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Our approach focused on dispersing highly crosslinked triggered nanoparticles in
polymeric contact lenses to increase the duration of drug release from 1-2 hours to
about 1-2 months. The nanoparticles were prepared by emulsion polymerization of a
monomer with multivinyl functionalities of EGDMA (ethylene glycol dimethacrylate) and
PGT (propoxylated glyceryl triacylate). In this study, glaucoma drug used, which is the
base form of timolol was added to the monomer and was trapped in the nanoparticles.
The nanoparticles were about 3.5 nm in size and encapsulated 48-66% of the drug
depending on the composition. The drug loaded particles were then dispersed in
various polymers suitable for contact lenses including hydroxy methyl methacrylate
(HEMA) and silicone hydrogel, which are common contact lens materials. In addition,
Chapter 3 focused on developing a cylindrical (1 mm diameter 7.5 mm long) insert that
can be inserted in the fornix for extended release of glaucoma drug timolol.
Furthermore, this study has developed a novel approach of incorporating UV
blocking feature into contact lenses by dispersing nanoparticles in contact lenses. The
nanoparticles encapsulate a UV blocking compound which is trapped in the particles
due to the very high crosslinking. The nanoparticles are loaded in silicone hydrogels by
15

adding the particles to the polymerization mixture, followed by thermal or extended UV
curing. Also particles are loaded into polymerized silicone hydrogels and commercial
contact lenses by soaking in a solution of particles in ethanol.
The conclusion of this study provide evidences that HEMA and silicone hydrogel
loaded with nanoparticles could be very useful for extended delivery of ophthalmic
drugs and that addition of highly crosslinked nanoparticles to polymers could be an
effective method for manipulating release profiles with minimal impact on bulk
properties such as modulus, transparency and water content. In addition, UV blocking
compound loaded highly crosslinked particles can be loaded into contact lenses either
before or after polymerization to prepare lenses with excellent UV blocking
characteristic.
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CHAPTER 1
INTRODUCTION
Ophthalmic diseases are becoming increasingly prevalent due to aging of the
population in the United States and several other countries. Typically, most ocular
diseases for the anterior eye are treated by eye drops, which have a low bioavailability
for the corneal tissue because of the tear turnover, non-productive absorption in
conjunctiva and nasal cavity, and impermeability of corneal epithelium [1,2]. Such poor
bioavailability results in only a small amount of the drug dosage, less than 5% of the
initial dose, being absorbed into the eye, with even a further smaller amount reaching
target tissues.
In order to increase bioavailability, a large number of research groups have
explored several approaches including developing novel eye drop formulations such as
in situ forming gels [3] based on pH [4-7], temperature [8-10], and ionic [11,12] trigging,
colloidal particles and collagen shields [13,14]. However, most of these modifications
prolonged the drug resident time to only a few hours and minimally increased
bioavailability. Several groups have also focused on using contact lenses for delivering
ophthalmic drugs. Contact lenses can increase the residence time of the drug to more
than 30 min [15,16] which is significantly longer than the residence time of drugs
delivered via eye drops [17]. The increased residence time leads to an increase in
bioavailability to potentially as high as 50%, which will lead to reduced drug wastage
and side effects [18].
There have been a number of attempts in the past to use contact lenses for
ophthalmic drug delivery based on soaking hydrophilic lenses in a drug solution
followed by insertion into the eye [19-24]. The major problem of loading drug by this
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method is that the loaded drug diffuses out in a very short time of a few hours, which is
inadequate for extended drug delivery applications. To address this issue Gulsen and
Chauhan [25-27] and Kapoor and Chauhan [28,29] have proposed incorporating
microemulsions, liposomes, or micelles into the lenses, and a number of researchers
have focused on developing biomimetic and ‘imprinted’ contact lenses [19,20, 30-34].
While the approaches listed above are effective at increasing the release duration from
contact lenses, the lenses are still not suitable for extended release lasting a week or
longer. Also these soft particles are destabilized during extended storage and lens
processing. In a recent study, researchers sandwiched a layer of drug (ciprofloxacin)
containing PLGA polymer in between p-HEMA sheets as a mimic of a contact lens [35].
The system delivered the drug for longer than a month but suffers from several
deficiencies including high thickness (1-mm), low oxygen and ion permeability due to
thickness and the PLGA layer, loss of transparency in the peripheral region which
contains PLGA, etc. Additionally, these lenses cannot be autoclaved or packaged in
PBS because of PLGA degradation. To summarize, most of the approaches listed
above are unable to prevent drug loss from the lenses during packaging and the drug
release duration is shorter than the desired duration of 1-2 weeks.
This research is focusing on developing a lens for glaucoma therapy because of
the growing number of glaucoma patients worldwide. Glaucoma is an ocular disease
characterized by an increase in the intraocular pressure (IOP) and eventual damage of
the optic nerve and loss of vision. The IOP is set by a balance between production of
the aqueous humor fluid in the eye and its outflow through the trabecular and the
uveoscleral pathways. Glaucoma sufferers are prescribed medications that reduce the
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IOP by either reducing the production of the aqueous humor or by increasing its outflow.
Timolol a non-selective beta blocker is one such medication that decreases the IOP by
reducing the production through blocking of the beta receptors in the ciliary body. A
contact lens that improves vision and also delivers glaucoma drugs may lead to high
compliance for glaucoma patients that also require vision correction. Timolol, which is
the pilot drug in this study, is commonly used in glaucoma treatment because it is a
non-selective beta blocker that decreases the intraocular pressure of aqueous humor
fluid inside the eye. Timolol is known to cause toxic side effects such as arrhythmia and
thus it is an excellent candidate for delivery by contact lenses because of the potential
for reduced side effects.
Our specific focus in Chapter 2,3 is to design a contact lens that will not release
drug during packaging but will be triggered to release drug after insertion in the eye. For
this study, our approach is based on encapsulating timolol in nanoparticles and
dispersing the particles in contact lenses. Several techniques have been explored in
details for preparing nanoparticles such as ionotropic gelation, solvent evaporation,
microemulsion, and emulsion. Our approach is based on a modification of the emulsion
based method for encapsulation of drugs, which is commonly used in several
applications [36-45]. Emulsion based methods typically produce microparticles unless a
very large amount of surfactant is used to create nanosiozed drops. Microparticles are
not suitable for incorporation in contact lenses because of the critical requirement of
optical clarity. Also, a significant amount of surfactant may not be desirable in lenses as
it could cause toxicity. To address these requirements, we here propose a novel
method for preparing nanoparticles, described in details Chapter 2 in pHEMA hydrogel.
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To ensure a long release duration from the nanoparticles, we prepare particles by
polymerizing monomers with mutivinyl functionalities to create highly crosslinked
nanoparticles. As illustrated in Figure 1-1, if drug laden nanoparticles loaded contact
lenses are placed on the eye, the drug is expected to diffuse through the lens matrix,
and enter the tear film, which is the thin tear film trapped between the cornea and the
lens.
Furthermore, in Chapter 3 our aim is to develop a particle loaded silicone hydrogel
materials that can be used as extended wear contact lenses, while also providing
extended drug release at therapeutic rates. To accomplish this objective we dispersed
timolol loaded PGT nanoparticles in silicone hydrogel contact lenses. The nanoparticle
loaded silicone hydrogel lenses are characterized to explore drug release profiles and
all properties relevant to extended wear contact lenses including transparency,
modulus, and ion and oxygen permeabilities. In addition, in vivo animal studies are
conducted with Beagle dogs to establish safety and efficacy of glaucoma therapy by
extended wear of nanoparticle loaded contact lenses. To our knowledge, the system
developed here is the longest releasing extended wear contact lens for glaucoma
therapy, and its pharmacodynamics efficacy is also proven through preliminary in vivo
studies in Beagle dogs.
Furthermore, several researchers have developed fornix inserts [46-50] and
Ocusert and Lacrisert have been commercialized to treat glaucoma and dry eyes,
respectively. Lacrisert is a cylindrical insert 3.5 mm long and 1.27 mm in diameter made
of hydroxypropyl cellulose [51]. The insert dissolves over a period of a day after
insertion leading to increased tear viscosity and lubrication. Thus, the inserts proposed
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Chapter 4 were chosen to be geometrically similar to lacrisert and thus have a length
ranging of about 7 mm and a length of about 1-mm. While retention of the fornix inserts
is typoically a concern, cylindrical shaped inserts are considered best for retention in the
conjunctival sac [52-54]. The materials for designing the inset were chosen to be HEMA
and PGT, which are similar to the materials commonly used in ocular applications such
as contact lenses.
Finally, in Chapter 5 we demonstrate the UV blocking nanoparticles loaded in
contact lenses from silicone hydrogel. Currently, the U.S. Food and Drug administration
(FDA) has established the standards for UV blocking contact lenses based on American
National Standards Institute (ANSI) standards. Based on these standards, the UV
blocking contact lenses have been classified in two categories (Class 1 and Class 2)
depending on the extent of the protection. Class 1 lenses must block more than 90% of
UVA and 99% of UVB (280-315nm) radiation. The lenses in Class 2 category must
block more than 70% of UVA and 95% of UVB radiation. The UVA radiation
corresponds to the wavelength range of 316-400 nm. However, only wavelengths from
316-380 nm are considered in the ANSI standards for determining the classification of a
contact lens. The health benefits of UV blocking in contact lenses has been well
recognized, yet only three commercial contact lenses (ACUVUE® Oasys™, ACUVUE®
Advnace® and ACUVUE® Advance for Astigmatism) are categorized as Class 1 blocking
lenses [55,56].
Exposure to the ultraviolet radiation from sun is known to have the potential to
cause significant damage to the body including skin irritation and burning to serious
diseases such as skin cancer. Environmental damage to the ozone layer has further
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exacerbated the damaging potential of exposure to sun. It has become a very common
practice to use UV blocking lotions and creams to minimize the damage from sun
exposure. While the general population is well aware of the potential for damage to skin
from UV radiation, there is less awareness of the possibility of damage to other organs,
particularly eyes. The UV radiation can cause mild irritation and a foreign body
sensation in the eyes, and regular exposure can cause far more serious problems such
as snow blindness, cataracts and rarely cancer of cornea or conjunctiva [57-60], and
also photokeratitis, erythema of the eyelid, solar retinopathy, and retinal damage. The
damage from the UV radiation is likely due to creation of free radicals that can cause
protein modification and lipid peroxidation [61]. The intraocular lens in an adult eye
filters out a majority of the UV light but the lens of an infant’s eye transmits nearly all of
the UV light. The UV transmittance decreases with age and by the age of 25, the lens
absorbs UV light almost completely. The accumulated exposure to UV light before the
age of 25 could cause significant retinal damage [61]. The potential for retinal damage
due to UV exposure is even higher in Aphakic patients, i.e., the patients that have lost
the natural IOL. In addition to the retina damage, UV exposure is considered to be a
potential risk factor for cataract, which is the leading cause of blindness in the world.
Exposure of the ocular tissue to the UV radiation can be minimized by wearing
glasses that block UV light. However, the extent of blocking depends on type of the
lenses and also on the design of the sunglasses. Most sunglasses do not protect
completely from the UV radiation because UV light can reach the eyes through the top,
bottom and sides of the eyeglasses. The limitations of sun glasses could be overcome
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by wearing UV blocking contact lenses as contact lenses cover the entire cornea and
thus can provide protection from light at all angles [61].
The UV blocking feature is typically incorporated into the contact lenses by adding
a UV absorbing molecule to the lens composition. It is well known in the art that the
absorption spectrum of a molecule depends on the molecular structure and a large
number of molecules are known in literature to absorb UV radiation [62,63]. Also a
number of patents are filed and issued for UV blocking contact lenses [64-69]. These
patents focus on novel UV absorbers, or methods of producing a contact lens
containing the absorbers. In all applications, the UV absorbing molecules are
copolymerized with the polymer(s) used to manufacture the lens to eliminate any
possible of leaching of the UV blocking agent either during processing steps after
polymerization or during lens wear. The major challenges in preparing a contact lens
loaded with the UV blocker are: (i) contact lenses are typically polymerized in molds by
UV light, which gets absorbed by the UV blocking agent making the process of lens
curing longer or requiring increased light intensity. Even with increased duration, or
light intensity the properties of the final lens might be significantly compromised: (ii) the
presence of the UV blocking agent could also impact the kinetics of polymerization
particularly if the molecule is loaded in appreciable amounts. Furthermore, the
requirement of copolymerization of the UV blocking agent with the lens matrix limits the
choice of molecules, and the molecules that have the copolymerization feature may not
be the most efficient UV absorbers.
In the Chapter 5, we have developed a unique approach for incorporating UV
blocking feature into the contact lenses which minimizes or eliminates some of the
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problems with the use of the current state of the art approaches. Our approach is
based on incorporating UV blocking molecules in nanoparticles and dispersing the
nanoparticles in the contact lenses. The nanoparticles can be incorporated into the
contact lenses by addition to the polymerization mixture, followed by curing with UV light
at suitable intensity and time to ensure curing. Alternatively, if the nanoparticles are
prepared of a size sufficiently small, the particles can be loaded into preformed contact
lenses. The particles can be loaded into the lenses in a medium that significantly swells
the lens to increase the pore size, allowing the particles to diffuse into the lenses. After
particle loading, the lenses can be soaked in PBS to extract the loading medium and
collapsing the pores in the lens matrix trapping the particles. This approach of loading
the UV blockers post lens curing eliminates the problems associated with curing lens
compositions containing the UV blockers.
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Figure 1-1. Schematic illustration of the nanoparticle laden contact lens inserted in the
eye
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CHAPTER 2
TIMOLOL LADEN NANOPARTICLES LOADED IN HEMA HYDROGEL
In this chapter we indicated to dispersing highly crosslinked triggered
nanoparticles in polymeric contact lenses to increase the duration of drug release from
1-2 hours to about 1-2 months. The highly crosslinked particles were prepared by
emulsion polymerization of a monomer with multivinyl functionalities of EGDMA
(ethylene glycol dimethacrylate) and PGT (propoxylated glyceryl triacylate). A glaucoma
drug, which is the base form of timolol was added to the monomer and was trapped in
the nanoparticles. The timolol loaded nanoparticles were then dispersed in various
polymers suitable for contact lenses including hydroxy methyl methacrylate (HEMA),
which are common contact lens materials.
This nanoparticle loaded in HEMA hydrogel proposed the mechanism of drug
transport of hydrolysis of ester bonds that link timolol to the particle matrix which form
during particle polymerization process. Additionally, the proposed mechanism of drug
transport is a short-time burst due to diffusion of drug from the bulk matrix, followed by
an extended release drug from inside the particles. The mechanism was established by
measuring transport in particle-laden gels of various thicknesses. The duration of the
burst phase is proportional to the square of the thickness and the slow release is
independent of the thickness.
Most experiments in this chapter were done by loading nanoparticles into HEMA
hydrogel to evaluate the properties resulted from the additional nanoparticles. Also, it
had developed a hydrogel platform for controlling bulk physical and transport properties
of contact lenses and optimized the drug and particle loading amount into HEMA
hydrogel matrix system.
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2.1 Materials and Methods
2.1.1 Materials
Hydroxyethyl methacrylate (HEMA) monomer, timolol maleate, pluronic F127,
ethylene glycol dimethacrylate (EGDMA) and Dulbecco’s phosphate buffered saline
(PBS) were purchased from Aldrich Chemicals (St Louis, MO). Propoxylated glyceryl
triacrylate (PGT) was a gift from Sartomer. Benzoyl peroxide (BP) (97%) and methyl
methacrylate (MMA) were purchased from Aldrich Chemicals (Milwaukee, WI). The
initiator 2,4,6-Trimethylbenzoyl-diphenyl-phophineoxide (Darocur TPO) was kindly
provided by Ciba (Tarrytown, NY).
2.1.2 Preparation of Highly Crosslinked PGT and EGDMA Nanoparticles
The drug loaded highly crosslinked nanoparticles are prepared by emulsion
polymerization of a mixture of the timolol base and the mutivinyl functionality monomers,
which are typically called crosslinkers. The molecular structure of timolol and the two
monomers explored in this study are shown in Figure 2-1. The base form of timolol was
prepared by adding timolol maleate to 1.04 M NaOH (purged with nitrogen). At such
high pH, timolol maleate converts to the base form that is an oily liquid, which phase
separates from the mixture. The timolol base was pipetted from the bottom and 120 mg
of the base was added to a mixture of 1.0 g of the crosslinker (PGT or EGDMA) and 7.5
mg of BP. The amount of base was increased to 360, 600, 800 and 1000 mg to prepare
particles with a higher drug loading. The mixture was then added to 5 ml of DI water
and then 1.65 ml of 2.08M NaOH was added to the mixture. Due to the high pH, timolol
was converted almost completely to the hydrophobic base form, which has a high
solubility in the crosslinkers phase. The mixture was purged with nitrogen for 15 min
and then heated in an 80 ºC hot water bath under stirring at 1100 rpm for 8 hours. The
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thermal polymerization results in formation of drug loaded nanoparticles, which were
separated from the suspension by centrifugation for 15 min.
2.1.3 Preparation of Nanoparticle Laden pHEMA Gels
The particle-laden p-HEMA gels were synthesized by free radical polymerization of
the HEMA monomer mixed with the timolol loaded nanoparticles. Briefly, 1.45 ml of the
HEMA monomer, 0.5 ml of DI water, 5 μl of crosslinker (PGT or EGDMA), and 0.4 g of
the particle suspension were mixed in a vial, and purged with nitrogen for 15 minutes.
Next, 3 mg of the photoinitiator (Darocur® TPO) was added to the mixture under stirring
for 5 min, and then the solution was poured into a mold that comprised of two glass
plates separated with either 100 or 200 μm thick plastic spacers. The molds were then
placed on Ultraviolet transilluminiator UVB-10 (Ultra-Lum, Inc.) and irradiated with UVB
light (305 nm) for 40 min. This procedure led to formation of gels with a particle fraction
of about 21.6% on dry basis. The amount of the particle suspension was reduced to
0.14 g and 0.07g to prepare gels with particle loadings of about 8.8 and 4.6%,
respectively. The cured gels were cut into circular pieces of 1.65 cm diameter with a
cork borer and dried in air overnight before further use.
Control gels in which timolol was incorporated by direct addition to the
polymerization mixture were prepared by mixing timolol base to a mixture of 1.45 ml of
monomer HEMA, 5 μl of crosslinker, and 0.5 ml DI water at a loading of 40mg/g. The
solution was purged by bubbling nitrogen for 15min and then polymerized by following
the procedures described above.
2.1.4 Preparation of Highly Crosslinked PGT with Surfactant Nanoparticles
The stability and particle sizes of emulsions can be controlled by addition of
emulsifiers, thereby impacting the size of the polymerized particles. To explore this
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issue, pluronic F127 was added to the emulsion of PGT-in-water. Specifically, 0.1 g of
pluronic F127 surfactant was added to the mixture of 120 mg of timolol base, 1 ml PGT
and 7.5 mg of BP. The methods for particle preparation and incorporation of particles
into the gels are same as those described Section 2.1.2 and 2.1.3.
2.1.5 Particle Size Distribution
The particles were dispersed in ethanol at 5 mg/ml for the particle size
measurement by dynamic light using Nanotrac Particle Size Analyzers (Microtrac Inc.).
The data were analyzed using the microtrac FLEX application software program.
Additionally, the particles were dispersed in 10% (w/w) of pluronic F 127 surfactant
solutions and particle sizes were measured.
2.1.6 Equilibrium Water Content (EWC)
The dried lenses were weighed (W dry) and then hydrated by soaking in 3.5 ml of
PBS for 24 hours. The hydrated gels were weighed (W wet) and the equilibrium water
content (EWC) was calculated by the following formula
{

(

)

}

(2-1)

2.1.7 Transmittance
The transmittance of nanoparticle-laden p-HEMA hydrogels was measured using
UV-Vis spectrophotometer (Thermospectronic Genesys 10 UV). The lenses were
hydrated by soaking in PBS overnight, and then mounted on the outer surface of a
quartz cuvette. The cuvette was placed in a spectrophotometer and the transmittance
was measured at wavelengths ranging from 500 nm to 900 nm.
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2.1.8 Mechanical Properties
Storage modulus of the gels was measured using a dynamic mechanical analyzer
(DMA Q800, TA instruments). Hydrated rectangular gels 400 micron in thickness were
mounted in the submersion tension clamp at room temperature. A preload force applied
0.01N and force track was 115% used. Strain sweep tests were recorded to confirm the
linear range at room temperature at 1 Hz. Subsequently, frequency dependent storage
modulus was obtained by fixing the strain within the linear range.
2.1.9 Drug Release from the Nanoparticles
The rates of drug release from the highly crosslinked nanoparticles were
measured in diffusion cells. The donor compartment was filled with 18 ml of the
nanoparticles dispersed in 10% w/w pluronic F 127 in PBS solution. The receiver
compartment was filled with 32 ml of PBS and a 100 µm thick HEMA gel was mounted
in between the compartments. As a control experiment, drug without nanoparticles was
dissolved in PBS solution in donor compartment. The drug concentration in the receiver
was monitored periodically with a UV-VIS spectrophotometer by measuring the
absorbance at wavelength ranging from 252 nm to 321 nm.
2.1.10 Drug Release from the Nanoparticles Laden pHEMA Gels
The dried circular gels 1.65 cm in diameter were submerged in 200 ml DI water
under minimal stirring of 140 rpm and at room temperature for 24 hours to extract the
unreacted monomer. Next, the gels were soaked in a PBS solution and the dynamic
drug concentration in the PBS was determined by measuring the absorbance at
wavelengths ranging from 252 nm to 321 nm. The PBS volume was chosen to be 1.75
ml or 3.5 ml for the 100 μm and 200 μm thick gels, respectively. The temperature in the

30

release medium was controlled through a temperature bath to vary from 25 to 100 0C to
explore the effect of temperature on drug release profiles.
2.1.10 Drug Release Rates from the Nanoparticles Laden pHEMA after Packaging
Typically commercial contact lenses are packaged in blister packs that contain
about 1-1.5ml solution such as PBS, which is tear mimic. To simulate the packaging,
gels were subjected to the monomer extraction as described above, and then stored in
1 ml of packaging solution (PBS) for durations ranging from 1-5 months at either room
temperature or in a refrigerator at 4 °C. After the storage in PBS, the gels were
withdrawn, and the drug release profiles were measured by following the same
procedures as described above.
2.2 Results and Discussion
2.2.1 Particle Size Distribution
Since the nanoparticles are hydrophobic, these have to be either dispersed in
liquids like ethanol or in water through addition of surfactants for the measurements of
particle size distribution. Both aqueous solutions and ethanol solutions were
transparent suggesting that the particle size is less than the wavelength of visible light.
Figure 2-2 shows the particle size distributions for timolol laden highly crosslinked
nanoparticles dispersed in ethanol and dispersed in 10% (w/w) of pluronic F127
solution. The mean particle size is about 3.5 nm in both mediums. Further experiments
with varying surfactant concentrations in aqueous solutions showed no effect of the
surfactant concentration on the measured particle size (data not shown). The size
measurements clearly prove that the size of the particles is uncorrelated to the size of
the emulsion drops, and is instead controlled by the effect of the diluent on the
polymerization dynamics. To further prove this hypothesis, experiments were
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conducted by removing the diluent (timolol base) from the polymerization mixture. The
end product in this case was an agglomeration of large particles. Furthermore, some
experiments were conducted in which surfactant was added to the emulsion to control
the particle size. Typically, surfactant addition reduces the emulsion particle size, and
consequently the size of the particles produced by emulsion polymerization. However,
addition of surfactants of various types and in various loadings had no impact on the
particle size, further proving that the particle size is controlled by the presence of the
timolol base as the diluent. Section 2.2.2 we propose a hypothesis for the mechanisms
that leads to formation of diluent encapsulated nanoparticles when a mixture of
hydrophobic oily monomer (crosslinkers in this case) and an oily diluent (timolol base) is
polymerized.
2.2.2 Proposed Mechanism for Particles Formation
In free radical polymerization, gelation occurs through formation and growth of
nanogels that eventually grow and merge to form a contiguous gel, or particles
depending on the monomer concentration [70-72]. In the case of emulsion
polymerization with a diluent, several nanogels form in each emulsion drop, and each
encapsulate some diluent. The diluent timolol base has a higher solubility in the
unpolymerized mixture compared to the nanogels, and thus the concentration of the
diluents in the unpolymerized fraction increases with time. Eventually the diluent
concentration is sufficiently high to prevent further growth and merging of the nanogels,
and thus each microdrop of the emulsion contains nanogels. Since the monomers
(EGDMA or PGT) contains multivinyl groups, the nanogels are expected to form a
highly crosslinked structure. These mechanisms are illustrated in a schematic in Figure
2-3.
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This new preparation method requires a careful optimization of the type of diluents
and its concentration. If the diluents concentration falls below a critical value, the
nanogels in each drop merge and thus each microdrop polymerizes into a single drop,
which is undesirable for our application. While a number of oils can be used as diluents
we have successfully utilized vitamin E which is a well-known nutraceutical [73-80],
olive oil, and timolol base which is an important glaucoma drug. When timolol base is
used as the dilute, it serves the dual purpose of the diluent and the active drug which
diffuses over a long period of time.
As evident from the image, the Vitamin E loaded lenses are transparent
irrespective of the Vitamin E loading, but attain a slightly yellowish color at high Vitamin
E loadings.
2.2.3 Drug Release from Particles
The nanoparticles were dispersed in surfactant solution and added to the donor
compartment of the diffusion cell. The concentration of drug was then monitored in the
receiving cell to determine the rate of drug release from the particles. Control tests
were conducted to ensure that the particles did not cross the diffusion cell membrane. It
was also established that the time scale for free drug to equilibrate between the donor
and the receiving cells was substantially smaller than the time scale of release from the
particles (data not shown). The % cumulative drug release profiles from the particles
dispersed in the donor compartment are shown in Figure 2-4. The Figure 2-4 explains
that the amount of drug released was calculated by multiplying the concentration in the
donor cell with the total fluid volume in the diffusion cell. The total amount of drug
loaded into the particles was determined by multiplying the concentration of drug in the
crosslinker (120mg/1g of PGT) by the mass of PGT dispersed in the donor
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compartment. The data in Figure 2-4 shows that the nanoparticles were dispersed in
surfactant solutions in the donor compartment and the dynamic drug concentration in
the receiving compartment was monitored. The particles release drug for about a month
with only 51.75% of cumulative release. A fraction of the remaining 48.25% was
partitioned in the aqueous phase during the particle preparation or irreversibly trapped
in the particles. These issues will be discussed later.
2.2.4 Optical Clartity of PGT Nanoparticle Loaded pHEMA Gels
The clarity of the particle laden lenses was characterized by measuring the
transmittance spectra of the 100 micron thick gels in the visible range from 500 to 900
nm. The transmittance of the particle-laden gels and control HEMA gels is almost 100%
in the entire range (data not shown). A photographic image of the particle-laden gel
also proves that the presence of particles does not reduce the visual clarity of the gel
(data not shown).
2.2.5 Mechnical Properties of PGT Nanoparticle Loaded pHEMA Gels
The frequency dependent storage modulus (G’) and loss modulus (G”) were
obtained for nanoparticle laden p-HEMA hydrogels. The effect of particle loading on the
frequency dependent storage moduli for p-HEMA gels is shown in Figure 2-5, and the
values of the zero-frequency storage modulus are listed in Table 2-1. The results
clearly show that particle loading increases the storage modulus for the gels. The pHEMA gels with 21.6% particle loading have a zero-frequency modulus of 4.01 MPa,
which is about 4 times that of the gels without particles. The increase in modulus could
be due to the presence of the nanoparticles and also partially to a high degree of
crosslinking of the bulk due to incomplete reaction of the PGT during the particle
formation step. To explore the effect of particle loading on modulus, the storage
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modulus was also measured for a particle loading of 4.6% (Figure 2-5). At 4.6% particle
loading, the zero frequency storage modulus is 0.95 MPa, which is approximately equal
to the value for p-HEMA gels and also within the range of typical commercial lenses.
2.2.6 Equilibrium Water Content of PGT Nanoparticle Loaded pHEMA Gels
The effect of particle-addition on swelling of pHEMA hydrogels in PBS is shown in
the Table 2-2. Since the particles are expected to not absorb water, the degree of
swelling in PBS is expected to decrease in proportion to the amount of particles added.
The pHEMA control gel swells 73 % in PBS. Thus, pHEMA gel with 21.6% particles is
expected to swell by about 73 x (1-0.216) = 57.23%, which is about 23.96% higher than
the measured value. This suggests that the presence of particles likely leads to
increased crosslinking in the gels likely in the vicinity of the particles perhaps due to the
dangling vinyl groups on the surface of the particles. The water content for a particle
loading of 4.6% was determined to be 63.82 ± 3.03%, which is within the range for
commercial lenses.
2.2.7 Timolol Release of PGT Nanoparticle Loaded pHEMA Gels
The cumulative drug release profiles from the particle-loaded gels of two different
thicknesses are shown by Figure 2-6. The release of drug from the particle-loaded
hydrogels could potentially be controlled either by the resistance in the particles or that
in the gel. The rate controlling mechanism can easily be identified by conducting
release experiments from gels with two different values of gel thickness (h). If the drug
release is controlled by diffusion through the gel, the release time scales as h2, and if
the release is controlled by transport through the particles, the release time should be
independent of h. The release profiles in Figure 2-6 show that the drug release duration
is about the same for both 100 and 200 μm thick gels proving that the rate controlling
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mechanism is transport of the drug molecules from inside the particles to the gel. The
total amount of drug released from the thick gels is about twice that from the thin gels,
which is expected due to the weight ratio of the two gels. To further prove that the
release dynamics are controlled by particles, drug release experiments were conducted
with HEMA gels in which drug was loaded by addition to the polymerization mixture.
The release profiles from these gels show that the release time is about 1 and 4 hours
for the 100 and 200 µm gels, respectively, which is substantially less than the drug
release durations from the particle loaded lenses (Figure 2-7).
It is noted that the particle loaded gels were subjected to an initial extraction step
in which the gels were soaked in water for 24 hours. The gels loaded with highly
crosslinked PGT nanoparticles lost about 19.97 % of the initially loaded drug in the
extraction stage. This fraction is presumably the drug that was present outside the
nanoparticles. The drug release profiles for the subsequent release experiments are
shown in Figure 2-6 in which the mass of drug released amount is plotted as a function
of time for both the thin and the thick gels. The data in Figure 2-6 clearly shows that
there is an extended drug release from the gel which lasts for about 1 month for both
the 100 and 200 μm gels, which is significantly longer than 1 or 2 hour drug release
duration from the p-HEMA gels without particles.
The usual dose of timolol is one drop of 0.25% timolol maleate twice per a day,
which amounts to a daily dosage of 125 μg. It is reported that about 1-2% of timolol
applied as eye drops reaches cornea, which suggests that the therapeutic requirement
of timolol is about 2.5 μg/day. Both mathematical models and some clinical data
suggest that about 50% of the drug delivered through contact lenses reaches cornea.
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Furthermore, pHEMA based contact lenses can only be worn during the day due to the
insufficient oxygen transport. Based on 50% bioavailability and 12 hour daily wear time,
pHEMA lenses require a release of about 10 μg/day from a contact lens. The 100
micron thickness particle-laden HEMA gels release timolol at a rate of about 7 μg/day
for 30 days, which is slightly smaller than the required release rate.
2.2.8 Effect of Timolol/PGT Ratio on Drug Release Profiles of PGT Nanoparticle
Loaded pHEMA Gels
Due to the increase in modulus on particle incorporation, it is important to minimize
the particle loading in the lenses while still loading adequate drug amounts for
therapeutic effects. For fixed particle loading, the drug loading in the lenses can
presumably be increased by increasing the drug loading in the particles. This
hypothesis was tested by increasing the mass of timolol in the mixture of the drug and
the crosslinker PGT, which was polymerized to prepare the particles. Specifically, the
mass of timolol was increased from 120 mg to 360, 600, 800, and 1000 mg to obtain
particles with increased drug loading. The mass of the crosslinker was kept fixed at 1 g
in each case, and thus the ratio of the drug to PGT (T:PGT) was 0.12, 0.6, 0.8 and 1 for
the four cases considered. It is noted that the ratio of the drug and PGT in the
polymerized particles could be slightly different than the ratios listed above because a
fraction of timolol remains unencapsulated during particle formation. HEMA gels were
then prepared with 4.6 and 8.8% particle loading, which is about one fifth and two fifth of
the particle loadings in the results described above. The drug release profiles from the
gels with 4.6 and 8.8% particles but various drugs to PGT ratio are shown in Figure 2-8
A-D for both the 100 µm and 200 µm gels. All gels release drug for about a month and
the amount of drug released from the thicker gels is about double of that from the
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thinner gels proving that but the time scales are unaffected by timolol and PGT ratios.
Furthermore, the mass of drug released from the gels with 4.6% loading is comparable
to that from the gels with 21.6% particle loading containing particles that were prepared
with a timolol to PGT ratio of 0.12. This proves that the cumulative drug release could
be increased by increasing the drug loading in the timolol PGT mixture. The gels with
4.6% particle loading have a zero frequency storage modulus of 0.95MPa, which is
much less than that for the gels with 21.6% particle loading, and within the range of the
modulus for commercial contact lenses. The water content of the gels with 4.6% is
63.82 ± 3.03 %, which is much larger than the water content of 33.27% for the gels with
21.6% particle loading. Thus, the gels loaded with 4.6% particles are suitable for use as
contact lenses.
2.2.9 Effect of Temperatures on Drug Release Profiles of PGT Nanoparticle
Loaded pHEMA Gels
The temperature dependence of the release rates is useful in understanding the
rate limiting transport mechanisms, and so drug release experiments were performed
for several temperatures (25, 40, 60, 80, and 100 ºC). The effect of temperature on the
drug release profiles shown in Figure 2-9 clearly proves that the drug release from the
particle-loaded lenses is highly temperature sensitive. An increase in temperature
reduces the drug release duration and also increases the total amount of drug released
from the lenses.
2.2.10 Release Mechanisms of PGT Nanoparticle Loaded pHEMA Gels
The release profiles from the particle-loaded lenses cannot be fitted to a diffusion
model (fits not shown) suggesting that diffusion through the particles is not the rate
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limiting step. Instead, the drug release data fits with the model for a first order process,
i.e.,
(2-2)
where M is the amount of drug released at a time t and M∞ is the amount of drug
released after infinite time, and k is the rate constant. The values of M∞ and k can be
determined by fitting the experimental data for drug release rates to the above equation.
The best fit curves at each temperature are shown as the solid lines in Figure 2-9 A-E,
and the best fit values of M∞ and k are shown in Table 2-2 for each temperature, gel
thickness and ratio of timolol to PGT in the initial mixture. The temperature dependency
of the rate constant can be described by the Arrhenius equation
(2-3)
where A is the preexponential constant, Ea is activation energy, R is the ideal gas
constant, and T is the temperature in Kelvin. Based on the above equation, a plot of
log(k) with 1/T, should be a straight line of slope Ea/R. The temperature dependence of
the values of k obtained by fitting the drug release data for 200 μm thick gels satisfy the
above relationship as shown in Figure 2-10. The four sets of data correspond to
particle loading, T:PGT ratios and 21.6% loading, T:PGT = 0.12, R2=0.9949, T:PGT
ratios and 4.6% loading, T:PGT = 0.6, R2=0.9686, T:PGT = 0.8, R2=0.9677, T:PGT =
1.0, R2=0.9635 in Figure 2-10. The value of the activation energy obtained from the
slopes of the graphs is 24.42 ± 2.47 kJ/g mol.
The excellent fit between the release rates and the first order model, along with
the Arrhenius dependency of the rate constant suggests that the rate limiting step could
be hydrolysis of an ester linkage that formed during the polymerization process. The
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potential mechanism for the ester formation is shown in Figure 2-11. The –OH group in
timolol molecule carries a partial negative charge on oxygen in high pH condition, which
can react with the polymeric network through nucleophilic reaction to form an ester,
which then gets hydrolyzed during the drug release experiments. Several esters of
timolol have been synthesized for use as prodrugs and their rates of hydrolysis have
been measured under various conditions [81,82]. The rate constant of the hydrolysis of
timolol esters was reported to be 3.7 x 10-2/min at 37 0C in PBS buffer [81]. The rate
constant for the drug release from the highly crosslinked particles is 0.5747/day = 4.0 x
10-4/min at 40 0C in PBS, which is an order of magnitude lower than the reported rate
constants for hydrolysis in bulk aqueous solutions. This large difference in the rates of
hydrolysis could be due to the stearic constraints imposed by the small pore size and
also due to the very small amounts of water available inside the hydrophobic particles.
We note that it is plausible that the drug transport in the particles is an activated
process, i.e., the drug molecules are trapped in the pores whose sizes fluctuate with
time. The rate of drug molecules jumping from out of the local tight pores determines
the net rate of drug transport from the particles. In this case, the rate constant will
characterize the time scale for the fluctuations in the pore structure of the particles. To
distinguish between these two plausible mechanisms, we encapsulated timolol and
lidocaine base, which is similar in size to timolol but it does not possess the hydroxyl
group that could potentially result in the ester linkage. The release experiments showed
that lidocaine was released rapidly from the particles proving that the slow hydrolysis of
timolol due to the small water content of the particles is the rate controlling mechanism.
To further prove that the release is controlled by hydrolysis, we soaked two groups of
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gels in ethanol, one for 2 days and the other for 7 days. It was hypothesized that the
hydrolysis will not occur in ethanol but if physical entrapment is the rate limiting
mechanisms, drug release in ethanol must be faster due to increased swelling. The
lenses were withdrawn from ethanol after the 2 days or 7 days and then subjected to
the drug release experiments in PBS. The release profiles in PBS from both sets of
gels soaked in ethanol were similar, and also similar to the release profiles from gels
that were not soaked in ethanol proving that hydrolysis is the rate limiting step (data not
shown).
While the time scale of drug release is independent of timolol to PGT ratio, the
total mass of drug released depends on the ratio. The ratio of the total released amount
from gels and the weight of gels (M∞/Mgels) is plotted as function of 1/T in Figure 2-12 for
gels loaded with particles prepared with various timolol to PGT ratios. The drug release
amounts for each gel increase with an increasing temperature eventually reaching a
plateau. The increase in M∞ with increasing temperature is likely due to the decreasing
equilibrium partition coefficient between timolol bound as the ester in the particles and
the free timolol. The plateau in M∞ corresponds to the total drug loaded in the particles,
and this value can be divided by the mass of drug added to PGT to obtain the
encapsulation efficiencies for various ratios of timolol to PGT (Table 2-4). Interestingly,
the encapsulation efficiency initially increases with increasing timolol to PGT ratio and
then eventually begins to decrease beyond a ratio of 0.8.
The effect of temperature on the drug release profiles shown in Figure 2-9 clearly
proves that the drug release from the particle-loaded lenses is highly temperature
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sensitive. An increase in temperature reduces the drug release duration and also
increases the total amount of drug released from the lenses.
2.2.11 Effect of Packaging of PGT Nanoparticle Loaded pHEMA Gels
Typically commercial contact lenses are packaged in blister packs that contain
about 1-1.5ml solution such as PBS, which is tear mimic solution. Contact lenses
loaded with drugs could release into the packaging solution, thereby reducing the mass
of drug loaded into the lens. Furthermore, a fraction of the drug released into the
packaging solution could be delivered unintentionally in the eye if the lenses are not
rinsed before insertion into the eye. It is thus important to minimize the drug loss in the
packaging solution. To explore the impact of packaging on the particle-loaded contact
lenses, we packaged gels in 1 ml of PBS for durations of 1 and 2 months. Several
ophthalmic formulations are stored in refrigerated conditions. So we explored
packaging at room temperature and also in refrigerator at 4 0C. After 1 or 2 months of
storage in the packaging solution, the gels were withdrawn, rinsed and then soaked into
1.75 ml or 3.5 ml fresh PBS for the 100 μm or 200 μm thick gels, respectively. Also, the
total amount of drug released in the packaging solution was measured. The profiles of
drug released after the packaging stage are shown in Figure 2-13 A-D. Figure 2-13A
and B show the data for room temperature storage for 1 and 2 months packaging,
respectively. Figure 2-13C and D show the release data for storage for 1 and 5 months,
respectively, in refrigerator at 4 0C. Each Figure shows release data for both 100 and
200 micron thick gels.
The release profiles in Figure 2-13A and B exhibit an initial burst followed by a
slow release for about a month. The mass of drug released in the initial burst after 1
month packaging is 33 and 127 µg for the 100 and 200 micron thick gels, respectively.
42

This initial burst is presumably the release of the drug that diffused out of the particles
into the gel during packaging. The initial burst for the 200 micron thick lens might be
expected to be double that for the 100 micron. However, data shows that the amount
released in the initial burst for the 200 μm gels is more than twice that for 100 μm gels
likely because the volume of the packaging liquid was 1 ml for both lenses, and thus the
ratio of the gel to fluid volume is larger for the thicker lenses, resulting in smaller
percentage release into the packaging liquid. The duration of the initial burst for the 200
micron thick gels is about 4 times that for the 100 micron thick gels, proving that the
initial burst is arising from the drug that diffused into the gel during packaging. As
mentioned above, the desired daily release from the lenses is about 10 μg/day. After
the initial burst, the 100 μm gel releases about 3 μg in the first day, followed by an
average release of about 1 μg/day for the next 3 weeks, which is less than the desired
release rate. Furthermore, lenses subjected to the 2 month packaging exhibited higher
burst followed by gradual release at lower rates compared to those packaged for 1
month because the equilibration duration for the particle loaded lenses is longer than 1
month. The sub-therapeutic dose along with the potentially toxic initial burst reduces
the viability of using the particle loaded gels for delivering ophthalmic drugs such as
timolol. In some cases where a high initial dose may be required such as for treating
infections, the release profiles from the lenses packaged at room temperature might be
desirable.
Figure 2-13C shows the drug release profiles after packaging under refrigerated
conditions. The release profiles after 1 month packaging do not exhibit any initial burst.
Furthermore, the release profiles after 1 and 5 months packaging are almost
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indistinguishable from each other and also from the release profiles prior to packaging.
These results along with the immeasurable drug release in the packaging solution show
that the particles do not release any drug under refrigerated conditions. To further
understand this issue, we utilize the Arrhenius relationship to determine the expected
release duration from the particles during the storage in refrigerator. The predicted
duration is at least 1 year, which along with the reduced partition coefficient between
bound timolol as ester and the free timolol explains the negligible release from the
particle loaded lenses in the refrigerator. Based on this data, we propose that the
particle loaded lenses should be stored in refrigerated conditions prior to insertion in the
eyes. Figure 2-13D shows that even after 5 month packaging in refrigerator, the gels
exhibit sustained therapeutic release.
2.2.12 Effect of Surfactant Incorporation on Nanoparticle Laden Gels
As described previously, we also prepared PGT nanoparticles through emulsions
polymerization in presence of surfactants at various concentrations. The presence of
surfactant did not impact the size distribution because the particle size is uncorrelated to
the size of the emulsion drops. The particles prepared in presence of the surfactants
were also incorporated in the HEMA gels, followed by characterization of the gels
through measurements of transmittance, water content, modulus, and drug release
dynamics. The gels loaded with PGT particles and surfactant were also transparent
with almost 100% transmittance in the visible range, and the modulus and water content
of the gels was similar to those loaded only with particles (Table 2-1 and Table 2-2).
Furthermore, the drug release profiles from the gels loaded with surfactant and PGT
particles (Figure 2-14) are also very similar to those in which particles were prepared
without surfactant. These results again show that the presence of surfactant does not
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impact any of the properties of the nanoparticles and the nanoparticle-loaded gels
proving that our approach of producing the nanoparticles is substantially different from
the typical emulsion polymerization. Furthermore, these results also show that addition
of surface active polymers or surfactants to the polymerization mixture that contains the
nanoparticles does not impact the release behavior from the lenses. This is an
important result because typical lens manufacturing contains several long chain
polymers such as poly vinyl pyrridone and poly vinyl alcohol that are added as comfort
enhancers.
2.2.13 Comparison of Lenses Loaded with EGDMA and PGT Particles
PGT was chosen as the monomer for preparing the nanoparticles due to its tri
vinyl functionality. Other crosslinkers such as the divinyl ethylene glycol dimethacrylate
(EGDMA) could also be used for preparing highly crosslinked nanoparticles. EDGMA
nanoparticles were prepared with the same methods as those for preparing PGT
nanoparticles, and EGDMA loaded gels were then prepared and characterized. The
EGDMA nanoparticles laden pHEMA are also transparent in the entire visible spectrum
(data not shown). The water content of the gels loaded with EGDMA particles is
comparable to those loaded with the PGT nanoparticles (Table 2-2). However, the
EGDMA nanoparticle laden p-HEMA gels with 21.6% particle loading have a zerofrequency modulus of 100 MPa (Table 2-1), which is 2 orders of magnitude larger than
the modulus of commercial contact lenses. The drug release profiles from the EGDMA
loaded lenses (Figure 2-15) show an extended release duration of about a month for
both 100 and 200 micron thick lenses. However, the EGDMA nanoparticle loaded gels
release only about a third of the drug amounts released by the PGT nanoparticle loaded
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gels. Based on the increased modulus and the reduced drug release amounts, EGDMA
nanoparticle loaded pHEMA gels are not suitable for contact lens use.
2.3 Conclusion
In this study, we showed that incorporation of highly crosslinked nanoparticles can
increase drug release duration from a few hours to about 1 -2 months. While several
monomers with mutivinyl functionality can be used to prepare the nanoparticles,
propoxylated glyceryl triacrylate (PGT) is the most suitable monomer. The particle
preparation does not require surfactant but instead utilizes the oily drug timolol as the
diluent that modifies the polymerization dynamics resulting in the nanoparticle
formation. The encapsulation efficiency of timolol first increases and then decreases
with increasing ratio of timolol to PGT and a ratio of 0.8 is optimal for producing the
particles. At this ratio, 66.34 ± 3.20% of the drug is encapsulated in the particles. The
base form of timolol reacts with PGT during polymerization due to creation of
nucleophiles to form as ester bond with the polymeric network.
The slow hydrolysis of the ester bond results in an extended timolol release from
the particles. The drug loaded nanoparticles can be loaded in p-HEMA hydrogels by
adding to the polymerization mixture. The nanoparticle loaded p-HEMA gels are
transparent and release drugs for about a month due to the slow hydrolysis of the
timolol bound to the particles through the ester bond. The cumulative drug release
profiles fit the model for a first order reaction with temperature dependent rate constant.
The rate constant for hydrolysis at 40 °C is 4.0x10-4/min which is much smaller than the
previously reported rate constants for hydrolysis of other timolol esters, potentially due
to stearic effects or the low water content of the highly crosslinked particles. The
Arrhenius dependence of the rate constant yields an activation energy of 24.42 ±
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2.47kJ/g mol. The temperature dependency of the rate constant is critical to our desired
application of using contact lenses loaded with the nanoparticles for ophthalmic drug
delivery. The low kinetic rate constant under refrigerated conditions along with the low
equilibrium partition coefficient for the free timolol ensures that a majority of the drug
loaded in the lenses is retained in long periods of storage under refrigerated conditions.
The pHEMA hydrogels loaded with 4.6% nanoparticles are transparent with modulus
comparable to commercial lenses but have a reduced water content compared to
control pHEMA gels.
The pHEMA based lenses are required to be removed and submerged in PBS or
the cleaning solutions overnight because pHEMA based lenses are not suitable for
extended wear. The lenses will continue to release drug overnight at the same rate as
measured in the in vitro studies. The drug released overnight will be wasted and based
on a 12 hour daily-wear, a release of about 10 μg/day of timolol is expected to be
therapeutically effective.
Based on all the results, we propose that a contact lens loaded with 4.6% PGT
particles prepared with a ratio of drug to PGT ratio of 0.8 are most suitable for use as
contact lenses. These lenses are transparent and maintain a modulus and water
content comparable to pure p-HEMA gels, while also releasing timolol at a rate of about
15 μg/day for about 2 weeks, which is expected to be sufficient for therapeutic effects.
The contact lenses will need to be packaged in refrigerated conditions to minimize the
drug loss during packaging. When placed on the eyes, the increased temperature will
trigger the drug release at the therapeutically desired rate. It is noted that commercial
contact lenses are sterilized by autoclaving which is not viable for the system developed
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here because of the rapid drug release at high temperatures. Thus alternative
approaches such as radiation, soaking in ethanol, etc will need to be explored for
sterilization.
While there are several systems capable of extended ophthalmic drug release
through contact lenses, the system developed here is the first to release minimal drug
amounts in packaging and be triggered to release drugs at elevated rates after lens
insertion in the eye. Another advantage of the system proposed here is that the release
profiles are non Fickian and decay at a slower rate compared to systems based on
diffusion. Thus, the release rates are closer to zero order for the first 15 days compared
to Fickian release profiles.
This study focuses only on incorporating timolol into the particles. Several other
ophthalmic drugs that have a reactive –OH group which can form as ester linkage such
as tilisilol, latanoprost could be encapsulated in the nanoparticles. Therefore, the
approach presented here could be very useful for extended delivery of several
ophthalmic drugs. Additionally, this approach could be useful in a number of
applications such as transdermal drug delivery patches, wound healing patches, gold
coating nanoparticle for attacking cancer cells, etc.

48

A Timolol

B Propoxylated glyceryl triacrylate (PGT)

C Ethylene glycol dimethacrylate (EGDMA)
Figure 2-1. Molecular structures of Timolol, PGT, and EGDMA

49

% Channel

40

Mean = 3.42 ±0.42
20
F127 10 w% in PGT particle
PGT particles

0
0.00

2.00

4.00

6.00

8.00

10.00

size (nm)
Figure 2-2. Particle size distribution of PGT nanoparticles dispersed in ethanol and
aqueous solutions with 10% pluronic F127
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A

B

C
Figure 2-3. Schematic illustration of the mechanism of formation of highly crosslinked
nanoparticles due to the presence of diluents. A) an emulsion drop at very
early stages of polymerization. B) an emulsion drop containing several
nanogels and high concentration of diluent in the unpolymerized liquid. and C)
solution with several emulsion drops, with several nanoparticles in each drop
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Figure 2-4. Cumulative drug release from the nanoparticles in a diffusion cell. Data is
shown as mean ± std (n = 3)
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Figure 2-5. Storage modulus of gels loaded with PGT nanoparticles prepared with or
without surfactant. Data is shown as mean ± std (n = 3)

53

600

500

Drug release (μg)

400

300

200
100 µm

100

200 µm

0
0

5

10

15

20

25

Time (days)
Figure 2-6. Cumulative drug release from 100 and 200 µm thick PGT nanoparticle
laden pHEMA gels. Data is shown as mean ± std (n = 3)
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Figure 2-8. Cumulative drug release from 100 and 200 µm thick gels at room
temperature Data is shown as mean ± std (n = 3). A) 8.8% particle loading in
gels; particles prepared with timolol to PGT (T:PGT) ratio of 0.36. B) 4.6%
particle loading in gels; particles prepared with T:PGT ratio of 0.6. C) 4.6%
particle loading in gels; particles prepared with T:PGT ratio of 0.8. D) 4.6%
particle loading in gels; particles prepared with T:PGT ratio of 1.0
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Figure 2-9. Effect of temperature on drug release from the nanoparticle loaded gels.
The solid lines are fits to the first order reaction model. A) 100 µm thick gels
with 21.6% particle loading; particles prepared with T:PGT ratio of 0.12. B)
200 µm thick gels with 21.6% particle loading; particles prepared with T:PGT
ratio of 0.12. C) 200 µm thick gels with 4.6% particle loading; particles
prepared with T:PGT ratio of 0.6. D) 200 µm thick gels with 4.6% particle
loading; particles prepared with T:PGT ratio of 0.8. E) 200 µm thick gels with
4.6% particle loading; particles prepared with T:PGT ratio of 1.0. Data is
shown as mean ± std (n = 3)
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Figure 2-10. Arrhenius fit between the rate constant and temperature. The gel
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Figure 2-11. Potential mechanism for the formation of the ester link between timolol and
PGT polymer
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Figure 2-12. Dependence of the total mass released from the gel per unit weight of the
gel on 1/T. The y-intercept represents the mass of drug loaded into the gels
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Figure 2-14. Cumulative release profiles from gels loaded with particles prepared in
presence of F127 surfactant. Data is shown as mean ± std (n = 3)
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particles. Data is shown as mean ± std (n = 3)
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Table 2-1. Zero frequency storage modulus of pHEMA hydrogels loaded with
nanoparticles
Hydrogel name
Storage modulus (MPa)
HEMA

1 ± 0.30

HEMA loaded with 21.6% PGT particles

4.1 ± 0.02

HEMA loaded with 21.6% particles prepared
in presence of pluronic F127 surfactant
HEMA loaded with 21.6% EGDMA particles

4.6 ± 0.21
100

HEMA loaded with 4.6% PGT particles

0.95 ± 0.09

HEMA loaded with 8.8% PGT particles

1.35 ± 0.005

Table 2-2. Equilibrium water content (EWC) of HEMA hydrogels loaded with
nanoparticles
Hydrogel name
EWC (in PBS)
HEMA

73.00 ± 1.27

HEMA with 21.6% PGT particles

33.27 ± 1.27

HEMA with 21.6% PGT particles prepared
in presence of pluronic F127 surfactant
HEMA with 21.6% EGDMA particles

33.31 ± 1.13
34.15 ± 1.60

HEMA with 4.6% PGT particles

63.82 ± 3.03

HEMA with 8.8% PGT particles

49.04 ± 3.11
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Table 2-3. Dependency of total mass of drug released and the rate constant on
temperature 100µm gels
M∞ (µg)
k
T (°C)
T(K)
25

298.15

234.72 ± 7.52

0.0998 ± 0.013

40

313.15

247.42 ± 13.73

0.5747 ± 0.055

60

333.15

318.21 ± 6.85

2.0322 ± 0.106

80

353.15

393.56 ± 39.27

8.7882 ± 1.394

100

373.15

372.77 ± 51.32

28.4987 ± 3.012

Table 2-4. Dependency of total mass of drug released and the rate constant on
temperature 200 µm gels
M∞ (µg)
k
T (°C)
T(K)
25

298.15

534.89 ± 15.82

0.1002 ± 0.002

40

313.15

730.68 ± 46.99

0.4084 ± 0.035

60

333.15

799.91 ± 13.93

1.9166 ± 0.018

80

353.15

822.37 ± 31.13

8.5919 ± 1.154

100

373.15

823.98 ± 45.55

22.5633 ± 4.643
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Table 2-5. Effect of the composition of the particles on encapsulation efficiency
Ratio of timolol and PGT (T:PGT)
Encapsulation efficiency (%)
0.12
48.12 ± 3.66
0.6

55.97 ± 2.32

0.8

66.34 ± 3.20

1.0

54.44 ± 2.07
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CHAPTER 3
EXTENDED RELEASE OF NANOPARTICLE LOADED SILICONE HYDROGEL
CONTACT LENSES
In Chapter 2 we successfully developed extended wear contact lenses that can
also provide extended glaucoma therapy, we disperse nanoparticles of PGT
(propoxylated glyceryl triacylate) that contain a glaucoma drug timolol. In this Chapter,
extended wear contact lenses that deliver glaucoma drugs for extended periods could
increase patient compliance, while also increasing the bioavailability. The particles can
also be loaded into prefabricated lenses by soaking the lenses in a solution of particles
in ethanol and by dispersing in polymerization mixture. Nanoparticle incorporation in
the silicone hydrogels were explored in here, including timolol release dutation, EWC,
UV transmittace, modulus, ion and oxygen permeabilities, and the impact on each of
these properties is proportional to the particle loading. A gel with 5% particle loading
can deliver timolol at therapeutic doses for about a month at room temperature, with a
minimal impact on critical lens properties. Preliminary animal studies in Beagle dogs
conducted with lenses in which particles are loaded by soaking the lenses in ethanol
show a reduction in IOP.
3.1 Materials and Methods
3.1.1 Materials
N,N-Dimethylacrylamide (DMA), 1-vinyl-2-pyrrolidone (NVP), timolol maleate, and
Dulbecco’s phosphate buffered saline (PBS) were purchased from Aldrich Chemicals
(St Louis, MO). Propoxylated glyceryl triacrylate (PGT) was purchased from Sartomer;
Benzoyl peroxide (BP) (97%) was purchased from Aldrich Chemicals (Milwaukee, WI).
The macromer bis-alpha, mega-(methacryloxypropyl) polydimethylsiloxane (Macromer)
was supplied by Clariant. 3-methacryloxypropyl-tris(trimethylsiloxy)silane (TRIS) was
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gifted by Silar laboratories (Scotia, NY). Methyacrylic acid (MAA) was purchased by
Polysciences, Inc (Wattingyon, PA). 2,4,6-Trimethylbenzoyl-diphenyl-phophineoxide
(Darocur TPO) was kindly provided by Ciba (Tarrytown, NY). Vitamin E (D-alpha
tocopherol, Covitol F1370) was girfted by Cogins Corporation.
3.1.2 Preparation of Nanoparticles and Silicone Hydrogels
3.1.2.1 Preparation of drug containing PGT Nanoparticles
The drug loaded nanoparticles were prepared by thermal polymerization of a
mixture of the timolol base and the PGT. The details of the process are available
elsewhere. Briefly, timolol maleate was converted to the oily base form by increasing
the pH of the aqueous solution. The timolol base was added to the crosslinker (PGT)
and the initiator BP. The ratio of timol base and PGT was varied to prepare particles
with various drug loadings. The mixture was then added to 5 ml of DI water and then
1.65 ml of 2.08M NaOH was added to the mixture. The mixture was purged with
nitrogen for 15 min and then heated in an 80 ºC hot water bath under stirring at 1100
rpm for 8 hours. The thermal polymerization results in formation of drug loaded
nanoparticles, which were separated from the suspension by centrifugation for 15 min.
3.1.2.2 Preparation of Nanoparticle laden silicone hydrogels by adding particles
to the polymerization mixture
The particle-laden silicone gels were synthesized by free radical polymerization.
To prepare the silicone hydrogel, 0.8 ml of macromer bis-alpha,omega(methacryloxypropyl) polydimethylsiloxane and 0.504 g of the drug laden nanoparticle
suspension were added to 0.56 ml of N,N-dimethylacrylamide (DMA), 0.24 ml of
methylacrylic acid (MAA), 0.8 ml of 3-methacryloxypropyl-tris(trimethylsiloxy)silane
(Tris), and 0.12 ml of 1-vinyl-2-pyrrolidone (NVP). This composition results in formation
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of a gel with about 16.7 % (w/w) particle loading. The mixture is purged by bubbling
nitrogen for 15 min. After adding 0.012g of the initiator Darocur® TPO with stirring for 5
min, the mixture was poured in between two glass plates separated by a 100 or 200 μm
thick plastic spacer. The mold was then placed on Ultraviolet transilluminiator UVB-10
(Ultra·Lum, Inc.) and irradiated with UVB light (305 nm) for 50 min. The molded gel was
cut into circular pieces (about 1.65 cm in diameter) with a cork borer and dried in air
overnight before further use. Additionally, pure silicone gels used for controls were
prepared by same procedure as described above, except that particle suspension was
not added to the mixture.
3.1.2.3 Loading Timolol-PGT Nanoparticles into commercial contact lenses
The timolol-PGT particles can be loaded into polymerized commercial contact
lenses by soaking the lenses in a solution of particles in ethanol. Due to the small size
of the particles and the increased pore size in the lens matrix, particles diffuse into the
lenses. After equilibration, the lenses are withdrawn from the ethanol solution and
soaked in PBS to extract ethanol. The particles are retained in the lenses due to the
hydrophobicity and the larger size compared to ethanol. Specifically, contact lenses
(Acuvue Oasys of -3.5 D power and 14 mm diameter) were soaked in the 3% (w/w)
solution of the particles in ethanol for a period of 24 hours. The lenses were then
withdrawn and soaked in 100 ml PBS for extraction of ethanol for 24 hours. The
particle-loaded commercial lenses were then utilized in in vitro drug release studies and
in vivo pharmacodynamics studies in Beagle dogs.
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3.1.3 Particle Size Distribution
The particle size distribution was determined by dynamic light scattering (DLS).
The diameters of the investigated particle suspensions were analyzed by Nanotrac
Particle Size Analyzers (Microtrac Inc.).
3.1.4 Transmittance
The transmittance of nanoparticle-laden silicone hydrogels was measured using
UV-Vis spectrophotometer (Thermospectronic Genesys 10 UV). The lenses were
hydrated by soaking in PBS overnight, and then mounted on the outer surface of a
quartz cuvette. The cuvette was placed in a spectrophotometer and the transmittance
was measured at wavelengths ranging from 200 nm to 1000 nm.
3.1.5 Equilibrium Water Content (EWC)
The dried lenses were weighed (W dry) and then hydrated by soaking in 3.5 ml of
PBS for 24 hours. The hydrated gels were weighed (W wet) and the equilibrium water
content (EWC) was calculated by the following formula

{

(

)

}

(3-1)

3.1.6 Mechanical Properties
Storage modulus of the gels was measured using a dynamic mechanical analyzer
(DMA Q800, TA instruments). Hydrated rectangular gels 400 micron in thickness were
mounted in the submersion tension clamp at room temperature. A preload force applied
0.01N and force track was 115% used. Strain sweep tests were recorded to confirm the
linear range at room temperature at 1 Hz. Subsequently, frequency dependent storage
modulus was obtained by fixing the strain within the linear range.
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3.1.7 Ion Permeability
Extended wear contact lenses must be permeable to ions to ensure homeostasis
of ion concentration in the post lens tear film, which is necessary for lens motion. It has
been claimed that extended wear contact lenses must possess ion permeability greater
than 1.5 x 10-6 mm2/min. Details of the procedures for measuring ion permeability of
gels and contact lenses are available elsewhere [82]. Briefly, gels (1.65 cm diameter,
100 μm thick) were loaded with salt by soaking in 0.75 M sodium chloride solution until
equilibrium was achieved. The gels were then soaked in 27.5 ml DI water and the
dynamic sodium chloride concentration in the release medium was determined by
measuring the conductivity (Con 110 series sensor, OAKTON®). The salt release from
the gels into the release medium can be fitted to a diffusion model for release in perfect
sink to determine the effective ion diffusivity.
3.1.8 Oxygen Permeability
Cornea is an avasular tissue and thus it obtains the oxygen required for
metabolism directly from air. Details of the procedures for measuring oxygen
permeability of gels and contact lenses are available elsewhere [83]. Briefly, gels
(1.36cm diameter, 100 μm thick) were mounted in a diffusion cell containing oxygenated
water in the donor compartment. The 18 ml donor compartment was filled with DI water
that was equilibrated with air. The 32 ml receiver compartment was filled with water that
was deoxygenated by bubbling nitrogen for an extended period of time. The oxygen
concentration in the receiver was measured with OX-TRAN® Model 2/21 from MOCON
and the data was fitted to a diffusion model to determine the oxygen permeability
through the gel.
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3.1.9 Drug Release from the Nanoparticles Laden Silicone Hydrogels
The nanoparticle loaded gels prepared by UV polymerization were cut into circular
pieces of 1.65 cm diameter, dried and weighted. The sol component i.e., the unreacted
soluble fraction was extracted by soaking the gel in 200 ml DI water under stirring at
room temperature for 24 hours. Next, the gels were transferred to fresh PBS for the
drug release experiments. The PBS volume in the release medium was chosen to be
1.75 or 3.5 ml for the 100 or 200 μm thick gels, respectively, and the temperature was
varied from 25 to 100 0C to explore the effect of temperature on drug release profiles.
The drug concentration was determined periodically by measuring the UV-VIS
absorbance for wavelength ranging from 252 nm to 321 nm and fitting the data to
timolol spectra.
3.1.10 Drug Release Rates from the Nanoparticles Laden Silicone Hydrogels after
Packaging
Typically commercial contact lenses are packaged in blister packs that contain
about 1-1.5 ml solution such as PBS, which is tear mimic solution. To simulate the
packaging, gels were subjected to the monomer extraction as described above, and
then stored in 1 ml of packaging solution (PBS) for durations ranging from 1-5 months at
either room temperature or in a refrigerator at 4 °C. After the storage in PBS, the gels
were withdrawn, and the drug release profiles were measured by following the same
procedures as described above in Section 3.1.9.
3.1.11 In vitro and In vivo studies from Nanoparticles Loaded Commercial Lesnes
3.1.11.1 In vitro Timolol-PGT Nanoparticles into commercial contact lenses
The drug release studies described above were also conducted with Acuvue
Oasys lenses loaded with the timolol-PGT nanoparticles. The same procedure as
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described above was utilized but the commercial lenses were packaged in refrigerator
only for 2-weeks and release profiles were measured only at room temperature and 40
0

C.

3.1.11.2 In vivo pharmacodynamics studies in Beagle dogs
The in vivo studies were done in a colony of beagle dogs who are affected by or
carriers of a hereditary form of primary open angle glaucoma, the most common form of
glaucoma in human beings [85]. Beagle dogs have been used in several prior studies
as animal models for glaucoma including in some of our prior studies with contact
lenses [86-91]. The cornea shape and size of these dogs are similar to that of human
beings, and therefore the commercially available contact lenses for human can be used
in this study without further modification.
The pharmacodynamics experiments focused on measuring the intraocular
pressure(IOP) after insertion of the particle loaded contact lenses. Timolol reduces the
IOP and so dynamic measurements of the IOP after lens insertion could be utilized to
determine the pharmacodynamic efficacy of the particle loaded contact lenses. The
study utilized 10 adult Beagle dogs with inherited open angle glaucoma. Prior to the
experiments with lenses, the baseline IOP was measured via applanation tonometry
(Tono-Pen-XL (Mentor O and O, Norwell, MA)) in both eyes (OU) 2 times daily at the
same times of day for 5 days. A topical anesthetic (proparacaine hydrochloride 0.5%)
was applied to each eye prior to the measurement of IOP OU. After one week of
washout, particle loaded Acuvue Oasys lenses were placed in the right eyes of the 10
dogs and IOP OU were measured 2 times daily. In addition to measuring the IOP, the
eyes were observed for ocular irritancy and the response was quantified according to
the McDonald and Shadduck scoring system [92].
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All animals in this study were housed and cared for according to the guidelines
from the Association for Research in Vision and Ophthalmology (ARVO) and the
Institutional Animal Care and Use Committee (IACUC) at University of Florida (UF)
prior, during and after the experiments. All in vivo experiments procedures were
approved by the IACUC at UF and were performed in compliance with the ARVO
Statement for the Use of Animal in Ophthalmic and Vision Research.
3.2 Results and Discussion
3.2.1 Equilibrium Water Content (EWC)
The water content of silicone hydrogel lenses is expected to decrease on
incorporation of PGT particles due to the negligible water uptake by the particles. The
silicone control gel swells 47% (on dry basis) in PBS, and thus the silicone gel with 16.7
% particles is expected to swell by about 47 x (1-0.167) = 39.5%. The gels with 16.7%
particles however swell only by 26%, which is about 13.5% lower than the expected
value. This suggests that the presence of particles leads to increased crosslinking in the
gels likely due to the PGT that remained unreacted during the particle preparation step.
3.2.2 Transmittance
The clarity of the particle laden lenses was characterized by measuring the
transmittance spectra of the 100 micron thick gels in the range from 200 to 1000 nm
(Figure 3-1A). Both control silicone hydrogel and the nanoparticle loaded gels exhibit
near 100% transmittance in the visible range. Additionally the nanoparticle loaded
silicone gels show partial UV blocking in 240-300 nm range which is a desirable
property for contact lenses. The UV blocking can be attributed to the increased amount
of PGT fraction, which absorbs UV in 240-300 nm range. A photographic image of the
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particle-laden gel shown in Figure 3-1B along with the transmittance data in Figure 3-1A
prove that the presence of particles does not reduce the visual clarity of the gel.
3.2.3 Mechanical Properties
The frequency dependent storage modulus (G’) and loss modulus (G”) were
obtained for nanoparticle laden silicone hydrogels. The effect of particle loading on the
frequency dependent storage and loss moduli for silicone hydrogels is shown in Figure
3-2. The results clearly show that particle loading loads to an increase in both the
storage and the loss moduli for the gels. The increase in modulus could be due to the
presence of the nanoparticles and also partially to a high degree of crosslinking of the
bulk due to incomplete reaction of the PGT during the particle formation step. The
increase in modulus is undesirable and thus we explored use of vitamin E as a diluent
for reducing the gel modulus. Vitamin E is an antioxidant and so its incorporation into
contact lenses could have other beneficial effects in addition to the reduced modulus.
Silicone hydrogels were prepared after adding 20% (w/w) vitamin E and 16.7% (w/w)
nanoparticles to the silicone hydrogel formulation. The zero frequency storage modulus
for the gels with 16.7% particles and 20% vitamin E is 1.07 MPa which is lower than
both the silicone hydrogel with 16.7% particles (13.3 MPa) as well as the control silicone
hydrogels (5.95 MPa) showing that vitamin E could be used as a diluent to control
modulus of contact lenses. To determine whether vitamin E incorporation impacts drug
release, timolol release profiles were measured from gels with 16.7% particles and 20%
vitamin E. The data shows that vitamin E incorporation does not impact the release
profiles significantly (Figure 3-3).
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3.2.4 Drug Release from the Nanoparticles Laden Silicone Hydrogels
The rate mechanism can easily be identified by conducting equilibrium release
experiments from gels with two different values of gel thickness (h). If the drug release
is controlled by diffusion through the gel, the release time scales as h2, and if the
release is controlled by particles, the release time should be independent of h. The drug
release profiles from control silicone hydrogels (without nanoparticles) do exhibit the h2
dependency (data not shown). However the release profiles from the particle loaded
gels (Figure 3-4) show that the drug release duration is about the same for both 100
and 200 μm thick gels proving that the presence of particles controls the drug release
rates. The total amount of drug released from the thick gels is about twice that from the
thin gels, which is expected due to the weight ratio of the two gels. The data in Figure
3-4 clearly shows that there is an extended drug release from the gel which lasts for
over 1 month for both the 100 and 200 μm gels, which is significantly longer than drug
release duration from the silicone gels without particles.
3.2.5 Effect of Temperatures on Drug Release Profiles
The rate mechanism can easily be identified by conducting equilibrium release
experiments from gels with two different values of gel thickness (h). The mechanism of
extended drug release from p-HEMA gels loaded with the timolol- PGT particles was
shown to be hydrolysis of the ester bond between timolol and the particle network
[Section 2.2.10]. Accordingly, the drug release data should fit the first order reaction
model, i.e.,
(3-2)
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where M is the amount of drug released at a time t and M∞ is the amount of drug
released after infinite time, and k is the rate constant. The rate constant k depends on
temperature through the Arrhenius relationship, i.e.,
(3-3)
where A is the pre exponential constant, Ea is activation energy, R is the ideal gas
constant, and T is the temperature in Kelvin. To explore temperature dependency, the
drug release experiments were performed at 25, 40, 60, 80, and 100 ºC and the results
are shown in Figure 3-5. The solid lines in the figures represent the fit of the release
profiles to the first order reaction model (Eq. 3-2). Several esters of timolol have been
synthesized for use as prodrugs and their rates of hydrolysis have been measured
under various conditions [81,82]. The rate constant of the hydrolysis of timolol esters
was reported to be 3.7 x 10-2/min at 37 0C in PBS buffer [81]. The rate constant for the
drug release from the highly crosslinked particles dispersed in the silicone hydrogels is
0.2477/day = 1.72 x 10-4/min at 40 0C in PBS. The rate constant was determined to be
4.0 x 10-4/min at 40 0C for the particles dispersed in pHEMA gels [Section 2.2.10]. The
smaller rate constant for the dispersion in silicone hydrogels could potentially be due to
smaller water content in the silicone hydrogels, which slows down the hydrolysis. The
rate constants for the hydrolysis reaction in the highly crosslinked PGT particles is an
order of lower than the reported rate constants for hydrolysis in bulk aqueous solutions
for timolol esters [82]. This large difference in the rates of hydrolysis could be due to
the stearic constraints imposed by the small pore size and also due to the very small
amounts of water available inside the hydrophobic particles.
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Based on the Arrhenius relationship, a plot of log(k) with 1/T, should be a straight
line of slope Ea/R. The temperature dependence of the values of k obtained by fitting
the drug release data for 100 μm thick gels satisfy the above relationship as shown in
the inset in Figure 3-5. The value of the activation energy obtained from the slopes of
the graphs is 23.40 kJ/gmol. The activation energy was the case of particles dispersed
in the pHEMA gels was determined to be 24.42 kJ/gmol, which is similar to the
activation energy for the case of silicone hydrogels.
3.2.6 Effect of Packaging
Contact lenses are typically packaged in blister packs that contain about 1-1.5 ml
solution such as PBS, which is tear mimic solution. Ophthalmic drugs loaded into
contact lenses could diffuse out into the packaging solution during the extended shelf
life of a few months, thereby reducing the mass of drug loaded into the lens. To explore
the impact of packaging on the particle-loaded contact lenses, we packaged gels in 1 ml
of PBS for durations of 1 and 2 months at room temperature and in a refrigerator at 4
0

C. After the storage in the packaging solution, the gels were withdrawn, rinsed and

then soaked into 1.75 ml or 3.5 ml fresh PBS for the 100 μm or 200 μm thick gels,
respectively. Also, the total amount of drug released in the packaging solution was
measured. The profiles of drug released after the packaging stage are shown in Figure
3-6 A-D. Figure 3-6 A and B show the data for room temperature storage for 1 and 2
months packaging, respectively. Figure 3-6 C and D show the release data for storage
for 1 and 5 months, respectively, in refrigerator at 4 0C. Each figure shows release data
for both 100 and 200 micron thick gels.
The release profiles in Figure 3-6 A and B exhibit an initial burst followed by a slow
release for about a month. The mass of drug released in the initial burst after 1 month
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packaging is 150 and 350 µg for the 100 and 200 micron thick gels for 60days,
respectively. The initial burst is presumably due to the release of the drug that diffused
out of the particles into the gel during packaging. The initial burst for the 200 micron
thick lens might be expected to be double that for the 100 micron. The release profiles
show that the amount released in the initial burst for the 200 μm gels is slightly more
than twice that for 100 μm gels likely because the volume of the packaging liquid was 1
ml for both lenses, and thus the ratio of the gel to fluid volume is larger for the thicker
lenses, resulting in smaller percentage release into the packaging liquid. The duration
of the initial burst for the 200 micron thick gels is about 4 times that for the 100 micron
thick gels, proving that the initial burst is arising from the drug that diffused into the gel
during packaging. As mentioned above, the desired daily release from the lenses is
about 5 μg/day. After 30 days packaging at room temperature, the 100 μm gel releases
about 2.5 μg/day for 60 day, which is less than the desired release rate. Furthermore,
lenses subjected to the 2 month packaging exhibited higher burst compared to those
packaged for 1 month because the equilibration duration for the particle loaded lenses
is longer than 1 month. The release amount of 100 μm is about 1.7 μg/day after initial
burst. The sub-therapeutic dose along with the potentially toxic initial burst reduces the
viability of using the particle loaded gels for delivering ophthalmic drugs such as timolol.
Figure 3-6 C shows the drug release profiles after packaging under refrigerated
conditions. The release profiles after 1 month packaging do not exhibit any initial burst.
Furthermore, the release profiles after 1 and 5 months packaging are almost
indistinguishable from each other and also from the release profiles prior to packaging.
These results along with the immeasurable drug release in the packaging solution show
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that the particles do not release any drug under refrigerated conditions. Based on this
data, we propose that the particle loaded lenses should be stored in refrigerated
conditions prior to insertion in the eyes. Figure 3-6 D shows that even after 5 month
packaging in refrigerator, the timolol release amount is about 5 μg/day for 20 days,
which is potentially in the therapeutic range.
3.2.7 Maximizing Drug Loading in Nanoparticles
While nanoparticle incorporation leads to extended drug release, it also increases
lens modulus, and reduces ion and oxygen permeabilities. To minimize the impact on
modulus, it is beneficial to minimize the particle loading, while maximizing the drug
loading in the particles to insure adequate drug loading in the lens. Particles with about
50% drug loading were prepared by following the same procedures as described in the
Methods section but with a polymerization mixture composed of 1 g of timolol, 1 g of
PGT and 7.5 mg of the initiator. Gels were then prepared by adding the particles with
high drug loading to the polymerization mixture at 5% particle loading. The drug release
profiles from the gels with 5% high drug loading particles are shown in Figure 3-7. The
results shown that the 100 micron thick gels with 5% particle release about 4.8µg/day
which is comparable to the release from the gels with 16.7% particle loading but with a
lower drug loading in particles. To determine the suitability of the gels loaded with 5%
particles as contact lenses, modulus, water content and ion and oxygen permeabilities
were also measured. The frequency dependent storage modulus is included in Figure
3-2. The zero frequency storage modulus of the gels is 7.01 MPa, which is only slightly
larger than that of the control gel, suggesting minor impact of particle incorporation on
modulus. The modulus of contact lenses is typically about 1 MPa and so the modulus
will be required to be reduced. This can be accomplished either by including a diluent
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such as vitamin E in the polymerization mixture or by choosing the control formulations
utilized in manufacturing commercial contact lenses. The ion permeability (product of
diffusivity and partition coefficient) of the 5% particle gels is 1.8 x 10-3 ± 0.000655
mm2/min which is comparable to that for the control, and larger than the critical value of
1.5 × 10−6 mm2/min required for on-eye lens motion. Finally, the oxygen permeability
(Dk) of the 5% particle gels is 48.50 ± 12.23 [(10-11(cm2/s)·(mlO2/(ml mmHg)] (also
known as Barrers) which is slightly less than that for the control. The oxygen
permeability of contact lenses needs to be sufficiently high for extended wear to avoid
corneal edema [92-94]. Oxygen transmissivity (Dk/thickness) values of about 20 and 75
[(10-9(cm2/s)·(mlO2/(ml mmHg)] are recommended to avoid corneal edema for the open
and closed eyes, respectively. Based on the measured Dk value and a thickness of 80
micron for a contact lens, we obtain a value of Dk/t of 70.41 for contact lenses made
from the gels with 5% high timolol loading particles.
3.2.8 Drug Release from Nanoparticles Loaded Commercial Lens
Timolol-PGT particles with high drug loading (1:1 ratio of timol to PGT) were
loaded into the Acuvue Oasys lenses by soaking the lenses in 3% (w/w) solution of
particles in ethanol. The drug release profiles from the particle loaded Acuvue Oasys
lenses are shown in Figure 3-8 (at room temperature before packaging) and in Figure 39 (at room temperature after packaging in refrigerator for 2 weeks). The release profiles
prior to packaging are similar to those from the lenses in which the particles were
incorporated prior to polymerization. The particle loaded Acuvue Oasys lenses release
timolol for about 2 weeks with an average release rate of 6 μg/day. The lenses
packaged in refrigerator for 2 weeks release drug at a significantly reduced rates, but

85

without any initial burst. The absence of the initial burst suggests that timolol was not
released from the PGT particle matrix and thus the reduction in the drug loading during
packaging is due to diffusion of the timolol-PGT particles into the packaging medium.
Thus, particle loading by soaking of prefabricated lenses is not a viable approach for
extended delivery of timolol. However the Acuvue Oasys lenses loaded freshly with the
particles could be utilized in the animal studies to explore safety and the
pharmacodynamic efficacy because the diffusion of the particles through the lenses is
slow compared to the release at physiological temperatures.
3.2.9 Safety and Pharmacodynamic Efficacy of the Nanoparticles Loaded
Commercial Lenses
The IOP is impacted by several factors including food uptake, time of the day,
stress, etc and so typically the IOP of the untreated eye is utilized as a control, and thus
the difference in the IOP between the treated and the untreated eyes is considered as
an indicator of the pharmacodynamic effect of the drug delivery.
No adverse event was recorded in this study suggesting that the nanoparticle
loaded contact lenses are safe. The IOP difference between the untreated (OS) and
the treated(OD) eye is plotted as a function of time in Figure 3-10. Also data for the
IOP difference from the control study is included. The in vitro drug release data at
about 37 0C, which is close to the ocular temperature, is included in the inset. The error
bars in each set of data indicate the standard error with n = 10 for the control study and
n = 10, 6, 6, 6, and 4 for days 1-5 for the lens study. The value of n in the lens study
decreases with elapsed days because several animals lost the lenses at various time
points in the study. The data show that lens insertion leads to a decrease in IOP but
the effect is insignificant after day five. Also there is no significant effect of lens
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insertion on the first day. It is noted that this animal model for glaucoma is treated by 2
eye drops each day of 0.5% timolol. Thus the mass of drug delivered each day by eye
drops for therapeutic effect is about 300 μg. Based on the estimated 10 fold increase
in bioavailability for contact lenses, the expected therapeutic dose is about 30 μg, which
is larger than the drug release rate from the lenses after day four.
3.3 Conclusion
Timolol-PGT particles release drug for an extended period of time likely due to the
slow hydrolysis of the ester bond. The gels prepared by polymerizing the mixture of the
silicone-hydrogel monomers and the timolol-PGT particles are transparent, and release
for extended period of about a month at room temperature. The release duration
increases to more than a year under refrigerated conditions thus providing an easy
approach for preventing loss of drug in the packaging by storage in the refrigerator. The
cumulative drug release profiles fit the model for a first order reaction with temperature
dependent rate constant. The rate constant for hydrolysis at 40 °C is 1.7x10 -4/min
which is much smaller than the previously reported rate constants for hydrolysis of other
timolol esters, and also slightly smaller than the rate constant for particles dispersed in
the pHEMA gels. The Arrhenius dependence of the rate constant yields activation
energy of 23.40kJ/g mol, which is comparable to the activation energy for the case of
particles dispersed in the pHEMA gels. Dispersing the timolol-PGT particles in the
silicone-hydrogels does not reduce transparency but it does have an undesirable effect
on some other critical contact lens properties such as water content, modulus and ion
and oxygen permeabilities. The impact on the properties is proportional to the
percentage loading of the particles. It is thus important to maximize the drug
encapsulation in the particles so that therapeutic doses can be delivered with minimal
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particle loading. The lenses loaded with 5% of particles with a timolol:PGT ratio of 1:1
release therapeutic drug dose with minimal impact on other critical properties.
Preliminary in vivo animal studies demonstrate safety and efficacy of the particle
loaded lenses at treating glaucoma. However the lenses utilized in the animal studies
were loaded with the particles by soaking lenses in ethanol. This approach of loading
drug-PGT particles is not suitable for packaging due to the slow diffusion of the particles
into the packaging medium. The in vivo tests are however very useful at showing that a
slow and extended release of timolol from contact lenses can have the desired
pharmacodynamics effect of reduction in the IOP.
While the results presented here are very encouraging, further in vivo safety and
pharmacokinetics and pharmacodynamics tests particularly with lenses in which
particles are loaded prior to lens fabrication are necessary to evaluate the potential of
the proposed approach for glaucoma therapy.
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Figure 3-1. Transmittace spectra and photo graphic image. A) Transmittance spectra
from 200 nm to 1000 nm of silicone control and PGT nanoparticle laden
silicone hydrogel. B) A photo graphic image of the PGT nanoparticle laden
silicone hydrogel
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Figure 3-6. Amount of timolol release from 100 and 200 µm thickness after packaging
A) 1 month packaging at room temperature. B) 2 month packaging at room
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CHAPTER 4
EXTENDED RELEASE OF TIMOLOL FROM NANOPARTICLE LOADED FORNIX
INSERT FOR GLAUCOMA THERAPY
Our goal in this Chapter 4 is to develop an ophthalmic insert that releases a
glaucoma drug for an extended period of time, and can be safety and easily inserted in
the fornix. Timolol, a beta-adrenergic receptor antagonist, is used as the drug because it
has become the ‘gold standard’ drug for IOP reduction since its approval by FDA in
1979 [96] and also because of the potential of significant cardiac side effects from
systemic exposure to timolol [97]. Although prostaglandins such as latanoprost are now
more commonly prescribed than timolol, a combination of both of these drugs is
frequently used as well.
Several researchers have developed fornix inserts and Ocusert and Lacrisert have
been commercialized to treat glaucoma and dry eyes, respectively. Lacrisert is a
cylindrical insert 3.5 mm long and 1.27 mm in diameter made of hydroxypropyl
cellulose. The insert dissolves over a period of a day after insertion leading to increased
tear viscosity and lubrication. The inserts proposed here were chosen to be
geometrically similar to lacrisert and thus have a length ranging of about 7 mm and a
length of about 1-mm. While retention of the fornix inserts is typoically a concern,
cylindrical shaped inserts are considered best for retention in the conjunctival sac. The
materials for designing the inset were chosen to be HEMA and PGT, which are similar
to the materials commonly used in ocular applications such as contact lenses.
4.1 Materials and Methods
4.1.1 Materials
Hydroxyethylmethacrylate (HEMA) monomer, timolol maleate,
Azobisisobutylonitrile (AIBN), and Dulbecco’s phosphate buffered saline (PBS) were
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purchased from Aldrich Chemicals (St Louis, MO). Propoxylated glyceryl triacrylate
(PGT) was kindly provided by Sartomer; Benzoyl peroxide (BP) (97%) was purchased
from Aldrich Chemicals (Milwaukee, WI).
4.1.2 Preparation of Highly Crosslinked PGT Nanoparticles
The drug loaded nanoparticles were prepared by thermal polymerization of a
mixture of the timolol base and the PGT. The details of the process are available
elsewhere. Briefly, timolol maleate was converted to the oily base form by increasing
the pH of the aqueous solution. The timolol base (240 mg) was added to 1 g of the
crosslinker (PGT) and 7.5 mg of the initiator BP. The ratio of timolol base and PGT was
varied to prepare particles with various drug loadings. The mixture was then added to 5
ml of DI water and then 1.65 ml of 2.08M NaOH was added to the mixture. The mixture
was purged with nitrogen for 15 min and then heated in an 80 ºC hot water bath under
stirring at 1100 rpm for 8 hours. The thermal polymerization results in formation of drug
loaded nanoparticles, which were separated from the suspension by centrifugation for
15 min.
4.1.3 Preparation of Nanoparticles Laden Inserts
The timolol-PGT particles were added to the HEMA monomer in various ratios
ranging from 25:75 to 100:0 to create the polymerization mixture for fabricating the
inserts. The mixture was purged with nitrogen for 15 minutes to reduce the amount of
dissolved oxygen. Next, 30 mg of a thermal initiator azobisisobutylonitrile (AIBN) was
added to the mixture, and stirred for 15 min. The mixture was then poured into 1.02 mm
inner diameter Silastic® tubing, which served as the molds for the polymerization. The
silicone molds were sealed at both ends and then submerged into a water bath at 80 ˚C
for 40 minutes for polymerization. After overnight drying, the cylindrical inserts were
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gently pulled out of the silicone molds. The cured inserts were 1-mm in diameter and
were cut into 7.5 mm long sections (Figure 4-1). Control p-HEMA inserts were also
prepared by following the same procedure as described above except that the
polymerization mixture contained a mixture of HEMA monomer with timolol base.
4.1.4 Drug Release Experiments
The 7.5-mm long 1-mm diameter inserts were first submerged in 30 ml DI water
under minimal stirring (120 rpm) and at room temperature for 24 hours to extract the
unreacted monomer. Next the inserts were transferred to 3ml of fresh PBS for the drug
release experiments. During the release experiments, the drug concentration was
measured once daily, with two additional measurements at 1 hour and 4 hours after the
soaking in PBS. The time-dependent concentrations of timolol in PBS were determined
by measuring the absorbance as a function of time by UV-Vis spectrophotometer in the
252-312 nm wavelength range. The spectra were compared with the timolol spectra to
ensure that the absorbance from components other than the drug was minimal.
4.1.5 Packaging Tests
The inserts could be packaged either in dry or in hydrated state. Hydrated inserts
would likely be more comfortable compared to the dry inserts, but packaging in hydrated
state could lead to loss of drug during packaging. To explore the impact of wetpackaging, the 7.5 mm long, 1-mm diameter inserts were packaged in 1-mm of PBS in
refrigerator at 4 0C for 3 months. The inserts were subjected to the initial extraction in
30 ml DI water for 24 hours prior to the packaging. After 3 months of storage in the
refrigerator, the inserts were submerged in 3 ml of fresh PBS for the drug release
experiments.
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4.2 Results and Discussion
4.2.1 Drug Release from Control p-HEMA Inserts
An image of the dried nanoparticle loaded insert is shown in Figure 4-1. The dried
inserts are rigid and clear, but become soft and lose transparency on hydration. Figure
4-2 shows the drug release profiles from the control p-HEMA insert in which timolol was
added directly to the polymerization mixture prior to thermal curing. The drug diffuses
out in about 12 hours, which is inadequate for the desired goal of extended release
fornix inserts.
4.2.2 Effect of Timolol-PGT particles Loading in Inserts on Drug Release
Figure 4-3 A shows the cumulative amount of drug released as a function of time
from the particle loaded inserts. The four curves correspond to the various particle
loadings, which are indicated in the legend. The solid lines are fits of a model described
to the experimental data. The data in Figure 4-3 A clearly shows that there is an
extended drug release from the inserts which lasts for about 1-month, which is
significantly longer than 6-hour drug release duration from the p-HEMA inserts without
particles (Figure 4-2). The increase in particle loading increases the total amount of
drug release, but it is accompanied by an increase in the release duration as well. The
increase in total amount of drug released is expected because an increased particle
loading results in an increased total drug loading in the insert. The increase in the drug
release duration is interesting, particularly since the drug release rates are controlled by
release from the particles and so an increase in particle loading is not expected to
impact release durations. The increased duration could potentially be caused by an
increased crosslinking in the gel due to the presence of the particles and also due to the
PGT fraction that remained unreacted during the particle preparation step. To explore
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whether diffusion limitations due to increased crosslinking are leading to the increased
release duration, the cumulative release profiles are plotted as a function of t 1/2 in Figure
4-3B. If diffusion is the rate limiting step, the cumulative drug release should scale as
t1/2 at very short times, and thus the plot of mass release as a function of t1/2 should be
linear for about 15-20% of the cumulative release from a cylindrical device [99]. The
curves in Figure 4-3B are clearly not linear for the first 15-20% release showing that
diffusion through the gel is not rate limiting for any of the four cases shown in Figure 43. The likely rate controlling mechanism and the potential reasons for increase in
release duration with an increase in particle loadings are describedSection 4.2.4.
4.2.3 Comparison of Release Rates from Inserts to Therapeutic Doses
The usual dose of timolol is one drop of 0.25% timolol maleate in the affected
eye(s) twice per a day. Assuming a volume of 25 μl for each drop, the daily dosage of
timolol is 125 μg each day. The bioavailability of timolol delivered through eye drops is
only about 1-2%, which implies that the therapeutic requirement of timolol is about 2.5
μg/day. The bioavailability of drug released through the fornex inserts could be higher
than that for eye drops based on the fact that the total dosage of pilocarpine
administered by one Ocusert system over 7-days was about one-eighth of the amount
provided by the 28 applications (4 each day) of the 2% eyedrops [99]. Thus, a
therapeutically desired release rate for the timolol insert could be about 15 μg/day. The
insert with 25% particles release about 15 μg/day for the first 10 days, and thus it might
be suitable for use as a 1-week release system. The inserts with higher particle
loadings release timolol over longer durations and also at rates closer to zero-order.
However, the release rates decrease with increased particle loadings, and the insert
with 100% particles release only about 3 μg/day. Although the release rates could
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potentially be increased by either increasing the length of the insert or by increasing
drug loadings in the particles, wear duration of longer than a week may be difficult to
achieve due to retention issues.
4.2.4 Effect of Timolol Loading in the Particles on Drug Release
To explore whether the release rates from the inserts could be increased by
increasing the ratio of timolol to PGT in the particles, we prepared nanoparticles by
following the same procedure as described in the Methods section except that 360 mg
of timolol base was added to 1 g of PGT. The drug release profiles from 7.5-mm insert
with 25% particle loadings and increased drug percentage in the particles are shown in
Figure 4-4, along with the profiles for the similar insert with the lower drug fraction in the
particles. The data shows that increased drug loading in the particles leads to an
increase in the release rates without impacting the total release duration. However the
increase in the release rates for the first week is only about 33% even though the drug
loadings in the particles increased by about 50%. This suggests that the encapsulation
efficiency decreases with increasing drug loadings in the particles.
4.2.5 Mechanism of Release
The mechanism of extended drug release from p-HEMA contact lenses loaded
with the timolol- PGT particles was shown previously to be hydrolysis of the ester bond
between timolol and the particle network (Section 2.2.10). Accordingly, the drug release
data should fit the first order reaction model, i.e.,
(4-1)
where M is the amount of drug released at a time t and M∞ is the amount of drug
released after infinite time, and k is the rate constant. In the previous studies with
contact lenses, the particle loadings were substantially smaller. To test whether the
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same model can describe the drug release profiles even at very high particle loadings in
the inserts, the release data in Figure 4-3A was fitted to Eq. 4-1. The best fit curves are
included in the figure and the parameters for the fits are included in Table 4-1. The
model fits the data well proving that the release is controlled by the hydrolysis reaction.
The rate constant k decreases with an increase in the particle loading because of the
reduction in the water content, which is required for the hydrolysis reaction. The
decrease in k leads to an increase in the total release duration. The value of M∞
increases linearly with increasing particle loadings but then levels off suggesting that
there is an increase in irreversibly trapped drug fraction with an increase in particle
loading.
4.2.6 Effect of Packaging
To explore the effect of packaging, the particle-laden inserts were soaked in 1 ml
of packaging solution (PBS) for a period of 3 months at refrigerator, and then subjected
to drug release studies with protocols described in the Methods section. The results of
these studies are presented in Figure 4-5. The release profiles exhibit a slight burst
release, followed by an extended release for about 20 days. The burst release is due to
diffusion of the drug that was released from the particles into the gel due to hydrolysis
during the packaging duration. Although hydrolysis is slowed down in refrigerator, the
burst release after packaging is undesirable, and thus it would be preferable to package
the inserts in the dry state and hydrate them just prior to insertion.
4.3 Conclusion
Glaucoma therapy through eye drops has several drawbacks including low
bioavailability and low compliance. Extended release of glaucoma drugs through
ophthalmic inserts could potentially increase both bioavailability and compliance.
105

We have developed a particle loaded insert for extended delivery of beta blocker
timolol. The release is controlled by hydrolysis of the ester bond that links timolol to the
particle matrix. The release durations could be adjusted from about 10 days to a month
by changing the fraction of particles in the insert. The release rates could also be
adjusted by changing the length and/or the drug loading in the particles. Based on
approximate estimation a 7.5 mm and 1 mm diameter insert with 25% particles could be
suitable for extended delivery for about a week.
The inserts should be stored in dry state and hydrated prior to insertion. The
approach of incorporation of timolol encapsulated nanoparticles into the conjunctival
inserts and puncta plugs to prolong the drug release could potentially find application in
several other drug delivery application such as such as ophtha coils, retinal implants,
transdermal patches, wound healing patches, etc. While the results of this in vitro
design study are encouraging, these need to be supplemented with animal studies to
explore retention and therapeutic efficacy.
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Figure 4-1. Image of the nanopaticle laden fornix insert
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Figure 4-2. Cumulative drug release profiles from control pHEMA (without
nanoparticles) inserts. Data is shown as mean ± std (n = 3)
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Table 4-1. Dependency of total mass of drug released (M∞) and the rate constant at
different particle loading
M∞ (µg)
k
Mtotal (µg)
Particle loading (%)
25

273.89 ± 38.69

0.1159 ± 0.018

420

50

554.27 ± 74.63

0.0360 ± 0.007

840

75

682.82 ± 13.62

0.0184 ± 0.004

1260

100

696.36 ± 59.81

0.0062 ± 0.0005

1680
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CHAPTER 5
UV BLOCKING NANOPARTICLE LOADED IN SILICONE HYDROGLE CONTACT
LENSES
The effect of UV radiation on eyes is now a big issue, because it may result in
contracting diseases of ocular surface. Several researchers are currently exploring UV
blocking contact lenses that provide significant defense against UV radiation. The focus
of our research is to develop contact lenses that retain the loaded UV blocking
materials, entrapped in highly crosslinked nanoparticles during polymerization and
measure the transmittance for UVA and UVB.
A new approach has been established to design the UV blocking particles by
preparing highly crosslinked nanoparticles by polymerization of an emulsion of a
monomer with multi-vinyl functionalities of PGT (propoxylated glyceryl triacylate) in
presence of oily diluents. Hydrophobic oily UV blocking materials can be loaded into the
particles by adding into the polymerization mixture, which leads to trapping of the UV
blocking materials. The UV protecting nanoparticles were soaked in ethanol, and then
silicone hydrogels uptake the UV protecting nanoparticles. Those materials were made
of several particle concentrations in ethanol and various UV blocking materials
concentration in particles.
Our studies indicate that the silicone-hydrogel lenses containing UV blocking
materials loaded nanoparticles are transparent and can block UVA (315-400nm) and
UVB (280-315 nm). The results of the various concentration show that some silicone
hydrogel can reach the class 1 UV blocking. Currently, only three commercial contact
lenses are the class 1 UV blocker. The classification of UV blocker will be described in
details later.
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5.1 Materials and Methods
5.1.1 Materials
N,N-Dimethylacrylamide (DMA), 1-vinyl-2-pyrrolidone (NVP), Dulbecco’s
phosphate buffered saline (PBS) were purchased from Aldrich Chemicals (St Louis,
MO). Propoxylated glyceryl triacrylate (PGT) was purchased from Sartomer; Benzoyl
peroxide (BP) (97%) and 1,3-diphenyl-1,3-propanedione (DP) were purchased from
Aldrich Chemicals (Milwaukee, WI). The macromer bis-alpha, mega(methacryloxypropyl) polydimethylsiloxane (Macromer) was supplied by Clariant. 3methacryloxypropyl-tris(trimethylsiloxy)silane (TRIS) was gifted by Silar laboratories
(Scotia, NY). Methyacrylic acid (MAA) was purchased by Polysciences, Inc (Wattingyon,
PA). 2,4,6-Trimethylbenzoyl-diphenyl-phophineoxide (Darocur TPO) was kindly
provided by Ciba (Tarrytown, NY). Vitamin E (D-alpha tocopherol, Covitol F1370) was
gifted by Cogins Corporation.
5.1.2 Preparation of Highly Crosslinked PGT Nanoparticles with DP
The UV blocker 1,3-diphenyl-1,3-propanedione (DP) is incorporated into highly
crosslinked particles of propoxylated glyceryl triacrylate (PGT). The DP loaded PGT
particles were prepared by a novel approach of using a diluent as a polymerization
modifier. Vitamin E was chosen as the diluent due to its hydrophobicity and also its
biocompatibility. To prepare the nanoparticles DP, PGT and Vitamin E are mixed in the
desired ratios and added to 7.5 mg of polymerization initiator BP. The mixture is added
to DI water, purged with nitrogen for 15 min to remove the dissolved oxygen, and then
heated in an 80 ºC hot water bath under stirring at 1100 rpm for 8 hours. The thermal
polymerization results in formation of UV blocking nanoparticles. The particles are
separated from the suspension by centrifugation for 15 min.
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The compositions chosen for preparing the nanoparticles are listed in Tables 1
and 2. In each composition varying amounts of DP were added to 120 mg of Vitamin E,
1 g of PGT and 7.5 mg of BP. The amount of DP was varied from 10 to 210 mg to
create particles with DP fractions ranging from about 1% to 15.8 %. To further increase
the DP fraction, it was necessary to increase the Vitamin E fraction as well. Accordingly
280 or 450 mg of DP were added to 150 mg Vitamin E, 1 g of PGT and 7.5 mg BP to
produce particles with DP loadings of about 19.6 and 28.1%, respectively.
5.1.3 Preparation of Silicone gels
Extended wear contact lenses are prepared from silicone hydrogels to obtain high
oxygen and ion diffusion. The silicone gels are synthesized by free radical
polymerization of a mixture of a silicone monomer with a hydrophilic monomer.
Additionally a macromer is added to ensure solubilization of the silicone and the
hydrophilic monomers. Also some other components such as NVP are added to
increase the water content. To prepare the silicone hydrogel, 0.8 ml of macromer bisalpha,omega-(methacryloxypropyl) polydimethylsiloxane is added to 0.56 ml of N,Ndimethylacrylamide (DMA), 0.24 ml of methylacrylic acid (MAA), 0.8 ml of 3methacryloxypropyl-tris(trimethylsiloxy)silane (Tris), 0.12 ml of 1-vinyl-2-pyrrolidone
(NVP) and 10 µl of Propoxylated glyceryl triacrylate (PGT). The mixture is purged by
bubbling nitrogen for 15 min. After adding 0.012g of the initiator Darocur® TPO with
stirring for 5 min, the mixture is poured in between two glass plates separated by a 100
μm thick plastic spacer. The mold is then placed on Ultraviolet transilluminiator UVB-10
(Ultra·Lum, Inc.) and irradiated with UVB light (305 nm) for 50 min. The molded gel was
cut into circular pieces (about 1.65 cm in diameter) with a cork borer and dried in air
overnight before further use.
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5.1.4 Preparation of Nanoparticle Loaded in Silicone Gels
The UV blocking nanoparticles were loaded into the silicone hydrogels either by
direct addition to the polymerization mixture or by soaking the preformed gel in a
solution of nanoparticles in ethanol.
5.1.5 Particles Added to Polymerization Mixture
To prepare the silicone hydrogel with nanoparticles, varying amounts of DP
nanoparticles were added to the composition described above. Specifically, 0.13, 0.25,
or 0.504g of DP loaded nanoparticles were added to a mixture of 0.8 ml of macromer
bis-alpha,omega-(methacryloxypropyl) polydimethylsiloxane, 0.56 ml of N,Ndimethylacrylamide (DMA), 0.24 ml of methylacrylic acid (MAA), 0.8 ml of 3methacryloxypropyl-tris(trimethylsiloxy)silane (Tris), 0.12 ml of 1-vinyl-2-pyrrolidone
(NVP) and 100 µl of Propoxylated glyceryl triacrylate (PGT). The mixture is purged by
bubbling nitrogen for 15 min. After adding 0.012g of the initiator Darocur® TPO with
stirring for 5 min, the mixture is poured in between two glass plates separated by a 100
ck plastic spacer. The molds were then placed on Ultraviolet (Ultra-Lum, Inc.)
and irradiated with UVB light (305 nm) for 2 hours. The duration of polymerization was
chosen to be longer due to the attenuation in UV intensity because of the absorption by
the particles. The details of the experimental designs regarding the DP loading in the
nanoparticles and the nanoparticle loading in the polymerization mixture are presented
in Table 5-1.
Since the presence of the UV blocking particles inhibit UV initiated polymerization,
thermally initiated polymerization was utilized in some cases to cure the gel. The mold
was placed in an oven at 80°C for 24 hrs to polymerize the gel. The thermal
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polymerization was utilized only for loading 5% of UV blocking particles with 5.9% DP.
Also in this case the gel thickness was increased to 200 microns.
5.1.6 Particles Loaded by Soaking the Contact Lens in a Solution of Particles in
Ethanol
The silicone gels prepared with the procedures described above were soaked in
95% ethanol to remove the unreacted monomers. To load the nanoparticles into the
silicone gel, each gel was soaked in a 3 ml of a solution of nanoparticles in ethanol for 3
hours. After 3 hours of loading, the gels were withdrawn and submerged in 200 ml of DI
water for 2 hours to extract ethanol from the gels. The gels were then withdrawn, gently
wiped and then soaked in 5ml of DI water for further use. The concentration of
nanoparticles in the ethanol solution was varied from 1 to 10%. The details of the
experimental designs regarding the DP loading in the nanoparticles and the
nanoparticle concentration in ethanol are presented in Table 5-2.
5.1.7 Transmittance Measurements
The transmittance of nanoparticle-laden silicone hydrogels was measured using
UV-Vis spectrophotometer (Thermospectronic Genesys 10 UV). The lenses were
hydrated by soaking in DI water overnight, and then mounted on the outer surface of a
quartz cuvette. The cuvette was placed in a spectrophotometer and the transmittance
was measured at wavelengths ranging from 200 nm to 480 nm. The transmittance data
is utilized to calculate the average blocking in the range of UVC, UVB and UVA
radiation. For the UVA range, average blocking is determined for the range 315-380
which is the range considered for ANSI classification and also for 315-400 which
represents the entire UVA spectrum.

117

5.2 Results and Discussion
5.2.1 Incorporation of Particles into Lenses by Adding Particles to the
Polymerization Mixture
5.2.1.1 Effect of Particle Loading on UV blocking
The transmission spectra in the 200 nm to 480 nm range from the control silicone
hydrogel and those from gels loaded with particles by addition of particles to the
polymerization mixture are shown in Figures 5-1. Each figure corresponds to particles
with a fixed loading of the UV blocker and the various curves in each figure correspond
to multiple loading of the particles in the gels. Also the average absorbance was
calculated in the ranges of UVA, UVB and UVC lights and these averages are listed in
Tables 5-3,4,5,6. For the UVA range, average blocking is determined for the range
316-380 (Table 5-5) which is the range considered for ANSI classification and also for
316-400 (Table 5-6) which represents the entire UVA spectrum.
Figure 5-1A shows the absorption spectra (% absorption) for wavelengths from
200 nm to 480 nm from gels loaded with varying percentage of particles with about 1%
DP in the particles. The data clearly shows significant reduction in transmittance in the
UV range due to loading DP containing nanoparticles in the gels. Also, the
transmittance decreases with an increasing in the particle loading but the decrease is
non linear suggesting that the UV attenuation is beyond the linear regime of the Beer
Lambert’s law. The average absorption for the UVA, UVB and UVC ranges listed in
Tables 5-3,4,5,6 show that gels loaded with 20% particles achieve class 1 UV blocking
classification. The Figure also shows the absorption spectra from gels loaded with 20%
particles that did not contain any DP. These gels also exhibit significant reduction in UV
transmission due to the UV blocking from vitamin E which is also encapsulated in the
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particles. While the gels with 20% loading achieved class 1 blocking, the high particle
loading could impact other lens properties such as modulus, oxygen and ion
permeability, etc and thus it is important to achieve class 1 blocking with a much lower
particle loading.
To improve the UV blocking from the lenses, particles with higher DP loading were
prepared and dispersed in the lenses by direct addition to the polymerization mixture.
Figure 1b shows the % transmittance of from gels loaded with particles containing 2.6%
DP. The particles with 2.6% DP were loaded at 5, 10 and 20% w/w in the gels (Figure
5-1B). The gels with 5% particles blocked UVC almost completely, but blocked only
91% UVB and thus the lenses do not qualify for the class 2 UV blocking classification.
However, on increasing the loading of the particles to 10 and 20% w/w, the
transmittance decreased to 0.8% and ~0%, respectively for the UVB light. Furthermore,
these lenses blocked 84% and 87% in UVA ranges (316-400nm) respectively, and 98
and 99% in the 316-380 nm range which places the gels with 5% or 10% of the particles
in the category of class 1 lenses.
Figures 5-1C and D show the transmittance for gels loaded with particles with
5.9% and 9.7% DP, respectively. Gels were prepared with 5 and 10% particles for the
5.9% DP and with only 5% loading for the 9.7% DP particles. In all three cases the gels
block sufficient UV radiation to be classified as class 1 UV blocking gels. Thus,
increasing DP amount in particles and increasing particle loading amount in silicone
gels continuously improved the UV blocking. However, the silicone gels also become
progressively softer due to the decrease in the polymerization rates due to the blocking
of the UV light during polymerization. This effect could be overcome by thermal
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polymerization and so gels with 5% loading of the 5.9% DP particles were also cured by
placing the mold in an oven at 80 0C for 24 hours. These gels were prepared to be 200
micron thick. The UV blocking from these gels was adequate for the class 1
classification (Figure 5-1E). These gels blocked more UV light compared to the 100
micron gels with the same particle loading because of the increased thickness. The
intensity of light decreases exponentially with thickness (assuming uniform properties),
and thus 200 micron thick gels block more radiation compared to a 100 micron thick gel.
Thus, it is important to note that the class 1 or 2 classification also depends on the
thickness of the contact lenses. The 200 thermally polymerized micron thick gels with
5% of 5.9% DP particles were also heated at 100 0C for 2 hours to explore the stability
of the UV blocking effect after exposure to high temperatures. The gels retained class 1
classification and the UV blocking was only slightly reduced.
Incorporation of particles into the lenses by direct addition to the polymerization
solution can be used to prepare UV blocking lenses but it would require modifications to
the curing procedures currently used by contact lens manufacturers. It was thus
decided to explore the possibility of loading the particles into preformed gels/lenses by
soaking the gels/lenses in a solution of DP loaded particles in ethanol. These results
are described Section 5.2.2.
5.2.2 Incorporation of Particles into Lenses by Soaking the Lenses in Solution of
Particles in Ethanol
5.2.2.1 Mass of Particles Loaded
To prove that soaking gels in a solution of nanoparticles in ethanol can lead to
diffusion of particles into the gels, we soaked the gels in a solution of 10.2% DP
nanoparticles in ethanol and measured the weight gain of the gels after drying. The
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particle loading in the gels was varied from 2 to 10%. The dry weight of the gels both
before and after particle loading and the % increase in weights are listed in Table 5-7.
As shown Table 5-1, the increase in gel weight was proportional to the concentration of
particles in ethanol. The particles diffused into the lenses during soaking because the
pore size of the gels increases significantly in ethanol compared to that in PBS.
DP containing nanoparticles were also loaded into commercial silicone hydrogels
by soaking in a solution of 2% nanoparticles with 5.9% DP in ethanol. The dry mass of
contact lenses both before and after particle loading, along with the fractional weight
gain are listed in Table 5-8. The commercial contact lenses load a larger mass of
nanoparticles compared to the gels prepared in our lab. Since contact lenses are
typically autoclaved for sterilization, we also autoclaved the lenses after particle loading.
The dry weight of the lenses after autoclaving is also included in Table 5-8. The data
shows that the particles that diffuse into the lenses during soaking in ethanol are
retained in the contact lenses even during autoclaving in PBS due to the significant
decrease in the pore size and the hydophobicity of the particles. Furthermore soaking
in PBS at room temperature for extended periods also did not lead to any significant
leaching out of the particles from the gels or the contact lenses.
5.2.2.2 Effect of UV Blocking Particles on Transmittance Spectra of the Lenses
The transmission spectra in the 200 nm to 480 nm range from the control silicone
hydrogel and those from gels loaded with particles by soaking the control gel in a
solution of particles in ethanol are shown in Figures 5-2. Each figure corresponds to
particles with a fixed loading of the UV blocker and the various curves in each figure
correspond to multiple loading of the particles in the ethanol. Also the average
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absorbance was calculated in the ranges of UVA (316-380nm and 316-400nm), UVB
and UVC lights and these averages are listed in Tables 5-9,10,11,12.
Figure 5-2A shows the absorption spectra from gels soaked in solutions of
particles with 10.2% DP in ethanol. The absorbance from the control gel is compared
with those from gels soaked in 2%, 5% and 10% particle solutions in ethanol. The data
clearly shows significant reduction in transmittance in the UV range due to partitioning
of DP containing nanoparticles in the gels during soaking in ethanol. The nanoparticle
loading in the gels is proportional to that in ethanol but the transmission spectra is only
slightly different the three cases suggesting that the UV attenuation is beyond the linear
regime of the Beer Lambert’s law. The average absorption for the UVA, UVB and UVC
ranges listed in Tables 5-9,10,11,12 show that gels soaked in the solution of particles
with 5% DP block UVB and UVC radiation almost entirely. The gels block about 84, 87
and 89% of the UVA (316-400 nm) radiation for the cases of soaking in 2, 5 and 10%
solutions in ethanol, and block more than 95% of the radiation in 316-380nm range and
thus can be classified as class 1 UV blockers.
To achieve class 1 UV blocking with a lower particle loading and also to improve
the UV blocking from the lenses beyond the class 1 requirements, particles with higher
DP loading were prepared and loaded into the gels by soaking in solutions of particles
in ethanol. Figure 5-2B shows the % transmittance of from gels soaked in ethanol
solutions of particles containing 15.8% DP. Lenses were soaked in ethanol solutions
with of different particle concentrations (1,2,5,10,and 20%) to prepare gels with five
different particle loadings. The curves in Figure 5-2B and the average absorbance
values in Tables 5-9,10,11,12 show that all five gels almost completely blocked UVC,
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UVB and UVA (316-380 nm) radiation. The gels soaked in 1 or 2% solutions block less
than 90% UVA (316-400 nm) but the gels soaked in 5, 10 and 20% solutions blocked
90.31, 92.95 and 94.36% UVA (316-400 nm) radiation, respectively and these lenses
can be considered as superior to class 1 UV blockers.
Particle loading in the gels clearly reduced UV transmittance but could potentially
also impact other properties such as ion and oxygen permeability and so it is desirable
to reach the class 1 blocking with minimum particle loading. Gels were loaded with
nanoparticles containing 19.6% DP and the transmittance profiles are shown in Figure
5-2C for several different concentrations of particles in the ethanol solution. The gels
loaded with the 19.6% DP particles also almost completely block UVC, UVB and UVA
(316-380 nm). The gels soaked in 7 and 10% solutions also reduce transmittance in the
visible range due to a partial loss in transparency and are thus not suitable for use as
contact lenses. The gels soaked in 5% solutions block 92.10% UVA (316-400 nm) and
thus can be considered to have UV blocking superior to class 1 blockers. In Figure 52D, transmittance spectra are shown for particles soaked in ethanol solutions of
particles containing 28.1% DP. In this case lenses soaked in 10% solutions are partially
opaque. The gels soaked in 5% are class 1 blockers but even these block some visible
light due to a slight loss of transparency. Gels soaked in 1 and 2% solutions are
completely transparent and block sufficient UV radiation for class 1 classification.
5.2.2.3 Effect of Autoclaving
Contact lenses are sterilized by autoclaving so it is important that the particles
retain the UV blocking efficiency after autoclaving. Particles with 15.8 % DP were
autoclaved at 121 0C for a total cycle time of 1 hour and then loaded into the silicone
hydrogel by soaking the gel in solution of the autoclaved particles in ethanol. The
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concentration of particles in ethanol was chosen to be 1, 5 and 10% (Figure 5-2E). The
transmission spectra from the lenses loaded with autoclaved particles is compared with
those loaded with the un-autoclaved particles but with the same 15.8% DP loading in
particles and the same 1, 5 and 10% particle concentration in solution (Figure 5-3). The
spectra in Figure 5-3 are relatively unaffected by autoclaving proving that the DP loaded
highly crosslinked particles maintain the UV absorption efficiency after autoclaving.
5.2.3 UV Absorption in Commercial Contact Lenses Loaded with DP Containing
Nanoparticles
Commercial contact lenses (Night & Day and Pure Vision) were soaked in 3 m of
ethanol solution with 2 and 4% particles that were loaded with 19.6% DP. The
procedures for loading the particles in the commercial lenses were identical to those
described in the Methods section for loading particles in pre-polymerized silicone
hydrogels. The particle loaded lenses were autoclaved at 121 oC for 1 hour cycle time.
The transmission spectra from the particle loaded contact lenses, both before and after
autoclaving are shown in Figure 5-4A and B. The specific % of UV blocking are shown
Table 5-13. In all cases the particle loaded contact lenses almost completely blocked
UVA and UVB radiation. The contact lenses soaked in 2 and 4 % solutions blocked
99.85 and 99.9% (Night and Day) and 99.9 and 99.9% (Pure Vision), respectively and
thus can be classified as class 1 UV blockers. The % absorbance in 316-400 nm was
88.57 and 93.82 % (Night and Day) and 91.57 and 96.63 % (Pure Vision).
5.3 Conclusion
The UV radiation can potentially cause significant damage to ocular tissues
leading to moderate to severe problems. Contact lenses can be more effective than
glasses in reducing the UV exposure due to better protection against peripheral
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radiation. It is thus important to impact UV blocking feature to all contact lenses. While
the importance of UV blocking in contact lenses has been recognized, there are only a
few commercial contact lenses that provide Class 1 UV protection. We have developed
a novel approach of incorporating UV blocking into contact lenses by dispersing
nanoparticles that contain a UV blocking compound. The extent of UV blocking can be
tailored by either manipulating the concentration of the UV blocking compound in the
particles or by manipulating the particle loading in the gels. The nanoparticles are
designed such that the UV blocking compound does not diffuse out of the particles due
to the high croslinking in the particles. Furthermore the particles are prepared through a
novel approach that leads to a particle size of about 4 nm without using any surfactant.
The particles can be loaded into the gel by addition to the polymerization mixture.
However curing gels that contain UV blockers is difficult due to the attenuation of the
generation of free radicals because of the absorption of the UV light typically used in
polymerization. This problem could be overcome by either increasing the intensity or
duration of UV curing or by using thyermal curing. Additionally, the ultrasmall particle
size allows loading of particles into the lenses after polymerization by soaking the
lenses in a solution of particles in ethanol. The pore size of the lenses is much larger in
ethanol compared to PBS so the particles that diffuse into the lenses during ethanol
soaking stay trapped in the lenses after ethanol is extracted and the lenses are
hydrated in PBS. The particles do not leach out of contact lenses even during
autoclaving. Also the UV blocking efficiency of the particles is retained during
autoclaving. Several of the gels loaded with the particles achieve class 2 and a few
also achieve the class 1 UV block classification. The approach developed here can be

125

integrated into any commercial contact lens, and also possibly into other biomedical
devices.
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Figure 5-1. Transmittance (%) spectra for 100 μm thick gels loaded with particles by
direct addition to the polymerization mixture. A) 1% DP in the particles. B)
2.6% DP in the particles. C) 5.9% DP in the particles. D) 9.7% DP in the
particles. E) 5% loading of particles with 5.9% DP after a thermal processing
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Figure 5-2. Transmittance (%) spectra for 100 μm thick gels loaded with particles by
soaking in a solution of ethanol with particles. A)10.2 % DP in ethanol.
B)15.8% DP in ethanol. C) 19.6% DP in ethanol. D) 28.1% DP in ethanol.
E) 15.8 % DP that were autoclaved prior to addition to the ethanol
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Figure 5-3. Effect of autoclaving on transmittance of gels loaded with particles contained
15.8% DP by soaking in a solution of particles in ethanol
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Figure 5-4. Transmittance spectra from commercial lenses of the particles contained
19.6% DP. A) Night and Day. B) PureVision
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Table 5-1. Experimental design of particles in polymerization mixture
% of particles in
% of UV blocking
Amount (mg) of UV
Amount (mg) of
silicone
dye in particle
blocking dye used
Vitamin E
polymerization
mixture
1
10
120
5,10
2.6

30

120

5,10,20

5.9

70

120

5,10

9.7

120

120

5

Table 5-2. Experimental design of soaking the lenses in solution of particles in ethanol
% of UV blocking
Amount (mg) of UV
Amount (mg) of
% of particles in
dye in particle
blocking dye used
Vitamin E
ethanol
10.2
126.8
120
2,5,10
15.8

210

120

1,2,5,10,20

19.6

280

150

1,2,5,7,10

28.1

450

150

1,2,5,10
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Table 5-3. The percentage of UVC (below 280 nm) blocking range in nanoparticle laden
silicone gels
% of particle
loading in
% of UV blocking dye in particle
polymerization
5
10
20
1
98.6
99.9
2.6

99.0

99.9

5.9

99.6,
99.9(thermo)
99.9

99.9

9.7

99.9

Table 5-4. The percentage of UVB (280-315 nm) blocking range in nanoparticle laden
silicone gels
% of particle
loading in
% of UV blocking dye in particle
polymerization
5
10
20
1
79.6
99.2
2.6

83.6

99.2

5.9

99.5,
99.9(thermo)
99.9

99.9

9.7
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99.9

Table 5-5. The percentage of UVA (315-380 nm) blocking range in nanoparticle laden
silicone gels
% of particle
loading in
% of UV blocking dye in particle
polymerization
5
10
20
1
61.0
95.6
2.6

90.6

98.2

5.9

98.0,
99.8(thermo)
99.7

99.5

9.7

99.4

Table 5-6. The percentage of UVA (315-400 nm) blocking range in nanoparticle laden
silicone gels
% of particle
loading in
% of UV blocking dye in particle
polymerization
5
10
20
1
50.9
81.8
2.6

67.7

84.0

5.9

83.1,
91.9(thermo)
94.2

87.2

9.7
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86.7

Table 5-7. The weight changes of silicone lenses after soaked in 10.2% DP in
nanoparticles with ethanol solutions
Dry weight change (g)
% of particle
Dry weight of
% of weight
After soaked in
loading in EtOH
silicone gel (g)
changes
nanoparticle and EtOH
2
0.0235
0.0237
0.85
5

0.0232

0.0241

3.89

10

0.0240

0.0254

5.83

Table 5-8. The weight changes of commercial contact lenses after autoclaving: 5.9 % of
UV blocking dye loading in particles and then 2% particles in EtOH
After
Control
UV blocking
% of weight
autoclaving of
Dry weight (g)
lenses
laden lenses
changes
UV blocking
laden lenses
Acuvue Oasys
0.0219
0.0228
4.11
0.0225
O2 Optix

0.0196

0.0202

3.06

0.0200

Pure Vision

0.0218

0.0226

3.67

0.0226

Night & Day

0.0223

0.0231

3.59

0.0230

Acuvue
Advance

0.0200

0.0211

5.5

0.0211
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Table 5-9. The percentage of UVC (below 280 nm) blocking range in nanoparticle laden
silicone gels
% of UV
blocking dye
in particle

% of particle loading in EtOH
1

10.2

2

5

99.5

99.9

99.9
99.9

15.8

99.7

99.9

99.9

19.6

99.43

99.9

99.9

28.1

99.89

99.9

99.9

7

99.9

10

20

99.9

99.9
99.9

Table 5-10. The percentage of UVB (280-315 nm) blocking range in nanoparticle laden
silicone gels
% of UV
blocking dye
in particle

% of particle loading in EtOH
1

10.2

2

5

99.0

99.9

99.9
99.9

15.8

99.4

99.9

99.9

19.6

99.7

99.9

99.9

28.1

99.9

99.9

99.9
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7

99.9

10

99.9
99.9

20

99.9

Table 5-11. The percentage of UVA (315-380 nm) blocking range in nanoparticle laden
silicone gels
% of UV
blocking dye
in particle

% of particle loading in EtOH
1

10.2

2

5

99.36

99.82

99.89
99.9

15.8

99.45

99.76

99.89

19.6

99.27

99.77

99.9

28.1

99.81

99.88

99.9

7

99.9

10

20

99.9

99.9
99.9

Table 5-12. The percentage of UVA (315-400 nm) blocking range in nanoparticle laden
silicone gels
% of UV
blocking dye
in particle

% of particle loading in EtOH
1

10.2

2

5

84.38

87.05

89.38
92.95

15.8

85.25

86.21

90.31

19.6

83.63

86.17

92.10

28.1

86.73

88.48

93.54
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7

92.39

10

93.86
99.61

20

94.36

Table 5-13. The percentage of UV blocking range in 19.6% DP nanoparticle in
Nigh&Day and PureVision
Contact
lenses
Night
& Day

Pure
Vision

UVA
UVA
(315-380nm) (315-400nm)

Particle loading

UVC

UVB

Control

82.27

25.17

36.92

29.58

2% particle in EtOH

99.9

99.9

99.85

88.57

After autocalving

99.9

99.9

99.75

88.00

4% particle in EtOH

99.9

99.9

99.9

93.82

After autocalving

99.9

99.9

99.9

90.34

Control

94.38

62.66

32.54

28.34

2% particle in EtOH

99.9

99.9

99.9

91.57

After autocalving

99.9

99.9

99.9

92.37

4% particle in EtOH

99.9

99.9

99.9

96.63

After autocalving

99.9

99.9

99.9

94.08
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CHAPTER 6
CONCLUSION
Many ocular diseases such as glaucoma, dry eye syndrome, and infections are
being treated by eye-drops. However, ophthalmic drug delivered by eye-drops is
inefficient because of its low bioavailability. Only about 5% or less of the drug is
absorbed into the cornea for several reasons including rapid tear turnover and
nonproductive absorption. These problems may be overcome by the use of contact
lenses that increase bioavailability to about 50%. Such higher bioavailability decreases
drug wastage and the side effects and increases residence time in cornea. However, it
is important to note that commercial contact lenses are not suitable for delivering
ophthalmic drugs because these release drugs only about 1-2 hours, which is a very
short duration.
Our study has conclusively shown the extended ophthalmic drug delivery by
pHEMA ,silicone hydrogel contact lens and insert containing nanoparticles. In Chapter 2
and 3, we showed that incorporation of highly crosslinked nanoparticles can increase
drug release duration from a few hours to about 1 -2 months. Nanoparticles are shown
to control the release duration of timolol. Comparison between PGT highly crosslinked
nanoparticles and surfactant in nanoparticles are exhibited by similar drug release
profile of the timolol and the same particle size. Moreover, EGDMA having two vinyl
groups and PGT having three vinyl groups have significantly different drug release
rates. Thus, we focused on highly crosslinker PGT nanoparticles which were
synthesized of emulsion polymerization.
Furthermore, in Chapter 2 several properties including particle size distribution,
transmittance, modulus, EWC, ion permeability and oxygen permeability are
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characterized to determine the pros and cons of loading timolol laden nanoparticles into
the hydrogel. The results indicate the gels can release timolol in Dulbecco’s phosphate
buffered saline (PBS) for an extended period of time, 3~4 weeks at therapeutic dose.
Nanoparticles are shown to control the release duration of timolol. Comparison between
PGT highly crosslinked nanoparticles and surfactant in nanoparticles are exhibited by
similar drug release profile of the timolol and the same particle size. Moreover, EGDMA
having two vinyl groups and PGT having three vinyl groups have significantly different
drug release rates. Thus, we focused on highly crosslinker PGT nanoparticles which
were synthesized of emulsion polymerization.
As shown in Chapter 2, the release from the pHEMA gels after packaging is
affected by the temperature, which is close to the desired release rates at refrigerator.
In addition, at various temperatures PGT nanoparticle laden pHEMA gels were shown
significantly different timolol release amount and release duration. It could be use to
control drug release rate at different temperatures. While particle addition increases the
release duration, it has the undesirable effect of increase in modulus and decrease in
water content. A major deficiency of these systems is a modulus of pHEMA gels. Due
to highly crosslinked nanoparticles, these lenses may have to be used diluents such as
Vitamin E for minimized modulus during preparing the gels.
Chapter 3 is also shown to develop extended wear contact lenses that can also
provide extended glaucoma therapy. We disperse nanoparticles of PGT (propoxylated
glyceryl triacylate) that contain a glaucoma drug timolol. The particles can also be
loaded into prefabricated lenses by soaking the lenses in a solution of particles in
ethanol. The release profiles fit a first order reaction with temperature dependent rate

143

constant. Nanoparticle incorporation in the silicone hydrogels results in reduction in ion
and oxygen permeabilities, and an increase in modulus, and the impact on each of
these properties is proportional to the particle loading. A gel with 5% particle loading
can deliver timolol at therapeutic doses for about a month at room temperature, with a
minimal impact on critical lens properties. Preliminary animal studies in Beagle dogs
conducted with lenses in which particles are loaded by soaking the lenses in ethanol
show a reduction in IOP.
Chapter 4 focuses on developing timolol laden nanoparticles into fornix insert for
an extended period of time. PGT nanoparticles including timolol is used in this Chapter
studies. The 1-mm diameter 7.5 mm long insert with 25% particles can release timolol
for about 10 days at an average rate of about 15 g/day. Longer release durations could
also be achieved but the maximum wear duration would likely be limited by retention
duration. The mechanism of release is hydrolysis of the ester bond that links timolol to
the PGT matrix, and thus the release profiles fit a first order reaction. The rate constant
for the hydrolysis decreases with an increase in particle loading in the insert most likely
due to the reduction in the water content. The inserts can be packaged in wet
conditions and stored in refrigerator, but the inserts will exhibit a slight burst release due
to release of drug from the particles into the p-HEMA matrix during the shelf life. The
burst effect could be avoided by packaging the inserts in dry state, with hydration prior
to insertion.
Chapters 5 demonstrated a novel approach of incorporating UV blocking feature
into contact lenses by dispersing nanoparticles in contact lenses. The nanoparticles
encapsulate a UV blocking compound which is trapped in the particles due to the very
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high crosslinking. The highly crosslinked nanoparticles prepared by using vitamin E as
a diluents are about 4 nm in size. The nanoparticles were loaded with concentration of
UV blocking compound DP ranging from 0 to 30% w/w. The DP loaded nanoparticles
were dispersed in gels and lenses in varying loadings ranging from 0 to 20%. The
particle loaded gels showed effective UV blocking and a number of compositions fall in
Class 1 blocking. Autoclaving did not lead to particle release from contact lenses and
also did not degrade UV blocking efficiency of the nanoparticles.
In conclusion, these systems are promising for extended drug delivery. In the
future, we will aim to find drugs that are more suitable for delivery using nanoparticle
systems. Furthermore, these systems will further expand biomedical avenues to
nanoscale systems that could be helpful for a number of applications such as
transdermal drug delivery patches, wound healing patches, gold coating nanopatricle for
attacking cancer cells, etc. In chapter 5, DP loaded highly crosslinked particles can be
loaded into contact lenses either before or after polymerization to prepare lenses with
excellent UV blocking characteristic.
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