however,
all their efforts focused on soaking the lenses in a drug
solution followed by insertion into the eye. While
soaked contact lenses are perhaps more efficient at
delivering medications than drops, they still suffer
from some limitations. The maximum drug loading is
limited by the solubility of the drugs in the gel matrix.
Also the only resistance to drug transport is diffusion
through the gel matrix, and thus, drugs can only be
delivered for a limited period of time. One of the recent
studies on the use of contact lenses for ophthalmic
drug delivery focused on soaking the lens in eye-drop
solutions for 1 h followed by lens insertion in the eye
(Hehl et al., 1999). Five different drugs were studied
and it was concluded that the amount of drug released
by the lenses is considerably lower or of the same
order of magnitude as the drug released by eye-drops.
he contact lens matrix (Fig. 1). If the nanoparticle siz
nd loading are sufficiently low, the particle-load

enses are transparent. This project focuses on
ydrogel lenses that are made of poly 2-hydroxye
ethacrylate (HEMA). The p-HEMA hydrogel mat

an be synthesized by bulk or solution free radical p
erization of the HEMA monomers in the presenc
cross-linker such as ethylene glycol-di-methacry

EGDMA) (Mandell, 1974). The addition of drug
aden particles in the polymerizing medium result
he formation of a particle-dispersion in the hydro
atrix. If contact lenses made of this material
laced on the eye, the drug is expected to diffuse

he particles, travel through the lens matrix, and e
he post-lens tear film (POLTF), i.e., the thin tear fi
rapped in between the cornea and the lens. In
resence of a lens, drug molecules will have a
ence time of about 30 min in the post-lens tear fi
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In another study, researchers developed a compound
contact lens with a hollow cavity by bonding together
two separate pieces of lens material (Nakada and
Sugiyama, 1998). The compound lens was soaked in
the drug solution. The lens imbibed the drug solution
and slowly released it upon insertion in the eyes. The
compound lens suffers from the same limitations as the
drug-soaked lens because the concentration of the drug
in the cavity is the same as the concentration of the drug
in the drops, and thus, such a lens can supply the drug
for a limited amount of time. Furthermore, the presence
of two separate sheets of lens material leads to smaller
oxygen and carbon dioxide permeabilities, a situation
that can cause an edema in the corneal tissue. The other
studies and patents listed below suffer from the same
limitations because they are also based on soaking
of contact lenses or similar devices in drug solutions
followed by insertion into the eye (Hillman, 1974;
Ramer and Gasset, 1974; Montague and Watkins,
1975; Hillman et al., 1975; Giambattista et al., 1976;
Marmion and Yardakul, 1977; Arthur et al., 1983;
Wilson and Shields, 1989; Fristrom, 1996; Schultz and
Mint, 2000; Rosenwald, 1981; Schultz et al., 1995).

A number of researchers have trapped proteins,
cells, and drugs in hydrogel matrices by polymeriz-
ing the monomers that comprise the hydrogel in the
presence of the species that needs to be entrapped
(Elisseeff et al., 2000; Ward and Peppas, 2001; Scott
and Peppas, 1999; Podual et al., 2000; Colombo et al.,
1999; Ende and Peppas, 1997). Thus, another possi-
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will be able to dissolve more quantities of a drug and
release it for longer periods of time by choosing appro-
priate nanoparticles.

Recently,Graziacascone et al. (2002)published a
study on encapsulating lipophilic drugs inside nanopar-
ticles and entrapping the particles in hydrogels. They
used PVA hydrogels as hydrophilic matrices for the
release of lipophilic drugs loaded in PLGA particles.
They compared the drug release rates from hydrogels
loaded with the particles with the delivery rates directly
from the PLGA particles and found comparable results,
which implies that the particles controlled the drug re-
lease rates. This current paper deals with the incorpora-
tion of drug-laden nanoparticles in a p-HEMA contact
lens matrix in a manner such that the particle-laden
gels are transparent and can release drugs at therapeu-
tic rates.

This paper specifically focuses on encapsulation of
drugs in oil-in-water (O/W) microemulsions, and dis-
persion of the microemulsions in p-HEMA gels. Mi-
croemulsions are thermodynamically stable isotropic
dispersions of nano-size drops of oil in water stabi-
lized by surfactants, and these are an effective vehicle
for encapsulating a hydrophobic drug due to the large
solubility of these drugs in the oil phase (Arriagada and
Osseo-Asare, 1999).

2. Materials and methods
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le method to trap a drug in contact lenses is by
olving the drug molecules directly in the polymeri
ion mixture. However, this method is not very u
ul for hydrophobic drugs because of their limited s
bility in the HEMA polymerizing mixture. Also, i
rugs are simply dispersed in the lenses, they dif
ut of the gel in time that scales ash2/D, whereh is

he gel thickness andD the diffusion coefficient of th
rug in the gel, and sinceD andh are fixed by con

act lens designers, one has no separate contro
he drug release time scales. Another potential d
antage of directly dissolving the drug molecules
he polymerization mixture is the possibility that dr
olecules may become involved in the polymeriza

eaction and lose their functionality. These disadv
ages can be overcome by providing a capsule tha
ntrap the drug and thus prevent interaction of the
olecules with the polymerization mixture. Also, o
.1. Materials

HEMA monomer was purchased from Sig
hemicals (St Louis, MO); ethylene glyc
imethacrylate (EGDMA), azobis-iso-butrylonitrile
AIBN), Brij 97, Tween 80 and octadecyltrimethoxy
ane (OTMS) from Aldrich Chemicals (Milwauke

I) and hexadecane and hydrochloric acid (H
ere purchased from Fisher (Pittsburgh, PA). Dan
ultor, USA, kindly provided Panodan SDK. A

he other chemicals were of reagent grade. All
hemicals were used without further purification.

.2. Synthesis methods

.2.1. Synthesis of microemulsions
Four kinds of microemulsions were synthesi

or subsequent entrapment in the p-HEMA hydro
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These are referred to as Type 1, Type 2, Type 3 and
Type 4 microemulsions.

To synthesize the Type 1 microemulsion, Tween
80 was dissolved in a 2% NaCl solution with con-
tinuous heating and stirring to form a 30% (w/w) so-
lution. Separately, a solution of canola oil and Pan-
odan SDK in a 1.5:1.0 (w/w) ratio was prepared. Next,
14 g of the Tween 80 solution was mixed with 2.5 g of
the canola oil solution, and the mixture was heated at
100◦C with continuous stirring at 1000 rpm, until it got
clear.

The Type 2 microemulsion was synthesized by
adding 40 mg of OTMS to 16.5 g of the Type 1 mix-
ture. The mixture was then heated at 100◦C with con-
tinuous stirring at 1000 rpm until the solution became
transparent. Since OTMS is an amphiphilic molecule,
it is expected to accumulate at the oil/water interface
during emulsification. To polymerize the OTMS on the
surface, 0.61 g of 1N HCl solution was added for each
gram of freshly prepared microemulsion. The addition
of HCl resulted in hydrolysis of the OTMS molecules
followed by condensation on the surface of the oil
drops, thus forming a silica shell. The hydrolysis and
condensation reactions were performed in a water bath
at a temperature of 60◦C for 6 h.

To synthesize the Type 3 microemulsion, 0.12 g of
hexadecane was added to a mixture of 10 g water and
1.5 g of Brij 97. The mixture was then heated at 60◦C
and simultaneously stirred at 1000 rpm until it became
clear. This resulted in the formation of a 1.05% oil
m tion
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2.2.2. Synthesis of particle-loaded p-HEMA gels
The particle-loaded p-HEMA hydrogels were syn-

thesized by free radical solution polymerization of the
monomer with chemical initiation. The cross-linker
EGDMA (37�l) and the monomer HEMA (10 ml)
were added to 7.4 ml of one of the microemulsions de-
scribed above. The solution was degassed by bubbling
nitrogen for 30 min. This reduced the dissolved oxygen
in the mixture. Next, 32 mg of the initiator AIBN were
combined with 25 ml of the polymerization mixture
and the resulting solution was poured in between two
glass plates that were separated from each other with
soft plastic tubing. The polymerization reaction was
performed in an oven at 60◦C for 24 h. The hydrogels
loaded with the Type 1–4 microemulsions are referred
to as Type 1–4 gels, respectively. The pure p-HEMA
gels were synthesized by replacing the microemulsion
by an equal volume of DI water.

2.3. Characterization studies

2.3.1. Particle characterization
To determine the particle size, the microemulsions

were characterized by light scattering in a Brookhaven
Instruments, Zeta Plus particle size analyzer. The Type
4 microemulsions were also characterized by transmis-
sion electron microscopy studies.

In the transmission electron microscopy (TEM)
experiments, the oil phase of the Type 4 microemulsion
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icroemulsion. In some experiments the oil frac
as increased to 5.6% to increase the drug loadin

he gels. A silica shell was deposited on the Type 3
roemulsion drops by following the procedure ident
o the one used to deposit the silica shell on the T

microemulsion drops. The silica-stabilized Typ
icroemulsion is referred to as a Type 4 microem

ion. The components of the microemulsions descr
bove are listed inTable 1.

able 1
omponents of the microemulsions used in the synthesis of Ty

icroemulsion Oil phase Continuou

ype 1 Canola oil 2% NaCl s
ype 2 Canola oil 2% NaCl s
ype 3 Hexadecane Water
ype 4 Hexadecane Water
hexadecane) was doped with unsaturated 1-dode
he double bond present in 1-dodecene allows th
hase of the microemulsion to be stained with osm

etraoxide, OsO4 (Electron Microscopy Sciences) dy
drop of the doped microemulsion was placed
carbon-coated copper grid and left overnight

hat the water could evaporate. Then the copper
as transferred to a closed container where O4
apor was allowed to diffuse through the surfac
ayer for a period of 4 h, and stain the oil phase of

hydrogels

e Surfactant Silica s

Tween 80 and Panodan SDK No
Tween 80 and Panodan SDK Yes
Brij 97 No
Brij 97 Yes
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microemulsion. The TEM images were obtained using
a Hitachi H-7000 TEM at 75 kV.

2.3.2. Gel characterization
The transparency of the hydrogels was measured

by light transmittance studies in a Thermospectronic
Genesys 10 UV–vis spectrometer at a visible wave-
length of 600 nm. A TJEOL JSM6330F field emission
scanning electron microscope (SEM) was used to
study the microstructure of the drug-laden hydrogels.
The samples were kept overnight in a vacuum oven
to remove the volatile components from the gel. The
dried samples were cracked in liquid nitrogen and the
freshly exposed surfaces were studied by the SEM.
The lowest possible accelerating voltages were used
in the experiments and a very thin carbon coating was
applied to prevent charging of the samples. Optical
images at 500× magnification were obtained by an
Olympus BX60 Optical Microscope (with SPOT RT
Digital Camera) both before and after the vacuum
treatment to determine if any structural changes
occurred during the vacuum drying.

2.3.3. Drug loading into pure p-HEMA gels
A model hydrophobic drug, lidocaine was used

in this study. To understand the interaction of the
drug with the hydrogel, drug-loading experiments
were performed with pure p-HEMA hydrogels. The
pure p-HEMA gels synthesized by the procedure
described above were first submerged in a beaker
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thickness was 1.25 mm for each of the experiments and
the gel volume varied between 0.25 and 0.35 ml. The
absorbance values were measured by UV–vis spec-
trophotometer (Thermospectronic Genesys10 UV)
at a wavelength of 270 nm. The loading experiments
were conducted for four different drug concentrations
in the aqueous phase varying from 0.3 to 4.3 mM.

2.3.4. Drug release studies from particle-laden
gels

Lidocaine was entrapped in the microemulsion
drops by dissolving it in the oil (canola oil or hexade-
cane) phase before forming the microemulsions. After
synthesis of the gels that contained the drug-loaded
microemulsion nano-drops, drug release experiments
were performed to establish that the trapped drug can
diffuse out of the particles. Although lidocaine is hy-
drophobic, it has a finite solubility in water at the ex-
perimental pH of around 6.5, and thus it diffused out
of the nanoparticles and through the gel matrix into
the water phase. The diffusion process stopped when
the concentrations in the beaker, in the gel, and in the
particles reached equilibrium. In the drug release ex-
periments, the samples were submerged in a beaker
of well stirred water at room temperature and at a pH
of 6.5 and aliquots of water were withdrawn at vari-
ous times; the concentration of the drug in the aliquots
was determined in the UV–vis spectrophotometer at
a wavelength of 270 nm. Gel samples of rectangular
shape with a volume of about 0.3 ml and a thickness
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he well-stirred aqueous solution. Mixing experime
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rug solution at room temperature and at a pH
bout 6.5, and the absorbance of the solutions
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ents. The drug loading in the samples varied an

xact values for each individual experiment are give
ection3. The volume of water in the beaker was k
ubstantially higher than the gel volume to ensure
majority of the drug diffused out into the water. Al

eference hydrogels (i.e., gels that were identical to
amples with the exception that they did not contain
rug) were prepared for use as blanks. The absorb
alues of the blanks were attributed to the diffusio
he unreacted monomer and some of the compo
f the nanoparticles, such as the surfactant and th
he diffusive flux of the surfactant and the unreac
onomer from the gel may change on addition o
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ween 80) at 270 nm is less than 4% of that of the d

idocaine, the differences in the absorbance betwee
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samples and the blank can be attributed mainly to the
diffusion of the drug. Accordingly, the concentration
of the drug in the aqueous solution was calculated by
determining the difference in the absorbance between
the sample and the blank experiments, and using the
calibration curve for lidocaine to relate the absorbance
to the concentration.

3. Results and discussion

3.1. Particle size measurements

The Type 1 microemulsion had an average particle
diameter of about 14 nm. It was light yellow in color,
a condition that may be undesirable for entrapment in
contact lenses. After 3 days of shelf storage, the mi-
croemulsion started to slowly lose its transparency and
became a milky solution due to particle agglomeration.
The Type 2 microemulsion also had a slight yellow-
ish color and had a mean particle diameter of 20 nm.
It was stable for about 2 weeks of shelf storage. The
Type 3 and the Type 4 microemulsions were transpar-
ent and colorless and had average particle diameters of
10 and 15 nm, respectively. They both remained stable
for about 2 weeks. The particle size distributions for all
four types of microemulsions are shown inFig. 2.

The TEM image of the Type 4 microemulsion is
shown in Fig. 3. The figure shows that the particle

diameters vary from about 150 to 500 nm. This is
surprising since the light scattering studies show
particle diameter values of around 15 nm. The dis-
crepancy is perhaps caused by aggregation during the
water-evaporation step. Thus, it may be reasonable to
expect that the Type 4 microemulsions will partially
aggregate during the polymerization.

3.2. Transparency of microemulsion loaded
p-HEMA gels

On adding the Type 1 microemulsion to the poly-
merization mixture, the solution became opaque. This
happened because the surfactant Tween 80 is very sol-
uble in the HEMA monomer. Consequently, upon mix-
ing the monomers with the microemulsion, the surfac-
tant molecules desorbed from the oil drops and caused
destabilization and aggregation of the oil drops. The ag-
gregation of the nanodrops resulted in the formation of
larger oil drops, which scattered light, and caused the
loss of transparency. The hydrogels formed by poly-
merization of this opaque mixture were also opaque
and had a transmittance of about 4.4%. The measured
value of transmittance for the pure p-HEMA hydrogel
of the same thickness and with the same amount of
water was about 87% (Table 2).

The Type 2 microemulsion was expected to be
more stable due to the silica shell on the surface
of the drops. When the Type 2 microemulsion was

utions
Fig. 2. Particle size distrib
 for Type 1–4 microemulsions.
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Fig. 3. TEM image of a Type 4 microemulsion.

added to the polymerization mixture, the solution lost
some of its transparency but did not turn opaque. This
indicated that the addition of OTMS to form the silica
shell around the particles helped to reduce the inter-
action of the surfactant molecules with the monomer.
However, it did not prevent the interaction completely.
Therefore, there was still some transparency loss, and
hydrogels prepared with Type 2 microemulsions had
transmittance values of about 19% (Table 2).

To prevent the aggregation of the drops in the poly-
merizing medium, it was decided to synthesize mi-
croemulsions with Brij 97, which is not as soluble in
HEMA as Tween 80. When the Type 3 microemulsion
was added to the polymerization mixture, the solution
had a minimal loss of transparency. The transparency of

Table 2
Transmittance values of the hydrogels loaded with different mi-
croemulsion nanodrops and hydrogels with no particles

Hydrogel type Transmittance (%)

Type 1 4.4
Type 2 19
Type 3 65.6
Type 4 79
p-HEMA (no particles) 87

Transmittance values were obtained at 600 nm for gels with a 1 mm
thickness.

the hydrogels synthesized with the Type 3 microemul-
sion was around 66%, which was higher than the trans-
parency of the hydrogels synthesized with the Type 1
and the Type 2 microemulsions, but was still less than
the transparency of the pure p-HEMA gels.

Since the Type 2 gels were more transparent than
the Type 1 gels, it was expected that the Type 4
microemulsions that have a silica shell around the
oil droplets would yield more transparent gels. When
this microemulsion was added to the polymeriza-
tion mixture, no transparency loss was observed.
Furthermore, the hydrogels synthesized with Type 4
microemulsion had about 79% transparency, which
was close to the 87% transmittance value of the pure
p-HEMA hydrogels (Table 2). The difference in the
transmittance values for a pure p-HEMA and a Type
4 hydrogel will be smaller for contact lenses which
are about 10 times thinner than the lenses that were
employed in the transmittance measurements.

3.3. Microstructure of the microemulsion-laden
gels

The SEM studies were performed to determine
the structure of the microemulsion-laden hydro-
gels and directly observe the particles entrapped
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inside the hydrogel matrix. In these studies, the
sample preparation methods can potentially introduce
artifacts. To determine the effect of the sample
preparation steps, optical microscope images of the
hydrogels at 500× magnification both before and after
the treatment with liquid nitrogen and vacuum drying
were compared. There were no gross differences
between the two sets of images, which suggested that
the sample preparation step was not introducing major
artifacts at a length scale of a micron. However, the
sample preparation steps may have altered the detailed
structure of the hydrogel at much smaller length
scales. The SEM studies were done at two different
levels of magnification; some were done at 1000× to
see the gross morphology of the gels, and some studies
were undertaken at 10k×–60k× magnifications to
provide direct evidence of the particle entrapment.
These studies are described below.

The SEM image of the cross-section of a pure
p-HEMA hydrogel at 1000× magnification appears
smooth and non-porous and does not have any grain
boundaries (Fig. 4). However, an image of a hydro-
gel loaded with particles of Type 1 microemulsion at
1000× magnification shows a rough surface with en-
hanced grain boundaries (Fig. 5). This drastic change

in the structure of the hydrogel with the addition of the
Type 1 microemulsion occurred due to the breakup of
the particles because of the dissolution of the surfac-
tant in the monomer. During free radical solution poly-
merization of HEMA, small gel domains form early
in the polymerization and these domains subsequently
grow larger. Eventually, depending on the water frac-
tion, they join to form one contiguous gel (Merkovich et
al., 2001). In the polymerization of HEMA in the pres-
ence of the Type 1 microemulsion, the oil that was re-
leased from the breakup of the particles accumulated in
between the growing p-HEMA domains. This led to the
enhanced grain boundaries and a rough microstructure
(Fig. 5). The phase separation and the highly enhanced
grain boundaries caused a refractive index contrast that
led to the minimal transparency values for the Type 1
hydrogels.

The SEM image of the Type 2 hydrogel inFig. 6
shows that it had a different structure than both the pure
p-HEMA and the Type 1 hydrogel. The image shows
about 2–5�m size aggregates and holes embedded in
a smooth matrix. The differences in the morphology of
Type 1 and 2 hydrogels are likely due to the stabilization
of the Type 2 particles by the silica shell. It is hypoth-
esized that the silica shell stabilized the particles and

-HEMA
Fig. 4. SEM image of a pure p
 hydrogel at 1000× magnification.



D. Gulsen, A. Chauhan / International Journal of Pharmaceutics 292 (2005) 95–117 103

Fig. 5. SEM image of a hydrogel loaded with drug-laden particles of Type 1 microemulsion at 1000× magnification.

prevented particle breakup, but during polymerization
the particles aggregated and segregated to form 2–5�m
size clusters. During the cracking of the gel, the cracks
perhaps propagated along the surface of the aggregates
and thus created a few holes that are visible in the SEM
image. The presence of the agglomerates also caused
scattering that led to a loss of transparency.

The SEM image of a Type 3 hydrogel looks
similar to that of the pure p-HEMA hydrogel with the

exception that some grain boundaries are observable
in the Type 3 gels (Fig. 7). This implies that the Type 3
particles did not break during the polymerization. The
Type 3 particles were stable because the surfactant
Brij 97 is less soluble in the polymerizing mixture than
Tween 80. The particles also do not aggregate during
the polymerization, and thus the gels stay transparent.
The SEM images of the Type 4 laden gels (Fig. 8)
look similar to the Type 3 and to the pure p-HEMA

Fig. 6. SEM image of a hydrogel loaded with drug-laden particles of Type 2 microemulsion at 1000× magnification.
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Fig. 7. SEM image of a hydrogel loaded with drug-laden particles of Type 3 microemulsion at 1000× magnification.

gels, which was expected due to the stabilization of
the particles by the presence of the silica shell.

The SEM images at higher magnifications provided
direct evidence that particles were entrapped in the
gel matrix during polymerization (Figs. 9–11). How-
ever, the diameters of the particles were different in
different types of gels. The sizes of these drop-like
structures were about 300–500 nm for Type 1 and 2
gels (Figs. 9 and 10), which was about 20–30 times
the size of a single microemulsion droplet. This im-
plies that the particles seen in these figures must be
clusters or bigger particles formed by coalescence.
Smaller microemulsion-droplet size particles were not
observed in these two hydrogels. The SEM images
at higher magnifications of Type 4 gels showed the
presence of two different types of micron-sized do-
mains. One domain did not contain particles and its
morphology looked identical to pure HEMA even at
very high magnification (Fig. 12). The other domain
showed the presence of isolated and uniformly dis-
tributed particles (Fig. 11). The area fraction of the
particles in the regions that contained the particles was
about 1.6± 0.4%. The volume fraction of oil in the

Type 4 dried gel was about 0.5%. This suggested that
only about 30% of the gel contained the nanoparticles.
The particles inFig. 11seem elongated, which suggests
that these particles were subjected to stresses either
during the polymerization process or during the SEM
sample preparation process. The area of each particle
is about three times the cross-sectional area of the mi-
croemulsion drops, which suggests that even the Type
4 particles partially aggregated after the addition of the
monomer to the microemulsion.

3.3.1. Proposed mechanism for the particle
entrapment

As mentioned above, in free radical polymerization,
small gel domains form early in the polymerization
and these subsequently grow larger, and eventually
depending on the water fraction, join to form one
contiguous gel (Merkovich et al., 2001). This nucle-
ation and growth-like mechanism has very important
implications in the synthesis of particle-laden gels.
When particles are present in the polymerizing
mixture, they can either get uniformly distributed in
the matrix or get excluded out of the growing HEMA
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Fig. 8. SEM image of a hydrogel loaded with drug-laden particles of Type 4 microemulsion at 1000× magnification.

Fig. 9. SEM image of a hydrogel loaded with drug-laden particles of Type 1 microemulsion at 10,000× magnification showing the particles.
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Fig. 10. SEM image of a hydrogel loaded with drug-laden particles of Type 2 microemulsion at 20,000× magnification showing the particles.

grains eventually aggregating at the grain boundaries.
To understand the mechanism of entrapment, consider
a nanoparticle of diameterDp and Stokes–Einstein dif-
fusivityD=kBT/3πµDp that is approaching a growing
p-HEMA domain (kB, T and µ are the Boltzmann
constant, temperature and viscosity, respectively). If

there is no specific interaction between the particle and
the gel, the nanoparticle is free to diffuse, so it spends
a timeτd of aboutD2

p/D near the growing grain. Since
the growing HEMA domain is relatively dense, the
particle is expected to not diffuse into the gel. It only
gets trapped if the gel grows to encapsulate it before

Fig. 11. SEM image of a hydrogel loaded with drug-laden particles of Type 4 microemulsion at 60,000× magnification showing the particles.
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Fig. 12. SEM image of a hydrogel loaded with Type 4 nanoparticles at 60,000× magnification. The image shows a region with no particles.

the particle diffuses away. Let the time required by the
grain to grow by a sizeDp be τg. If τg � τd then the
particles will get trapped inside the gel. However, if
τg � τd, the nanoparticles will diffuse away from the
gel before the gel can grow to trap the particles, result-
ing in accumulation of the particles in the inter-grain
space and eventual segregation at the grain boundaries.

In the scenario in whichτg � τd, the particles do
not get trapped in the gel and thus the concentration of
the particles in the bulk increases with time. Eventu-
ally, the high concentration of the particles in the bulk
and, more importantly, the enhancement in viscosity of
the fluid due to polymerization in the inter-grain space
reduces the particle diffusivity and forces the trapping
of the particles in the gel. Assuming Stokes–Einstein
diffusivity, a 50 nm particle takes about 0.001 s to dif-
fuse distances of the order of its size. A gel domain
grows to a size of a few microns in the reaction time of
a few hours. Thus, it seems that in our systemτg � τd,
and our proposed mechanism for particle entrapment
and development of a two-region microstructure seems
reasonable.

3.4. Drug loading and release experiments

The drug release experiments were performed in
water with a model drug lidocaine at a pH of about

6.5, which is within the typical range of the pH of the
human tear (Carney, 1991). Lidocaine hydrochloride
(C14H22N2O·HCl) is a water-soluble drug that can be
converted to an oil soluble form by reacting it with
a base such as sodium hydroxide. The octanol–water
partition coefficient for the lidocaine base is 245 (Lee
et al., 2001). The solubility of the lidocaine base was
measured in the aqueous phase and in the two oils
(hexadecane and canola oil) that were used in the
microemulsion synthesis. The solubility of lidocaine
in hexadecane is 0.04 g/ml at room temperature and
0.056 g/ml at 60◦C. The solubility of the drug in canola
oil is 0.064 and 0.074 g/ml at room temperature and
60◦C, respectively. The solubility of lidocaine in wa-
ter at room temperature and at a pH of 6.5 is 2.7 mg/ml.
It was also determined that the elusion time for lido-
caine in an HPLC column does not change on exposure
to experimental temperatures, which suggests that the
drug retains its molecular structure.

Lidocaine is an anti-arrhythmic drug commonly
used to restore a regular heartbeat in patients with
arrhythmia (Carney, 1991). Lidocaine was used as a
model drug in this study because it is inexpensive and
available in a pure form. It is contemplated that any
of the other ophthalmic drugs including Timolol, a
non-selective beta-adrenergic receptor blocking agent
that treats glaucoma, Cyclosporin A, a lipophilic cyclic
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Fig. 13. Schematic illustration of the gel for the drug loading exper-
iments.

polypeptide that has shown promising results in the
treatment of dry eye symptoms, hydrophobic steroids
such as Prednisolone acetate that are used for treat-
ing macular edema, and several other ophthalmic drugs
could also be successfully entrapped in nanoparticles
and subsequently dispersed in hydrogels. However, dif-
ferent kinds of nanoparticles may need to be used to
encapsulate different drugs.

3.4.1. Drug loading into pure p-HEMA gels
A schematic illustration of the gel used in the load-

ing experiments is shown inFig. 13. The loading exper-
iments were used to determine the partition coefficient,
i.e., the ratio of the concentration in the gel and the con-
centration in the aqueous phase at equilibrium and the
diffusion coefficient of the drug in the pure p-HEMA
gel. In these experiments the concentration of the drug
in water (Cw) was measured as a function of time. At
the end of about 4 days equilibrium was established
between the gel and the aqueous phase. The mass of
the drug taken up by the gel during the loading is equal
to Vw(Cw,0 −Cw,f), whereVw (=40 ml) is the volume
of the aqueous phase, andCw,f andCw,0 the final and
initial concentrations of the drug in the aqueous phase,
respectively. Accordingly, the partition coefficient is
defined as

K = Vw(Cw,0 − Cw,f )

VgelCw,f
,

w
c ra-
t ly
d at the
d ass
i ing
i gel
c erm,
w drug

Fig. 14. Effect of the bulk drug concentration on the equilibrium
partition coefficient. The error bars represent the standard deviation.

on the gel (Γ ) to the free concentration in the aqueous
phase inside the gel (C) by the following equation:

Γ = Γ∞C

k + C
(1)

whereΓ ∞ is the surface concentration at the maxi-
mum packing on the surface andk the ratio of the rate
constants for desorption and adsorption of the drug on
the HEMA polymer. The total drug content of a gel
of volumeVgel with a uniform free concentrationC
is (S/V)gelVgelΓ + fVgelC, where (S/V)gel is the surface
area per volume available for the drug to adsorb and
f the fraction of the gel volume that contains water.
The value off, which is essentially the saturation water
fraction in the gel, is about 0.4 for pure p-HEMA gels
(Peppas, 1987). The mean concentration of the drug in
the gel is thus equal to (S/V)gelΓ + fC. Assuming that at
equilibrium the concentration of the drug in the aque-
ous phase inside the gel is the same as the drug con-
centration in the bulk water outside the gel (C=Cw,f ),
the partition coefficient is given by

K = (S/V )gelΓ + fC

C
(2)

Using the Langmuir adsorption isotherm (Eq.(1)), the
expression forK becomes

K =
(

S

V

)
gel

Γ∞
k + C

+ f ⇒ K − f = a

k + C
(3)

w s a
c
v
s

hereVgel is the gel volume.Fig. 14plots the partition
oefficientKas a function of the equilibrium concent
ion in the water,Cw,f . The partition coefficient clear
epends on the concentration, and this suggests th
rug interacts with the gel; a fraction of the drug m

n the gel is present in the free form and the remain
s bound to the gel. The binding of the drug to the
an be modeled as a Langmuir adsorption isoth
hich relates the adsorbed concentration of the
herea≡ (S/V)gelΓ ∞ andf as mentioned above ha
onstant value of 0.4. Accordingly, a plot of 1/(K− f)
ersusC is expected to yield a straight line.Fig. 15
hows the same data as inFig. 14, except that 1/(K− f)
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Fig. 15. Linear (Langmuir) fit between the inverse of the partition
coefficient and the equilibrium drug concentration in water. The error
bars represent the standard deviation.

is plotted as a function ofC=Cw,f . The plot also shows
the best fit straight line; the best-fit values ofaandkare
0.1560 and 0.001 M, respectively. The good fit between
the Langmuir model and the experimental data strongly
suggests that the drug indeed adsorbs on the polymer
inside the gel.

3.4.2. Dynamics of drug loading into pure
p-HEMA hydrogels

Since a major fraction of the drug in the gel is ad-
sorbed on the HEMA polymer, the diffusion equation
needs to be modified to include both the bound and the
free drug into the equation. The modified form of the
diffusion equation is

∂fC

∂t
+ ∂(S/V )gelΓ

∂t
= D

∂2C

∂y2 (4)

where the two terms on the left account for accumu-
lation in the bulk of the gel and the accumulation of
the bound drug, and the term on the right represents
the divergence of the diffusive flux of the free drug. It
is assumed that the bound drug cannot diffuse, which
implies that the surface diffusion has been neglected.
In the above equationf has a value of 0.4. Utilizing Eqs.
(2) and(3) into (4), one gets

∂K(C)C ∂2C

SubstitutingK from (3) into the above equation, one
gets

∂

∂t

(
a

k + C
+ f

)
C = D

∂2C

∂y2 (6)

The boundary conditions for the drug loading experi-
ment are

∂C

∂y
(t, y = 0) = 0, C(t, y = h) = Cw (7)

whereh is the half-thickness of the gel, the first bound-
ary condition assumes symmetry at the center of the
gel and the second boundary condition assumes that
the free drug concentration in the gel at the boundary
with the fluid is the same as the drug concentration in
the fluid.

A mass balance on the fluid in the beaker yields

Vw
dCw

dt
= −2DAgel

∂C

∂y
|y=h (8)

Finally the initial conditions for the drug loading
experiments are

C(y, t = 0) = 0, Cw(t = 0) = Cw,0 (9)

In the drug loading experiments, the dynamic drug
concentration in the aqueous phase was measured, and
the data can be fitted to the above model to determine
the diffusion coefficient of the drug in the gel. The
model described above was solved by an implicit finite-
d ime
a nce
s time
s a-
t rox-
i uess
s od.
T edure
w The
s ence
a odel
p as

w ter,
C um
i nts.
∂t

= D
∂y2 (5)
ifference scheme with backward differencing in t
nd center differencing in space. The finite differe
cheme had 21 spatial nodes and a dimensionless
tep (D�t/h2) of 0.02. The nonlinear differential equ
ion was linearized at each time step around an app
mate guess solution and the deviation from the g
olution was calculated by the finite difference meth
he guess solution was then updated and the proc
as repeated till the convergence was achieved.
imulations were checked to ensure grid independ
nd mass conservation. The error between the m
rediction and the experimental data was defined√∑

(Cw − Cw,ex)
2
/N∑

Cw,ex/N
(10)

hereCw is the predicted concentration in the wa
w,ex the experimental concentration, and the s

s carried over all the experimental data poi
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Fig. 16. Comparison of the model prediction and experimental data for drug uptake by a pure p-HEMA gel soaked in drug solution. Initial drug
concentrations in the aqueous phase and rms errors in the fit are indicated on the figure.

The drug loading experiments were conducted with
four different initial concentrations (Cw,i = 0.0003,
0.0010, 0.0018 and 0.0043 M). The best-fit value
of D was obtained by minimizing the maximum of
the error for the set of eight experiments; two runs
corresponding to each of the four concentrations.
The error minimization was performed by using the
function ‘fmins’ in MATLAB, which determines a
local minimum of a function. The value ofD obtained
by the fit was 2.03× 10−10 m2/s. Fig. 16 plots the
experimental profiles and also the profiles predicted
by the model developed above. The eight experimental
curves correspond to two runs for each of the four
concentrations. The two theoretical curves for the
same concentration are different due to the different
gel volumes. The theoretical predictions match the
experimental data well; the ratio of the rms error to the
mean vary from 1.9 to 5.5% and are noted in the figure
caption.

3.4.3. Drug release studies from
microemulsion-laden gels

The results of drug release studies from the
microemulsion-laden gels are discussed below for
the Type 2–4 gels. The drug release studies were not

performed on the Type 1 gels because a majority of
the particles broke (Fig. 5), and thus some oil leaked
out from the samples during the polymerization.

The experimental error in the data described below
was estimated by reproducing a select number of ex-
periments. The experimental error was determined to
be about±7%.

3.4.3.1. Drug release from Type 3 gels.Fig. 17shows
the drug release data obtained for the Type 3 hydrogels
synthesized with three different drug concentrations;
the gels contained 0.31, 0.45 and 2.05 mg of lidocaine
base for each gram of hydrogel. The lower two drug
loadings were obtained by changing the drug concen-
tration in the oil phase of the microemulsion with 1.1%
oil and the highest loading was obtained by preparing
the Type 3 microemulsion with 5.6% oil. At the end of
the 9-day period, about 95% of the entrapped drug was
released into water for each hydrogel. The drug release
rates were similar for the three gels, except that the gel
that was loaded with the 5.6% oil microemulsion ex-
hibited a much larger initial burst release than the other
two gels. The initial burst accounted for about 30% of
the total release for the gel with 5.6% oil microemul-
sion and for about 10% for the other two gels. It is
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Fig. 17. Percentage drug release from a Type 3 hydrogel initially loaded with (a) 2.05, (b) 0.45 and (c) 0.31 mg lidocaine/g hydrogel.

speculated that the initial burst arose due to the drug
that was present in the gel but was outside the particles.
Perhaps the increased oil loading reduced the stability
of the microemulsions and thus more drops broke dur-
ing the polymerization, which led to the larger burst
effect for the 5.6% microemulsions.

3.4.3.2. Drug release from Type 4 gels.Fig. 18shows
the drug release profiles of two gels loaded with the
Type 4 microemulsion. In the figure, the percentage
release of the drug is plotted as a function of time for
two gels of different thicknesses. As can be seen in the
figure, the release profiles are relatively similar for the

Fig. 18. Percentage drug release from Type 4 hydrogels with different thicknesses. Initial drug loading in both the gels was
1.2 mg lidocaine/g hydrogel.
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1.2 mm thick and for the 0.2 mm thick gels, except in
the early stages.

The drug release profiles for the Type 4 gels of 0.2
and 1.2 mm thicknesses showed an initial burst of drug
release. As shown in the figure, about 50% of the en-
trapped drug diffused out of the Type 4 gels in the first
day for the 1.2 mm thick lens and in the first few hours
for the 0.2 mm thick lens. The strong dependence of the
duration of the initial burst on the gel thickness suggests
that the initial burst was perhaps due to the diffusion
of the drug that was present in the gel but was outside
the particles. The drug molecules that were entrapped
inside the particles encountered the extra resistance of-
fered by the surfactant-covered microemulsion drop,
and thus these molecules diffused out of the gel on a
longer time scale. The initial burst in the Type 4 gels
was larger than that in Type 3 gels because the Type 4
microemulsions were synthesized under acidic condi-
tions, and since the solubility of lidocaine in water is
much higher at a lower pH, a larger fraction of the drug
diffused out of the particles during the polymerization.

Also, the drug release profiles for the Type 4 gels ex-
hibited a delay of about 3.5 days during which there was
negligible drug release after the initial burst. This delay
is evident inFig. 18for the 1.2 and 0.2 mm thick gels.
The delay was absent in the Type 3 gels (Fig. 17). This
suggested that the delay might be due to the silica shell
deposited on the surface of the Type 4 microemulsions.
However, more experiments need to be performed to
conclusively determine the cause of the delay.

3.4.3.3. Drug release from Type 2 gels.Fig. 19com-
pares the drug release profiles for the Type 2 and Type
4 hydrogels. In the figure, the percentage of the initial
drug loading released by the gels is plotted as a func-
tion of time. The data shows that the release profiles
were similar for the Type 2 and Type 4 particles. This
result contrasts with the transparency measurements.
However, the SEM images showed that the Type 2 par-
ticles do not break; they simply aggregate during the
polymerization and the aggregation reduces the trans-
parency but does not affect the drug release profiles.

The data discussed above suggests that during the
polymerization, a fraction of the drug came out of the
particles either by diffusion or due to particle breakup,
and this fraction diffused out of the gel faster because
the only resistance to the drug transport was diffusion
through the gel matrix. The fraction of the drug that
was trapped inside the particles diffused out on a slower
time scale because of the extra resistance offered by the
surfactant-covered interface of the oil drops.

3.4.4. Model of drug release from
microemulsion-laden gels

As shown by the studies on lidocaine loading into
the pure p-HEMA gels, the process of lidocaine dif-
fusion in the p-HEMA gels is complex due to the ad-
sorption of the drug molecules on the polymer matrix.
This process becomes more complicated in the pres-
ence of microemulsions. First, as mentioned above the
drug that is present inside the microemulsion drops

F mm thi ype 4 and
T vely.
ig. 19. Comparison of the percentage drug release from 0.2
ype 2 gels were 1.2 and 2.2 mg lidocaine/g hydrogel, respecti
ck Type 2 and Type 4 hydrogels. Initial drug loadings for the T
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encounters an extra resistance offered to diffusion by
the surfactant covered drop surface. Secondly, the sur-
factant molecules are soluble in HEMA, and thus, on
the addition of HEMA monomer to the microemulsion,
some surfactant molecules dissolve in the HEMA solu-
tion. After polymerization, these surfactant molecules
are expected to adsorb on the surface of the HEMA
matrix. Thus, the drug has to compete with the surfac-
tant molecules for adsorption on the HEMA matrix.
In order to develop a model for lidocaine release from
microemulsion-laden HEMA gels, one has to develop
a model for multi-component (surfactant and drug) ad-
sorption on the p-HEMA matrix. Additionally one has
to determine the diffusivity of the surfactant and the
drug lidocaine in the microemulsion-laden gels. This
complex model can be considerably simplified by as-
suming that the surface of the HEMA matrix is satu-
rated with the surfactant, and thus the adsorption of
the drug lidocaine to the HEMA matrix can be ne-
glected. This assumption is supported by the fact that
the amount of the surfactant in the gel is about 100
times than that of the amount of the drug lidocaine.
Also in the results discussed above, almost 95% of li-
docaine diffused out of the gels, which suggests that
only a negligible amount stayed adsorbed inside the
gels. However, further experiments are needed to de-
termine the validity of this assumption.

If the adsorption of the drug is neglected, its trans-
port through the gel can be modeled by the diffusion
equation. Below a simple model based on the mech-
a peri-
m dic-
t at the
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3.4.4.1. Release of the drug trapped directly in the
gel. The geometry for the release experiments from
microemulsion-laden gels is the same as that for the
drug loading studies for pure p-HEMA gels (Fig. 13).
Based on the assumptions stated above, the release of
the drug directly trapped in the hydrogel is governed
by the diffusion equation:

∂C

∂t
= D

∂2C

∂y2 (11)

whereC is the concentration of the drug in the gel
and D the diffusion coefficient of lidocaine in the
microemulsion-laden p-HEMA gel. The value ofD in
microemulsion-laden gels may be different than that
in pure p-HEMA gels; the presence of microemulsions
may alter the tortuosity of the gels and also the presence
of the surfactant monomer in the aqueous phase inside
the gel will increase the viscosity, which will reduce the
diffusion coefficient. Accordingly, the value ofD for
the microemulsion-laden gels was obtained by fitting
the initial burst release data to the diffusion model. The
diffusion equation is subjected to the following initial
and boundary conditions:

C(t = 0, y) = C0 (12)

∂C

∂y
(t, y = 0) = 0 (13)
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hereC0 is the initial concentration in the gel andh the
alf thickness of the gel. The first boundary condi
Eq.(13)) assumes symmetry and the second boun
ondition (Eq.(14)) assumes equilibrium between
el concentration at the boundaries and the conce

ion in the beaker, which was almost zero due to
arge volume of water in the beaker. The solution to
bove set of the differential equation and the boun
onditions is
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4(−1)nC0

(2n + 1)π
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(

(2n + 1)2π2Dt

4h2
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(15)
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The total amount of drug released from the gel can be
calculated as

M(t) = M0,g − 2Agel

h∫
0

C dy (16)

whereM0,g (=C0Vgel) is the initial amount of the drug
trapped in the gel outside the particles andAgel the
cross-sectional area. ThereforeM(t)/M0,g is given by

M(t)

M0,g
= 1 −

∑ 8

(2n + 1)2π2
e−((2n+1)(π/2h))2Dt (17)

3.4.4.2. Release of the drug trapped inside the parti-
cles. The release of the drug from the particles is sim-
ply modeled by the following equation:

VP
dCP

dt
= −SPkCP (18)

whereVP andSP are the volume and the surface area
of a particle,CP the concentration of the drug inside
the particle, andk the mass transfer coefficient for drug
transport across the particle surface, which is assumed
to remain unchanged with time. The above expression
assumes that the time scale for drug release from the
particle (=RP/k) is much larger than the time scale for
diffusion through the gel (=h2/D) and thus the gel con-
centration is almost zero. Note thatRP is the radius of
the particle. Eq.(18)can be integrated to give

C = C e−(RPt/3k) (19)
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drug (M0) which is known. The unknown parameters
are used to fit the experimental data to the model.s

3.4.4.3. Comparison of model predictions with exper-
imental results.
3.4.4.3.1. Comparison for Type 3 gels.In the

Type 3 gels that were synthesized with the 1.1% mi-
croemulsion, there was only a small initial burst release
andM0,g is assumed to be zero. Thus the only unknown
parameter was 3k/RP. The drug release data for the drug
loading of a 0.45 mg/g was used to obtain the best fit
value ofRP/3k (=2.4 days), and then the same value of
R/k was used to determine the drug release curves for
the loading of 0.31 and 2.05 mg/g. Since the gels with
the 2.05 mg/g loading that contained the 5.6% Type 3
microemulsion showed a large initial burst which re-
moved 0.6 mg/g of the drug, it was assumed thatM0,P
andM0,gare 1.45 and 0.6 mg/g, respectively. The exper-
imental data was fitted to the model developed above to
yield the best-fit value ofD (=6× 10−11 m2/s) for the
Type 3 microemulsions. The best-fits were performed
by minimizing the function given in Eq.(10) which
is the ratio of the mean square error and the mean.
The comparison between the experimental data and
the model predictions (Eq.(21)) are shown inFig. 20.
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hereCP,0 is the initial concentration of the drug in t
articles. The total amount of drug released from
articles is

P(t) = NVP(CP,0 − CP) = NVPCP,0(1 − e−(RPt/3k))

= M0,P(1 − e−(RPt/3k)) (20)

hereN is the number of particles in the gel andM0,P
he mass of the drug that was trapped inside the p
les. On combining Eqs.(17)and(20)one gets

(t) = M0,g

∑ 8

(2n + 1)2π2
(1 − e−((2n+1)(π/2h))2Dt)

+M0,P(1 − e−(RPt/3k)) (21)

he above equation has four unknown parameterD,
P/3k, M0,P andM0,g. However, the sum ofM0,P and
0,g is simply equal to the total mass of the entrap
ig. 20. Comparison of the Type 3 experimental data with the m
ased on Eq.(21) (solid lines). The mass of drug released per m
f dry gel is plotted on they-axis. The loadings in the three s
f data were 2.05 (inverted triangles), 0.45 (squares) and 0.3
diamonds) for each gram of hydrogel. The rms error for the
ere 7 (inverted triangles), 6.9 (squares) and 10.8% (diamon

he respective mean values.
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In Fig. 20the amount of drug released by the gel per
unit mass of the dry gel (M/Mgel) is plotted as a func-
tion of time instead of plotting the fraction of drug re-
leased so that the scales of the curves are different and
thus they are clearly distinguishable from each other.
The rms errors in the fit were 7, 6.9 and 10.8% of the
mean values for the 2.05, 0.45 and 0.31 mg/g loadings,
respectively.
3.4.4.3.2. Comparison for the Type 4 gels.As

mentioned above, the drug release data for the Type
4 gels exhibited a delay of about 3.5 days after the ini-
tial burst. It is speculated that the presence of the silica
shell prevents the drug from diffusing out of the oil
drops and the delay corresponds to the time in which
the silica shell gets destroyed. To incorporate the de-
lay, Eq.(21)was empirically modified to the following
form:

M(t) = M0,g

∑ 8

(2n + 1)2π2
(1 − e−((2n+1)(π/2h))2Dt)

+M0,P(1 − e−(RP(t−tdelay)/3k))u(t − tdelay)

(22)

wheretdelay is the delay period which was fixed to be
3.4 days and u(t− tdelay) is the step function which is
equal to 0 fort< tdelayand is equal to 1, otherwise. Also,
for the release from the Type 4 gelsM0,P= 0.55 mg/g of
gel for the 0.2 mm gel,M0,P= 0.45 mg/g of gel for the
1.1 mm gel, andM0 = 1.2 mg/g for both the gels. The
release data for the 1.1 mm thick gel was fitted to the
m
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l
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Fig. 21. Comparison of the experimental drug release data with the
model based on Eq.(22) (solid lines) for two Type 4 gels of two
different thicknesses: 0.2 (squares) and 1.2 mm (stars). The mass of
drug released per mass of dry gel is plotted on they-axis. The initial
drug loading in both gels was 1.2 mg lidocaine/g hydrogel. The rms
errors for the fits are 8.39 and 11.5% of the mean for the 0.2 and
1.2 mm gels, respectively.

our gels into a well-stirred beaker. The usual starting
dose of timolol (Timoptic®) which is a hydrophobic
ophthalmic drug is one drop of 0.25% timolol maleate
in the affected eye(s) twice a day. Assuming a volume
of 25�l for each drop, the daily dosage of timolol is
0.125 mg each day. Only about 5% of this amount actu-
ally reaches the cornea. Thus, the dosage that needs to
be delivered to the cornea is about 0.0063 mg each day.
At a loading of 1.2 mg of drug per gram of gel, which
was the maximum loading in the Type 4 gels, a contact
lens can contain about 0.024 mg of drug. The Type 3
gels have slightly smaller transparencies but these gels
can be loaded with twice the amount of drug in the Type
4 gels. This is due to the fact that the total amount of
microemulsion that can be added to the polymerizing
mixture is limited to about 40% and the oil fraction in
the Type 4 systems is about half that of the oil fraction
in the Type 3 systems due to the addition of the 1N hy-
drochloric acid to the microemulsion. Thus, a contact
lens fabricated out of the Type 4 and the Type 3 gels
can contain enough amount of drug to last about 4 and
8 days, respectively. However, a fraction of the drug re-
leased by the lens will still be lost due to tear drainage,
particularly due to diffusion into the pre-lens tear film
and absorption through the conjunctiva. Modeling and
odel to obtain the value ofD (=7× 10−12 m2/s). The
alue ofD is significantly less for the Type 4 gels th
he Type 3 gels. The smaller diffusivity may be due
he presence of very small silica grains in the pore
he gel. The detailed mechanisms by which the s
hell affects the drug release from the microemuls
aden gels will be explored in the future.Fig. 21shows
he comparison between the model and the experi
al results. In these plots the same value of 3k/RP was
sed as obtained above for the Type 3 gels. The
rrors for the fits are 8.39 and 11.5% of the mean

he 0.2 and 1.1 mm gels, respectively.

.4.5. Drug loading in a contact lens
The above results show that 1 mm thick hydrog

an be loaded with nanoparticles to deliver drug
everal days. However, the drug release rates from
act lenses in the eyes will be different than those f
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in vivo experiments need to be performed to determine
the fraction of the entrapped drug that will enter the
cornea.

4. Conclusions

Drug release studies and SEM pictures showed that
drug-filled nanoparticles were successfully entrapped
in the p-HEMA hydrogel matrices. The hydrogels
loaded with the Type 1 and Type 2 particles were
opaque due to the destabilization and/or aggregation
during polymerization. The microstructures of the Type
3 and Type 4 gels were very similar to the microstruc-
ture of the pure p-HEMA gels, and accordingly, the
Type 3 and Type 4 gels were transparent. The Type 3
and Type 4 gels can supply drugs at rates comparable
to the therapeutic rates for about 4–8 days. The drug
delivery from the Type 4 gels exhibited a large burst re-
lease, which occurred due to the diffusion of the drug
that was present outside the particles. The burst drug
release was controlled by diffusion through the gel and
the long time release was controlled by diffusion across
the surfactant-covered interface of the microemulsion
drops. The drug release rates scaled linearly with the
concentration of the drug in the oil phase. The diffu-
sivity of the drug in the microemulsion-laden gels was
much less in the Type 4 gels than that in the Type 3 gels.
Also, the presence of the silica shell on the Type 4 par-
ticles introduced a delay period during which there was
n bse-
q bout
t sug-
g elay
p

he
n ates.
H ent
o ther-
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p loss
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s drug
o lso
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