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Abstract

AMINE-FUNCTIONALIZED HIGHLY
POROUS HYBRID MATERIALS FOR

OPHTHALMIC DELIVERY

By

Se Na Kim

Interdisciplinary Program in Bioengineering
The Graduate School

Seoul National University

This dissertation is focused on the design, synthesis, surface
functionalization, analysis and evaluation of highly porous hybrid
materials to enhance the therapeutic effect of ocular drug delivery
systems. Ophthalmologic diseases have long been a challenging
issue in the field of drug delivery. Numerous studies have been
conducted with the goal of increasing the delivery efficiency of eye
drop delivery, which accounts for 90% of ophthalmic drug delivery
regimens. Topical delivery of ophthalmic drugs poses the problem
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of low drug bioavailability (< 5%), as conventional eye drops are
cleared rapidly from the surface of the eye due to blinking and rapid
tear turnover, mostly drained via the nasolacrimal duct.

To enhance ocular drug bioavailability after topical
administration to the eye, it is necessary for drug carriers to remain
on the eye surface for a longer period. A variety of micro— and
nano—particles have been proposed to resolve this issue, among
which particles composed of mucoadhesive materials have received
a great deal of interest. Mucoadhesive particles are known to
adhere to the mucin present on the eye surface, and therefore, have
the potential to improve the retention of drugs in the preocular
space.

To develop topical eye drops using highly porous hybrid
materials with mucoadhesive functionality, I propose a metal—
organic framework (MOF), NH;—MIL—-88(Fe), as a novel carrier
for topical drug delivery to the eye. NH,—MIL—-88 (Fe) particles
were prepared via a solvothermal synthesis method and their
structure was confirmed by powder X-ray diffraction, Fourier
transform infrared analysis, thermogravimetric analysis, electron
microscopy, and Ny adsorption—desorption measurements. When
brimonidine, an anti—glaucoma medicine, was encapsulated into
NH,—MIL (Fe) —88 (i.e., NH,—MIL—-88(Fe)/Br), the drug was
loaded at 121.3 mg/mg and released in a sustained manner for up to
12 h. The NHy;—MIL—-88 (Fe)/Br exhibited mucoadhesive properties

and remained on rabbit eyes for a period of up to 4 h. Consequently,
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a high concentration of brimonidine was found in tears for a
prolonged period after the administration of NHy;—MIL—-88& (Fe)/Br,
which resulted in a greater than two—fold increase in drug
bioavailability and the activity period compared with those of
Alphagan—P, a brimonidine eye drop already approved for clinical
use. Hence, NH,—MIL—-88 (Fe) appears to be a promising carrier for
topical delivery to the eye that provides enhanced bioavailability for
ocular drugs.

I also propose the use of amine—grafted SBA—15 particles
(i.e., APS—SBA—-15) for topical delivery of dexamethasone to the
eye. Owing to the surface functionalization of amine groups,
dexamethasone, an anionic drug, can be effectively loaded in the
mesopores of APS—SBA—15 at loading quantities of 68.23 pg/mg to
yield DXS@APS—SBA—15, which, in turn, can be released in a
sustained manner for 12 h. DXS@APS—SBA-15 exhibited
pronounced mucoadhesive properties because of the presence of
both amine and hydroxyl groups in the particles. Therefore, when
administered to rabbit eyes in vivo, the DXS@APS—SBA-15
appeared to adhere to the mucin and stay longer on the eye surface,
where the drug could be released slowly. Hence, the DXS@APS—
SBA—15 introduced herein resulted in > 1.8—fold improvement in
the in vivo ocular bioavailability of dexamethasone compared to the
conventional eye drop, Maxidex.

Through these studies, I concluded that amine functionalized

metal—organic frameworks (MOFs) and amine grafted mesoporous
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silica particles are promising carriers for enhanced bioavailability of
topically —delivered ocular drugs. They are also expected to be
widely used in various mucin—rich organs, not limited to ophthalmic

drug delivery systems.

Keywords: Ophthalmic delivery, Local delivery, Sustained delivery,
Mucoadhesion, Metal—organic framework, Amine grafting, Highly

porous materials, Mesoporous silica, Glaucoma, Cataract

Student Number : 2014—30268
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Chapter 1

Introduction

1.1 Ophthalmic Drug Delivery Systems

The anatomic and physiologic structure of the eye is very
complex. The structure of the eye consists of anterior and
posterior segments (Figure 1.1). Tissues such as the
conjunctiva, cornea, iris, ciliary body, aqueous humor, and lens
make up the anterior portion. The posterior segment of the eye
includes the choroid, sclera, neural retina, retinal pigment,
epithelium, optic nerve and vitreous humor. Diseases that affect
the anterior segment include anterior uveitis, glaucoma, allergic
conjunctivitis, and cataract, whereas diabetic retinopathy and

age—related macular degeneration are the most prevalent



diseases in the posterior segment.

Worldwide, an estimated 180 million people are visually
disabled. Of these, between 40 and 45 million individuals are
blind. Approximately 50% of the world's blind suffer from
cataract [1]. The majority of the remaining people are blind
from conditions that include, among others, trachoma, glaucoma,
onchocerciasis, and trachoma (Figure 1.2). Despite a half
century of effort, the global burden of blindness is growing
largely because of population growth and ageing. In order to
lower the blindness rate of eye diseases, it is very important to
receive prompt and accurate diagnosis as well as appropriate
treatment continuously at the correct time. For this purpose,
various drug delivery systems for treating eye diseases have
been developed.

In this chapter, I provide an overview of various
conventional and novel ophthalmic drug delivery systems
developed to deliver ocular drugs to diseased tissues for the

treatment of eye diseases.
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1.1.1 Conventional Ocular Drug Delivery Systems

Topical instillation of eye drops into the lower precorneal
pocket is the most widely preferred non—invasive route of drug
administration to treat ocular diseases. Eye drops account for
90% of marketed ophthalmic formulations because of patient
compliance. However, most of the topically administered drug is
lost due to eye blinking and only 20% of the instilled dose is
retained in the precorneal pocket. The amount of drug absorbed

is only 5% of the amount administered.

The concentration of a drug acts as a driving force for
passive diffusion across cornea tissue. Therefore, for efficient
ocular drug delivery using eye drops, longer drug cornea
contact time with high corneal permeation 1is required.
Depending on the location of the target ocular tissue, a variety
of drug delivery methods are available (Figure 1.3). Several
studies have been conducted to improve the residence time of
drugs and corneal penetration. The developed conventional

formulations are briefly summarized below.
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® Topical liquid/solution eye drops

Topical drops are the most convenient, immediately active,
patient compliant, safe, and non—invasive route of ocular drug
administration. After topical drop instillation, an eye drop
solution provides pulse drug permeation, followed by rapid
decline of the drug concentration. The kinetics of drug
concentration decline follows a first order. Therefore, to
enhance drug contact time and permeation, various additives
may be added to eye drop solutions such as viscosity and/or

permeation enhancers.

® Emulsions
An emulsion—based formulation offers an advantage to improve
both the bioavailability and solubility of drugs. There are two
types of emulsions: water in oil (w/o) and oil in water (o/w)
emulsion systems. For ophthalmic drug delivery, o/w emulsion
is widely used because they it results in less irritation and

better ocular tolerance.

® Suspensions
Suspensions are a class of immediately active and non—invasive
ocular topical drop drug carrier systems. Suspensions may

7



contain finely divided insoluble API in an aqueous solvent.
Suspension particles remain in precorneal pockets and thereby
improve drug contact time as well as the duration of action
relative to the drug solution. The particle size is expected to
result In optimum drug activity. Several suspension
formulations are marketed worldwide to treat ocular bacterial

infections.

® Ointments
Ophthalmic ointments contain a mixture of a semisolid and a
solid hydrocarbon with a melting point at the physiological
ocular temperature (34 °C). The choice of hydrocarbon is
dependent on biocompatibility. Ointments help to improve

ocular bioavailability and sustain drug release.



1.1.2 Novel Ocular Drug Delivery Systems

In addition to conventional methods, various advanced
technologies have been introduced to improve the therapeutic
effect of ophthalmic drug delivery and are briefly summarized
below. For the treatment of eye diseases, many approaches
have been developed wusing nanotechnology. Currently,
nanotechnology—based ocular drug delivery formulations
comprise one of the novel approaches being pursued for both
posterior and anterior segment drug delivery. An appropriate
particle size using nanotechnology can be designed to ensure
adequate bioavailability, low irritation, and ocular tissue
compatibility.

Several nanocarriers, such as nanosuspensions,
nanoparticles, nanomicelles, and liposomes have been
developed for novel ocular drug delivery systems (Table 1.1).
A wvariety of devices such as drug loaded contact lens,
microneedles, and implants have also been developed. Some of
devices have shown promising results for improving drug
bioavailability to the eye. The systems that have been
developed and reported in the literature to date are briefly

summarized below.



Table 1.1. Summary of recent developments with nanoparticles

as ocular drug delivery vehicles [2]

Drug Polymer Features
Carboplatin Chitosan —Carboplatin loaded NPs demonstrated elevated and sustained
Sodium anti—proliferative activity in a retinoblastoma cell line (Y—79),
alginate with IC50 of 0.56 and 0.004 gg/mL for free carboplatin and
carboplatin loaded NPs, respectively.
5—FU Chitosan —CH coated SA—CH nanoparticles (CH-SA—CH NPs) loaded
Sodium with 5—FU showed significantly higher concentration of 5—FU in
alginate aqueous humor as compared to SA—CH 5—FU loaded NPs and 5—
FU solution.
The higher Cpax was achieved in case of CH—SA—CH NPs (24.67
4 g/mL) compared to 5—FU solution (6.14 gg/mL).

Sparfloxacin PLGA —After topical application, sparfloxacin—loaded nanoparticles
were retained for a longer duration on the corneal surface as
compared to an aqueous solution, which was drained rapidly from
the corneal surface. Also, in vitro release studies revealed an
extended release of sparfloxacin.

Brimonidine Sodium —Brimonidine tartrate—loaded nanoparticles provided prolong

tartrate alginate drug release over a period of 8 h after topical instillation to albino

Eudragit RS rabbits.

100 —The AUC (JIOP vs time) for the selected nanoparticles
Eudragit RL formulations were about seven times higher than that of eye drop
100 formulations in rabbit eye.

Levofloxacin PLGA —The nanosuspensions was retained for the longer time on rabbit

eye surface and drained out slowly compared to marketed
formulation.
—Results of ex—vivo transcorneal permeation study across
excised goat cornea revealed that levofloxacin from the marketed
formulation was permeated 36.9% in 4 h whereas levofloxacin
from PLGA nanoparticles was permeated 47.43% in 4 h across
cornea.

Diclofenac PLGA —An extended DS release was observed from the nanoparticles

sodium under in vitro conditions.

—The developed polymer nanoparticles formulation was non-—
irritant to cornea, iris, and conjunctiva for as long as 24 h after
application.

Pilocarpine PLGA —The in vivo miosis studies showed that the duration of miotic
response increased by 40% for the nanoparticles compared to the
eye drops.

Gatifloxacin Eudragit— —In vitro release studies revealed prolonged drug release

Prednisolone RS100/RL100, compared to the free drugs with no burst effect Nanoparticles

coating with formulation showed better bioavailability of gatifloxacin in rabbit
hyaluronic eye with 1.76 fold increase in Cmax of gatifloxacin in the aqueous
acid humor in comparison to the eye drops.

Cloricromene Eudragit —Nanosuspension enhanced stability of the ester drug for several

months as compared to an Cloricromene aqueous solution.

® Nanosuspensions

10




Nanosuspensions are colloidal dispersion formulations of
submicron drug particles stabilized by surfactants. They have
been demonstrated to be a promising approach for the delivery
of hydrophobic drugs. They have several advantages such as
ease of eye drop preparation, sterilization, increased precorneal
residence time, less irritation, and enhancement of the ocular

bioavailability of hydrophobic drugs.

® Nanoparticles
Nanoparticles are carriers with a size range of 10 to 500 nm.
For ophthalmic drug delivery, nanoparticles are mostly
composed of proteins, lipids, natural or synthetic polymers such
as poly (lactide—co—glycolide) (PLGA), chitosan, albumin,

polycaprolactone, sodium alginate, and polylactic acid (PLA).

® Nanomicelles
Nanomicelles are the most frequently used systems to
formulate therapeutic drugs in clear solutions. In general,
nanomicelles are prepared using amphiphilic molecules.
Because the method is non—invasive, topical drug formulations
using nanomicelles have attracted significant interest in the
market. For both the anterior and posterior eye segments,
nanomicelles can be applied by selecting appropriate

surfactants/polymers.
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® Liposome
Liposomes are lipid vesicles with several phospholipid bilayers
surrounding an aqueous core. The size of liposomes generally
ranges from 0.08 to 10.00 um and liposomes can be classified
as small unilamellar vesicles (size range; 10-100 nm), large
unilamellar vesicles (size range; 100-300 nm) and multilamellar

vesicles.

® C(Contact lens
Contact lenses are curved plastic disks designed to cover the
cornea. After application, drug loaded contact lens adhere to the
film of tears over the cornea due to surface tension. Drug
loaded contact lens have been developed for ocular delivery of
numerous drugs such as antihistamines, antimicrobials, and B—

blockers.

® [mplants
Usually for drug delivery to posterior ocular tissues, implants
are specifically designed to provide localized drug release over
an extended period. These implantable devices help avoid
multiple intraocular injections and the associated complications.
Ocular implants are available as non—biodegradable and

biodegradable drug releasing devices.
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® Microneedles
Microneedle—based techniques are minimally invasive methods
of drug delivery to posterior ocular tissues. Microneedles are
designed to penetrate only hundreds of microns into sclera, so

that damage to ocular tissues may be avoided.
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1.1.3 Current Drawbacks

Drug delivery to targeted ocular tissues has been a major
challenge to ocular scientists for several decades. Tremendous
efforts are being made toward the development of non—invasive
and patient compliant techniques using novel drug delivery
strategies. However, topical instillation is still the most widely
preferred safe route of drug administration to treat diseases in
the anterior segment. In the clinical area, conventional methods
such as eye drops account for 90% of the marketed ophthalmic
formulations. Nonetheless, the ocular bioavailability is very low
with topical drop administration.

Numerous physiological and anatomical constraints such
as nasolachrymal drainage, tear turnover, reflex blinking, and
ocular static and dynamic barriers pose a challenge. For this
reason, it is difficult for the drug to be absorbed deep into the
eyeball tissue. Hence, less than 5% of the topically applied dose
reaches the target ocular tissues. A variety of drug delivery
formulations have been developed using mucoadhesive
materials to enhance the drug residence time in the pre—ocular
space. However, they have limitations for clinical applications
because they require complex manufacturing processes.

There is a need to develop and evaluate new topical drug
delivery carriers to the eye. These new carriers should not

only be biocompatible, but also have sufficient mucoadhesion
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properties,

processes.

and should be produced with relatively simple
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1.2 Mucoadhesive Drug Delivery Systems

Mucoadhesion is commonly described as the adhesion between
materials and mucosal surfaces [3]. Over the past few decades,
mucoadhesive drug delivery systems have received a great deal
of attention. Mucoadhesive formulations may be designed to
enable prolonged retention time at the site of application,
providing a controlled drug release rate for improved
therapeutic outcomes. The mucoadhesive ability of a
formulation is reliant on a variety of factors, such as the
physicochemical properties of the prepared formulation and the
nature of the mucosal tissue. Various mucoadhesive drug
delivery systems (buccal, nasal, ocular, gastro, vaginal, and
rectal) have been developed and evaluated for various aspects
of mucoadhesion, mucoadhesive materials, factors affecting
mucoadhesion, and evaluation methods in drug delivery
applications.

In the last two decades, mucoadhesion has shown great
potential for prolonging the residence time of mucoadhesive
formulations through specific mucosal routes in drug delivery
applications. Mucoadhesive—based local and topical delivery
systems have demonstrated enhanced bioavailability. The

mucoadhesive properties of these particles can largely be
16



explained by the formation of ionic complexes and hydrogen
bonds between the mucoadhesive material and mucin, which can
be found in materials possessing positively charged amine
groups, as well as hydroxyl and carboxyl groups.

In this chapter, to provide a detailed understanding of
mucoadhesion, I review the structure and function of mucous
membranes, theories of mucoadhesion, bioadhesive polymer
materials and techniques.

Mucous membranes have moist surfaces covering the
walls of the organs of respiratory and gastrointestinal organs,
such as the genital organs, the inner parts of the eyes, nasal
and oral cavities [4—7]. Table 1.2 shows anatomical differences
in the mucus membrane. To explain mucoadhesion, various
theoretical models exist for at least some of the experimental
observations. Unfortunately, each model can only explain a
limited number of the diverse range of interactions that

constitute the bioadhesive bond. There are four main theories.

— Adsorption Theory of Mucoadhesion
— Electrostatic Theory of Mucoadhesion
— Wetting Theory of Mucoadhesion

— Diffusion Theory of Mucoadhesion
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Table 1.2. Anatomical differences of the mucus membrane [3]

Mucus
membrane

Relevant anatomical features

Buccal

Nasal

Ocular

Vaginal

Rectal

Buccal mucosa surface area approximately 30 cm?/ Comprised of three distinct layers —
epithelium, basement membrane, and connective tissues/ Buccal mucosa, sublingual are
soft palate nonkeratinized tissue, and gingival are hard palate keratinized tissue/
Thickness of buccal epithelium is in the range of 500-800 pum, 40-50 cells thick/ Mucus
secreted by salivary glands, as a component of saliva, forming a 0.1-0.7 mm thick layer/
Turnover time for buccal epithelium 5-6 days/ Permeability barrier property of oral
mucosa due to intercellular materials derived from membrane-coating granules

Nasal cavity surface area 160 cm?/Lined with mucous membrane containing columnar
cells, goblet cells, and basal cells/ Columnar cells are covered with cilia, apart from the
anterior part of the nasal cavity/ Both keratinized and nonkeratinized epithelial cells
present depending upon location within nasal cawvity/ Cilia responsible for mucociliary
clearance/ Mucus secreted by the submucosal glands and the goblet cells, forming a
mucus layer approximately 5-20 pm thick/ Masal cavity length approximately 60 mm/
Nasal cavity volume approximately 20 mL/ Turn-over time for mucus is usually 10-15
min

Cornea is composed of five layers — epithelium, Bowman's layer, stroma, Descemet's
membrane, and endothelium/ Epithelium consists of 5-6 layers of cells, with the cells of
the basal layer being columnar, and the outermost cells flattened pelygonal cells/ Tight
junctions present between the basal cells of the corneal epithelium/ At the corneal
margin, the conjunctiva is structurally continuous with the cornsal epithelium/ The
conjunctival tissue is permeable to molecules up to 20,000 Da, whereas the cornea is
impermeable to molecules greater than 5000 Da/ The conjunctiva contains around 1.5
million goblet cells, which synthesize secretory mucins and peptides/ A volume of about
2-3 pL of mucus of secreted daily/ A turnower of the mucus layer occurs in
approximately 15-20 h/ Exposed part of the eye is covered by a thin fluid layer —
percorneal tear film

Length of vagina varies from & to 10 cm/The epithelial layer consists of the lamina
propia and stratified squamous epithelium/ A cell turnover of about 10-15 layers is
estimated to be in the order of 7 days/ Although there are no glands in the vagina
mucosa, the surface is usually covered with vaginal fluid/ Major components of vaginal
fluid are cervical mucus and vaginal fluid from the well-vascularized mucosa/ The volume,
viscosity, and pH of the cervical mucus vary with age and during the menstrual cycle

Length approximately 15-20 cm/Surface area of approximately 300 cm?/ Epithelium
consists of a single layer of cylindrical cells and goblet cells secreting mucus/ Flat surface,
without willi, and with three major fold, the rectal valves/ Approximately 3 mL of mucus
with a neutral pH spread over the surface
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Mucoadhesive polymers have abundant hydrophilic
groups, such as amine, amide, carboxyl, hydroxyl, carboxyl, and
sulfate (Table 1.3). These groups attach to the cell membrane
or mucus moieties through various interactions (e.g.,
hydrophobic interactions, electrostatic interactions, or hydrogen
bonding). Table 1.4 shows the factors affecting mucoadhesion.
For bioadhesive drug delivery systems, an ideal polymer should
have the following characteristics;

— nonabsorbable

— nontoxic

— nonirritable

— form a strong noncovalent bond with the mucus layer

— adhere quickly to moist tissue

Table 1.5 shows the chemical structures of several bioadhesive

polymers commonly used in modern drug delivery.
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Table 1.3. Viscosifying polymers screened for ocular
mucoadhesive capacity [2]

Polymer Charge Mucoadhesive
capacity

Poly(acrylic acid) (neutralized) Anionic +++
Carbomer (neutralized) Anionic +++
Hyaluronan Anionic +++
Chitosan Cationic ++
Poly(galacturonic acid) Anionic ++
Na alginate Anionic ++
Pectin Anionic ++
Poloxamer Non-ionic +
Hydroxypropylmethylcellulose Non-ionic +
Methylcellulose Non-ionic +

Mucoadhesive capacity: +++: excellent; ++: good; +: absent.

20



Table 1.4. Factors Affecting Mucoadhesion

Factor Characteristics, examples Ref.
Properties  of Molecular Low-molecular-weight polymers penetrate the mucus [2,7,8]
the weight layer better. /| High molecular weight promotes physical
mucoadhesive entangling. / The optimum molecular weight is between
polymer 104 and 4 X106 Dal.
Polymer chain Required for diffusion of chains and their entanglement | 17,21
flexibility with mucin. / For polymers with high levels of linkage, [7,9]
the mobilities of the individual polymer chains decrease,
leading to decreases in mucoadhesion strength.
Ability to form Presence of functional groups able to form hydrogen [9]
hydrogen bonds (COOH, OH, etc.).
bonds
Concentration Affects the availability for penetration of long polymer | [6]
chains into the mucus layer; important mainly for liquid
and viscous DDS.
Extent of Swelling of the polymer allows mechanical entangling 7
swelling of because of the exposure of polymer chains and
polymer or subsequent formation of hydrogen bonds and/or
DDS electrostatic interactions between the polymer and
components of the mucosa.
Environmental pH Changes in pH lead to differences in the extent of | [9, 10]
factors dissociation of functional groups in carbohydrate
sequences or polypeptide amino acid sequences, as
well as in the polymer.
Pressure Affects the depth of diffusion of chains. / Cannot be [4, 11]
controlled for systems used in the GIT.
Duration of Determines the extent of swelling and diffusion of | [4,11]
initial contact polymer chains. Cannot be controlled for systems used
in the GIT.
Moistening Moistening is required to allow the mucoadhesive [4,12]
polymer to spread over the surface and create a
“macromolecular network” of sufficient size for the
interpenetration of polymer and mucin molecules and to
increase the mobility of polymer chains. /| However,
there is a critical level of hydration for mucoadhesive
polymers characterized by optimum swelling and
bioadhesion.
Presence of Interaction with charged groups of polymers andlor | [4]
metal ions mucus can decrease the number of interaction sites and
the tightness of mucoadhesive bonding.
Physiological Rate of renewal Varies extensively for different types of mucosa. Limits [12]
factors of mucosal the persistence of bioadhesive systems on mucosal
cells surfaces.
Tissue On consumption of liquid and food, speaking, [4, 8]
movement peristalsis in the GIT.
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Table 1.5. Chemical structures

used in drug delivery [3]

of some bioadhesive polymer

Polymer

Chemical structures

Poly (ethylene glycol)

Poly (vinyl alcohol)

Poly (vinyl pyrrolidone)

Poly (acrylic acid)

Poly(hydroxyethyl methacrylate)

Hydroxyethyl cellulose

Chitosan

doe

22

M E ) 8k
¥ | I -



1.3 Highly Porous Materials for Drug Delivery

Systems

In the field of health, one significant challenge is the efficient
delivery of therapeutic drugs to the patient using non-—toxic
carriers. However, most of the current carriers show poor drug
loading (less than 5 wt%) and/or rapid release of drugs, which
are simply anchored or adsorbed at the external surface of the
carrier material [13]. In this context, highly porous materials
with the ability to adjust their structures and porosities for high
loadings and better drug interactions are ideal as carriers for
drug delivery applications. A variety of porous materials have
been reported in academia. Among them, I focus on the two
major materials that have recently received great attention in

the field of drug delivery.
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1.3.1 Metal—Organic Frameworks

MOFs are crystalline organic-inorganic hybrid structures
comprised of metal ions or clusters and multidentate organic
linkers connected to metal nodes in one—, two—, or three—
dimensional networks (Figure 1.4) [14, 15]. Owing to their
unique textural properties (large surface areas, uniform pore
sizes and large pore volumes) and diverse functionalization
through post—synthetic chemical treatments [16, 17], MOFs
have attracted a great deal of interest in recent years for
potential applications in adsorption/separation, gas storage,
catalysis, and drug delivery systems (Figure 1.5) [16, 18, 19].

For drug delivery applications using MOFs, diverse
methods were developed in the last twenty years. Because
MOFs can exhibit remarkably high surface areas with large
pore sizes, they have also been considered for applications in
loading and controlled/sustained release of several therapeutic
molecules [20]. Horcajada et al [13]. loaded anticancer and

antiviral agents into MOFs. Morris et al [21]. encapsulated and

delivered nitric oxide gas and a vasodilator agent. Lin et al [22].

reported the use of MOFs for the co—delivery of siRNA and the

anticancer cisplatin molecule to enhance the therapeutic effect.
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Table 1.6 shows a list of some of the types of MOFs and their
biomedical applications. Some of the major advantages of MOFs
compared with other organic (e.g., micelles, biopolymers and
liposomes) and inorganic (e.g., zeolites, metallic nanoparticles)
drug delivery systems are their high drug loading capacities and
the possibility of chemically functionalizing the surface of the

materials to enhance drug affinity.
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Figure 1.4. Schematics of metal organic frameworks [23].
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Figure 1.5. Schematics showing the synthesis and applications of

MOFs [24].
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Table 1.6. List of some of the types of MOFs and their

biomedical applications.

MOFs Biomedical Applications Ref
ZIF—8 Cancer (doxorubicin) [25]
UIO—-66 Cancer (siRNA and cisplatin) [26]
IRMOF—-3 Cancer (paclitaxel) [27]
Hf—TCPP Cancer (radiation therapy) (28]
UIO—-66 Cancer (photodynamic therapy) [29]
MIL-100 Cancer (photo theranostics) [30]
Cu—-BTT Gastroenterology (gastro transmitter) [31]
Mn-BTC MRI [32]
Gd—MOF MRI [33]
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1.3.2 Mesoporous silicas

Since the first article using MCM[#1 (Mobil Composition of
Matter No. 41) mesoporous silica particles (MSPs) as a drug
delivery system in 2001[34], the last several years have seen
an exponential increase in research on biomedical application of
MSPs (Figure 1.6). MSPs with unique mesoporous structures
(Table 1.7) and large surface areas have been explored as
effective drug delivery carriers for a variety of therapeutic
agents to treat various kinds of diseases including cancer,
diabetes, and inflammation [35—37]. Table 1.8 shows a list of
some of the types of mesoporous materials and their biomedical

applications.
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Figure 1.6. The statistics of the paper indexed in the ISI web of
science by the topic of “mesoporous silica” and “drug
delivery ”[39].
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Table 1.7. Structural range of ordered mesoporous materials

[38].
Crystal class Structural examples
Lamellar - MCM-50
2D cylindrical Hexagonal MCM-41
Rectangular SBA-8
3D cylindrical Hexagonal IBN-9
Cubic MCM-48, AMS-10
3D cage Hexagonal SBA-2
Cubic SBA-1, KIT-5, SBA-16,
AMS-8
Orthorhombic FDU-13
Tetragonal FDU-11
AMS-9
31



Table 1.8. List of some of the types of mesoporous silicas and

their biomedical applications.

Materials Biomedical Applications Ref
SBA—-15 Anti—inflammatory (ibuprofen) [40]
SBA—-15 Anti—inflammatory (naproxen) [41]
MCM-41 Anti—inflammatory (naproxen) [42]
FA—MSN Cancer therapy (doxorubicin) [43]
SBA-15 Estrogenic (alendronate) [44]
MCM—-41 Estrogenic (alendronate) [44]
MCM—48 Estrogenic (alendronate) [45]
SBA-15 Antibiotics (erythromycin) [46]
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1.4 Research Aim

Currently, for topical drug delivery to the eye, some materials
are being used (e.g. micelles, liposomes, emulsions) but are, for
the most part, still unsatisfactory. Therefore, better
formulations/carriers are necessary to address the limitations.
The first major challenge is the difficulties of developing drug
carriers that encapsulate sufficient active therapeutic agents.
Second, the toxicity of carrier materials remains a problem.
Third, a prerequisite for clinical translocation and industrial
production is the costCeffective and scalable fabrication of
wellOdispersed drug—loaded particles, which currently remains
a great challenge. These barriers should be overcome to realize
the clinical translocation of developed formulations. To
overcome these limitation, I developed and evaluated two
ophthalmic drug delivery systems using highly porous inorganic
materials.

MOFs possess several potential advantages over existing
nano— and micro—carriers. First, MOFs are structurally and
compositionally diverse, allowing for the facile synthesis of
MOFs of different sizes, shapes, compositions, and chemical
properties. Second, MOFs are naturally biodegradable as a
result of relatively labile metal—ligand bonds (covalent or
coordination bond), making it possible for them to rapidly

degrade in physiological conditions and clear the particles after
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the intended work is completed. Among the wvarious MOFs,
MOFs composed of iron ilons and ligands with appropriate
surface—charge for drug loading were selected, synthesized
and applied to the drug delivery systems to deliver ophthalmic
drugs. This work will be presented in Chapter 2.

In addition, among inorganic biocompatible materials,
mesoporous silica microparticles have a tailorable mesoporous
structure, large pore volume and high specific surface area.
These properties enable them to encapsulate a variety of
therapeutic agents and deliver these active agents to the site of
interest. Importantly, the fabrication of MSNs is simple, cost
effective, scalable, and controllable. Being abundantly
distributed in nature, silicas have good compatibility and are
accepted as “Generally Recognized As Safe” (GRAS) by the
FDA and have been widely used in cosmetics and as FDADO
approved food additives [38, 47]. In this regard, I synthesized
SBA—-15 mesoporous silica microparticles and grafted their
surface using amino—silane to add mucoadhesive properties.
The prepared particles were loaded on dexamethasone and
applied to an inflammation — inhibiting drug delivery system for
eyeballs then evaluated for mucoadhesion in vitro and in vivo.

This work will be presented in Chapter 3.
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Chapter 2

Metal—organic frameworks,
NH,—MIL—-88 (Fe), as carriers
for ophthalmic

delivery of brimonidine

2.1 Introduction

Metal—organic frameworks (MOFs) are crystalline
inorganicorganic hybrid materials composed of metal ions or
clusters as the coordination center and multidentate bridging

35



organic linkers interconnected between the metal nodes in
one—, two—, or three—dimensional networks [14, 48]. MOFs
have exceptionally large internal surface areas with uniform
pores (up to 6500 m?). They have large pore volumes (up to 2
cm®/g) and exhibit various properties (e.g., topology, pore size,
and total pore volume) that can be readily tuned by varying the
molecular building blocks [13, 49]; additionally, their surfaces
can be easily functionalized under relatively mild conditions
[50]. Therefore, MOFs have been proposed as promising
materials for many different applications, such as adsorption
[51], separation [52], catalysis [53], and gas storage [54].
More recently, MOFs, composed of biocompatible metal
ions and organic ligands, have been studied for a wide range of
potential biomedical applications [13, 26]. MOFs appear
particularly suited to drug delivery carriers because they can
effectively encapsulate drugs into their high pore volume and
release drugs in a controlled manner through the adjustment of
pore sizes. Thus, MOFs have been actively studied to validate
their efficacy in in vivo settings [28].
Therefore, I have proposed a MOF, NH,—MIL—-88(Fe), as a

delivery vehicle for an ophthalmic drug. This specific MOF is
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composed of a metal ion (Fe) with an organic ligand of 2—
aminoterephthalic acid, which have been proven sufficiently
biocompatible [13, 55].

Ophthalmic drugs are generally formulated as eye drops and
administered topically to the eye because of the ease of
administration and high patient acceptance [56, 57] . However,
eye drops are eliminated very rapidly from the surface of the
eye (<3 min), thereby limiting their ocular bioavailability (<5%)
[58]. To compensate this, eye drops are prescribed at high
doses or in high frequency dosing regimens, which may
exacerbate side effects and reduce patient compliance [59].
Therefore, to improve the therapeutic benefits of these drugs,
one strategy would be to prolong their retention in the
preocular space, allowing sustained drug release and,
consequently, higher drug absorption into the eye [60—62].

In this work, I synthesized NHy;—MIL—-88(Fe)
[FesO(BDC—NHy)3, with BDC—NH, also termed 2-
aminoterephthalic acid], following the previous protocol [63],
and evaluated its suitability as a carrier for topical drug
delivery to the eye. I hypothesized that the NHy;—MIL—88 (Fe)

particles function via the following process: first, NHy,—MIL—
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88 (Fe) possesses hydrogen—rich organic ligands and amino
groups, which can form hydrogen bonds with the intrinsic
carboxyl and hydroxyl groups of mucin, respectively. Thus, the
hydrogen bonding generates a mucoadhesive property to
increase the preocular retention of NHy;—MIL—-88 (Fe) particles.
Moreover, this effect can be promoted by the inherent high
specific surface area, i.e., the vast number of surface amino
groups of the NHy—MIL—-88 (Fe) [64]. With a longer retention
on the preocular surface, the NH,—MIL—-88(Fe) particles can
release the loaded drug in a sustained manner; it is found in
tears for a prolonged period, which improves drug absorption
into the eye.

To test this hypothesis, I used brimonidine, an anti—
glaucoma medication, as a model ophthalmic drug. Brimonidine
1S a clinically—approved medication to reduce intraocular
pressure In patients with glaucoma; however, when
administered in the form of eye drops, it is recommended to be
administered more than three times per day because of rapid
preocular clearance and the resulting low ocular drug
bioavailability [65]. In this study, NH,—MIL-88(Fe) was

synthesized by a previously reported solvothermal method [63]
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and the reproducibility of the particles herein was confirmed by
powder X-ray diffraction (XRD), Fourier transform infrared
(FTIR) analysis, thermogravimetric analysis (TGA), electron
microscopy, and Ny adsorption—desorption measurements.
Brimonidine was then encapsulated in NH,—MIL—88 (Fe) via
physical adsorption and the drug—loaded NH;—MIL—-88 (Fe)
was assessed for mucoadhesion, cytotoxicity, and release
behaviors in in vitro environments. In addition, in vivo
evaluations in rabbit eyes were performed to examine the
preocular retention property, drug bioavailability, and the period
of efficacy after topical administration of the brimonidine—

loaded particles of NH,—MIL—88 (Fe).

2.2 Materials and Methods

2.2.1 Materials
FeClye6HsO  (98%), 2—aminoterephthalic acid (BDC—NHs;
Aldrich, 99%), N N-dimethylformamide (DMF; Aldrich,

anhydrous, 99.8%), ethanol (96%), acetic acid (99.7%), sodium

acetate (99%), Schiff’s fuchsin—sulfite reagent, and mucin
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(Type I-S) were purchased from Sigma—Aldrich (USA).
Brimonidine (assay >99.8%) and Alphagan P were supplied by
Nanjing Yuance Industry & Trade (China) and Samil Allergan
(Korea), respectively. Proparacaine hydrochloride (Alcaine®;
0.5% ophthalmic solution) was purchased from Alcon—Couvreur

(Belgium).

2.2.2 Preparation of NH;—MIL—88 (Fe)

NH,—MIL—-88 (Fe) was synthesized in accordance with a
previously reported procedure with slight modifications

(Scheme 1) [13, 63]. Briefly, 0.126 g (0.692 mmol) BDC—NHy

and 0.187 g (0.692 mmol) FeCl3+6H,0 were dissolved in 15 mL

DMF and the resulting mixture was vigorously stirred for 1 h.
The substrate mixture was heated in a convection oven at 110 °
C for 24 h in a Teflonlined autoclave to cause crystallization.
After cooling to ambient temperature, the solid brown product
was collected and washed with DMF and ethanol to remove
excess reactants and yield NHy;—MIL—-88 (Fe) particles, which
were dried at 100 °C overnight and soaked in ethanol at 80 °C
for 24 h. Subsequently, the solvent was removed In a vacuum

oven at 160 °C for 12 h and the resulting NHy—MIL—-88 (Fe)
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was sterilized with ethylene oxide prior to in vitro and in vivo
evaluations.

To encapsulate brimonidine into the porous NHy;—MIL—
88 (Fe) (i.e., NHy,—MIL—-88(Fe)/Br), 50 mg brimonidine was
first dissolved in 5 mL deionized (DI) water. To this solution,
200 mg NH,—MIL—-88 (Fe) was added with continuous stirring
at 100 rpm for 24 h. Next, the suspension was filtered through
a 200—nm polytetrafluoroethylene membrane filter (Hyundai
Micro, Korea) to obtain NHy;—MIL—88(Fe)/Br, which was
washed with ethanol three times. To calculate the amount of
brimonidine that was loaded in NHy;—MIL—-88(Fe), the
concentration of brimonidine measured after the loading
procedure was subtracted from the known initial concentration
of the brimonidine. The concentration of brimonidine was
measured by using high—performance liquid chromatography
(HPLC; Agilent 1260 series, Agilent Technologies, USA) using
a Diamonsil C18 column (150 x 4.6 mm, 5 mm; Dikma
Technologies, USA) [66]. The mobile phase was a mixture of
20 mM phosphatebuffered saline (PBS; pH 2.5) and acetonitrile
(88:12, v/v). The flow rate and injection volume were 1 mL/min
and 10 mL, respectively. The column temperature was
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maintained at 37 °C and absorbance was measured at 248 nm.
Through the use of these analytical methods, the drug
concentrations were analyzed in the range from 10 to 500

mg/mL with a standard curve with R? > 0.999.
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Figure 2.1. Schematic illustration of the synthesis of NH,—MIL—
88 (Fe) and the encapsulation of brimonidine in NH;—MIL—88 (Fe)
(i.e., NH,—MIL—-88 (Fe)/Br).
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2.2.3 Characterizations

The X-ray powder diffraction (XRD; D/Max 2200, Rigaku,
Tokyo, Japan) patterns of NHy—MIL—-88 (Fe) and NH,—MIL -
88 (Fe)/Br were measured by using Ni—filtered Cu—Ka
radiation (k = 1.5418 A) at 0.5°/min. The samples were loaded
onto glass holders and continuously scanned with a tube voltage
of 40 kV and current of 30 mA. The FTIR spectra of NHy—
MIL—-88(Fe), brimonidine, and NH,—MIL—-88(Fe)/Br were
obtained by using a JASCO 6100 (JASCO, Japan)
spectrophotometer over the range of 4000-400 cm™! with a 4
cm” ! resolution at room temperature (i.e., 25 °C). A TGA curve
was also recorded by using a thermogravimetric analyzer (Q50;
TA Instrument, USA). For this experiment, approximately 10
mg sample was loaded, and the temperature was increased from
room temperature to 900 °C at a rate of 10 °C /min under a Ny
flow rate of 50 mL/min. The surface area, pore size, and pore
volume were determined by using a surface area and porosity
analyzer (ASAP 2020; Micromeritics, USA) at —196 °C. Prior
to measurements, samples were degassed at 120 °C for 6 h
under vacuum conditions. The size and morphology of NHy—

MIL—-88(Fe) were evaluated by using a scanning electron
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microscope (SEM; JEOL—-7800F, JEOL, Japan).

To examine the in vitro drug release profiles, 10 mg
NH,—MIL—-88 (Fe)/Br was added to 10 mL PBS (pH 7.4). Then,
the particle suspension was incubated in a shaking incubator
(SI-600R; Jeio Tech, Seoul, Korea) at 37 °C with continuous
stirring at 125 rpm. At predetermined times, 1 mL release
medium was collected and an equal volume of fresh buffer was
added to the medium. The concentration of brimonidine in the
sampled aliquots was assayed by using the HPLC method

described above.

2.2.4 In vitro cytotoxicity evaluation

To evaluate the cytotoxicity of NH,—MIL—88 (Fe) and NH,—
MIL—-88(Fe)/Br, I performed a cell viability assay in human
primary corneal epithelial cells (PCS—=700-010, ATCC, USA)
[67, 68]. The corneal epithelial cells were grown in corneal
epithelial cell basal medium (PCS—700-030, ATCC, USA)
supplemented with a corneal epithelial cell growth kit (PCS—
700—040, ATCC, USA) at 37 °C in a humidified atmosphere
with 5% COsx.

[ used an extraction method to examine the cytotoxicity of
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NH,—MIL—-88 (Fe) and NH,—MIL—-88 (Fe)/Br. First, NH,—MIL—
88 (Fe) and/or NH,—MIL—-88 (Fe)/Br was suspended in the cell
growth medium at concentrations between 5 and 2000 mg/mL
and incubated with continuous agitation (125 rpm) at 37 °C
(SI-600R, Jeio Tech, Korea) for 24 h. The extracted media
were used to evaluate cell viability (Ez—Cytox; Daeil Lab
Service, Seoul, Korea) in accordance with the manufacturer’s
instructions. In brief, corneal epithelial cells were seeded in
24—well culture plates at an initial density of 1 x 10° cells/well
and grown for 24 h. Subsequently, the media were completely
replaced with extracted media and cells were incubated for
another 24 h. The cell media were mixed with 50 mL Ez—Cytox
solution, incubated in the dark for 2 h, and the absorbance was
measured at 450 nm against a reference wavelength of 600 nm
(VersaMax ELISA Microplate Reader; Molecular Devices,

Sunnyvale, CA, USA).

2.2.5 In vitro evaluation of mucoadhesive property
I evaluated the mucoadhesive properties of NHy—MIL—-88 (Fe)
and NH,—MIL—-88(Fe)/Br in two separate assays. First, [

measured the changes in the surface charge of the particles
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before and after interaction with mucin. This was evaluated
through measurement of the zeta potential of the particles was
by using a Zeta Sizer (ELS—2000ZS, Otsuka Electronics, Japan)
before and after the particles (2 mg) were incubated in 2 mL of
a Type I-S mucin solution (I mg/mL in 107® M KCI solution)
for 1 h [69]. As a control, the zeta potential of mucin itself was
also measured. Second, I measured the amount of mucin that
was adsorbed onto NH,—MIL—-88 (Fe)/Br. For this, I dispersed
4 mg NHy—MIL—-88 (Fe)/Br in 2 mL Type I—S mucin solution (1
mg/mL in DI water), which was then incubated at 37 °C for 0.5,
1, 2, and 6 h, respectively. Subsequently, suspensions were
centrifuged (10,000xg for 10 min) and the remaining free
mucin in the supernatant was measured spectrophotometrically
in accordance with the periodic acid/Schiff (PAS) colorimetric
method [70, 71]. To calculate the amount of mucin that was
adsorbed to NH,—MIL—88(Fe)/Br, the amount of free mucin
remaining in the supernatant was subtracted from the amount of

mucin that was initially added to the solution.

2.2.6 Animal experiments

In vivo experiments were conducted on healthy male New
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Zealand White rabbits (weight: 3—4 kg; Cheonam Yonam College,
Chungcheonagnam—do, Korea). The experimental protocol was
approved by the Institutional Animal Care and Use Committee
at the Biomedical Research Institute of the Seoul National
University Hospital (IACUC No. 13—0101). The rabbits were
housed in separate cages and maintained in a controlled
environment (temperature, 21 + 1 °C; humidity, 55% + 1%; 12
h/12 h light/dark cycle). Food and water were provided to the
rabbits ad libitum. In vivo experiments herein were performed
at 7 am-7 pm.

In vivo preocular retention of NHy,—MIL—88 (Fe)/Br was
evaluated by following a previously reported protocol, with
slight modifications [72, 73]. Approximately 0.433 mg NHy;—
MIL—-88(Fe)/Br was suspended in 35 pL PBS, which was
administered into the lower cul—de—sac of the rabbit eye
without anesthesia while the rabbit was positioned in a
restriction bag with only its head exposed. At scheduled times
after administration, the eye was locally anesthetized by using a
drop (35 pL) of Alcaine® and the remaining NHy—MIL—
88 (Fe)/Br particles were completely wiped from the eye by

using a surgical sponge (PVA Spears; Network Medical
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Products, UK). The sponge with the particles was completely
dissolved in nitric acid and the resulting solution was analyzed
by using inductively coupled plasma—mass spectroscopy (ICP—
MS; NexION 350D, Perkin—Elmer, MA, USA) to quantify the Fe
ion. The measured amount of Fe ion was then divided by the
amount of Fe ion of the initially administered NHy;—MIL—
88 (Fe)/Br (0.433 mg) to determine the percentage of the
particles remaining in the preocular space. For this experiment,
four animals (i.e., one left eye for each animal) were assigned
at each time of measurement. To evaluate the in vivo drug
delivery efficacy, the intraocular pressure (IOP) was measured
after topical administration of NH,—MIL—-88 (Fe)/Br to the eye
and compared with that after the administration of Alphagan P
[65]. The rabbit eyes were locally anesthetized with a drop of
35 uL Alcaine® and after 2-3 min, the IOP was measured with a
tonometer (Tono—Pen AVIA; Reichert, USA).

Before administration, the baseline IOP (IOPyaseiine) Of
each rabbit was measured. Afterwards, a 35 plL drop of NHy—
MIL—-88(Fe)/Br suspension or Alphagan P, in which each
formulation contained the same dose (52.5 pug) of brimonidine,

was administered into the lower cul—de—sac of the rabbit eye.
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The IOP (IOPqcheduled time) Was then measured at predetermined
time points (1, 2, 4, 6, 8, 10, and 12 h) after administration.
The change in IOP was calculated from the following equation:

IOPbaseline - IOPscheduled time

% Change in IOP = 0P
baseline

For this IOP measurement, four animals (i.e., one left
eye for each animal) were assigned for each type of the tested
formulations.

I also measured the amount of drug that was absorbed
into the eye with NHy,—MIL—88 (Fe)/Br and compared this value
with that of Alphagan P. For this, the brimonidine formulation
(i.e., the NHy—MIL—88 (Fe)/Br suspension or Alphagan P) was
administered in the lower cul—de—sac of the rabbit eye, as
described above. At scheduled time points after administration,
the rabbit was anesthetized with an intramuscular injection of a
cocktail of 17.5 mg/kg ketamine and 5 mg/kg xylazine. After
local anesthesia of the eye with a drop of 35 uL Alcaine®, ~100
ulL of the aqueous humor (AH) was aspirated by using a 30—
gauge disposal needle. For each type of the tested formulations,
four animals (i.e., one left eye for each animal) were assigned
at each time of measurement. The concentration of brimonidine

from the sample was determined by using a HPLC-—mass
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spectrometer (LC—MS; Agilent 6120 Series Quadrupole LC/MS,
Agilent Technologies, USA) using a InfinityLab Poroshell
column (120 EC—C18, 4.6 x 50 mm, 2.7 Im pore size, Agilent
Technologies, CA, USA). The mobile phase was composed of
0.1% formic acid and acetonitrile (90:10, v/v). The flow rate
and sample injection volume were 0.5 mL/min and 10 pL,
respectively. The column temperature was maintained at 30 °C
and detection mass ion was 294 [M+2]. The collected aqueous
humor samples were analyzed without further treatment. The
standard curve of 5, 10, 50, 100, 500, and 1000 ng/mL
brimonidine solution was prepared.

I also sought to compare the drug efficacy of a single
administration of NH,—MIL—-88 (Fe)/Br with those of multiple
administrations of Alphagan P. To examine the effect of the
dose amount, Alphagan P was administered two, three, or four
times in a row with an interval of 1 min; this produced the
animal treatment groups of Alphagan P (2X), Alphagan P (3X),
or Alphagan P (4X), respectively. To assess the effect of the
dosing schedules, Alphagan P was also administered 1, 3, or 5 h
after the first administration; this produced the animal

treatment groups of Alphagan P (1 h), Alphagan P (3 h), or
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Alphagan P (5 h), respectively. For all the animal groups above,
the change in IOP was measured at the scheduled times of 1, 2,
4,6, 8,10, and 12 h after the first administration of Alphagan P,
as described above. At each time of measurements, four and
five animals (i.e., one left eye for each animal) were assigned

for Alphagan P and NH,—MIL—-88 (Fe)/Br, respectively.

2.2.7 In vivo safety evaluation

To evaluate the safety of NH,—MIL—-88 (Fe)/Br, two different
experiments were conducted by an ophthalmologist in a blinded
manner. First, the eye was visually examined 24 h after a single
administration of the NH,—MIL—-88 (Fe)/Br suspension. For a
longer—term evaluation, I administered a drop of the NHy—
MIL— 88(Fe)/Br suspension twice per day for 7 days (.e., a
total of 14 administrations). On the last day of experiments, the
eye was stained with 5 pl. of a fluorescein sodium solution
(0.25% w/v) and examined [74]. For each experiment, three
animals (i.e., one left eye for each animal) were assigned and
the examinations were performed after the rabbits were
sedated by an intramuscular injection of a cocktail of 17.5
mg/kg ketamine and 5 mg/kg xylazine.
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2.2.8 Statistical analysis

The mean change in IOP and brimonidine concentration in AH
were statistically analyzed using Mann—Whitney U test, where
p < 0.05 was considered to indicate a statistically significant
difference between the values after NH,—MIL—88(Fe)/Br and
Alphagan P administration at each time point (SPSS version 22,

IBM, USA).

2.3 Results

2.3.1 Particle characterization

After the synthesis, the NHy;—MIL—-88(Fe) particles were
characterized. The XRD analysis indicated that the
characteristic peaks originating from the well-known
crystalline structure of NH;—MIL—88(Fe) were clearly
observed in both NH,—MIL—-88 (Fe) and NHy,—MIL—-88(Fe)/Br
(Figure. 2.2) [63, 75]. This result suggested that the physical
absorption of brimonidine did not influence the major structure
of NHy—MIL—-88(Fe). I also examined the FTIR spectra of

NH,—MIL—-88 (Fe), brimonidine, and NH,—MIL—-88 (Fe)/Br, as
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shown in Figure. 2.3 NH,—MIL—-88 (Fe) exhibited characteristic
peaks at 3200-3500 cm ' and 1656 cm’! that were
attributable to the primary amine (R—NH,) and C=0 groups,
respectively [75]. Brimonidine exhibited characteristic peaks at
3212 and 3268 cm ! owing to N-H stretching from the
secondary amine group (RR’-NH) [76]. For NH,—MIL—-
88 (Fe)/Br, the characteristic bands from both NH,—MIL—-88 (Fe)
and brimonidine overlapped without any apparent shift, which
implied that the chemical structures of NHy—MIL—-88 (Fe) and
brimonidine were not altered during the drug encapsulation
process employed in this study. The loaded amount of
brimonidine was measured as 121.3 mg/mg NH,—MIL—88 (Fe).
Next, I performed TGA on the dry powders of NH,—
MIL—-88 (Fe) and NHy;—MIL—-88 (Fe)/Br (Figure. 2.4). For the
intact NH,—MIL—88(Fe) without brimonidine, an initial weight
loss occurred at —80 °C, which was attributed to the
removal/evaporation of the ethanol used as a washing solvent.
The second weight loss at 200-480 °C was attributable to the
structural collapse of the MOF, as previously reported [13].
For the NH,;—MIL—-88(Fe)/Br, as well as those two weight

losses, another distinct weight loss was observed at 490-640 °
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C, which was ascribed to the loss of brimonidine (b.p. = 432.6 °
C).

The Ny adsorption—desorption isotherms of NHy—MIL —
88 (Fe) and NH,—MIL—-88 (Fe)/Br are shown in Figure. 2.5.
NH;—MIL—-88 (Fe) exhibited type IV pattern isotherms with an
apparent hysteresis loop. As calculated using the Brunauer—
Emmett—Teller (BET) method, the surface area and total pore
volume of NHy;—MIL—88 (Fe) were 992 m%g and 0.66 cm®/g,
respectively, which were in good agreement with a previous
report [77]. In contrast, after drug loading, the NH,—MIL—
88 (Fe)/Br exhibited isotherms with a less distinct hysteresis
loop, resulting in a surface area and total pore volume of 105
m?/g and 0.32 cm?®/g, respectively. The reduction in surface
area and total pore volume could be ascribed to the presence of
the encapsulated molecules of brimonidine in the pores of NHy—
MIL—-88 (Fe). The pore size distributions of NHy;—MIL—88 (Fe)
and NH,—MIL—88(Fe)/Br were calculated by using the
Barrett—Joyner—Halenda (BJH) method, which yielded size
estimates of 9.6 and 5.2 A, respectively, with a narrow
distribution. Similarly, the pore size decreased in NHs—MIL—
88 (Fe)/Br, possibly as a consequence of the encapsulated
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brimonidine. The SEM images of NH,—MIL—-88 (Fe) and NHy—
MIL—-88 (Fe)/Br, both of which exhibited sharp—ended rod—
like shapes of 0.5-3 mm [13], are shown in Figure. 2.6.

Next, I performed an in vitro drug release experiment in
PBS (pH 7.4), as shown in Figure. 2.7. After an initial burst
release of approximately 40% brimonidine during the first 30
min, the NH,;—MIL—-88(Fe)/Br exhibited a sustained drug
release pattern for 12 h with an average release rate of 5.2%/h,
which could be more sustained in vivo as the volume of tear
fluid (~8 pL) [78] is much lower than that used for in vitro
drug release study herein (10 mL). The burst release was
attributable to the water—soluble drug molecules distributed on
the surface of NH,—MIL—88(Fe) [79] while sustained drug
release afterwards could be ascribed to drug diffusion via the

pores and carrier degradation (Figure. 2.8).
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Figure 2.2. Powder X—ray diffraction patterns of (a) NH,—MIL—

88 (Fe) and (b) NH,—MIL—-88(Fe)/Br.
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Figure 2.3. Infrared spectra of (a) NH,—MIL-88(Fe), (b)
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NH,—MIL—-88(Fe)/Br at 77 K. Closed symbols indicate

adsorption; open symbols indicate desorption.
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Figure 2.6. Representative scanning electron micrographs of (a)
NH,—MIL—-88 (Fe) and (b) NH,—MIL—-88 (Fe)/Br; scale bar = 2

mim.
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Figure 2.7. In vitro release profile of brimonidine from NH,—

MIL—-88 (Fe)/Br in PBS (pH 7.4). Error bars = + SD (n =3).
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2.3.2 Cytotoxicity

I evaluated the cytotoxicity of NH,—MIL—88 (Fe) and NH;—
MIL—-88(Fe)/Br in HCE cells. As shown in Figure. 2.9, the
growth of HCE cells was not markedly affected by the extract
from the suspension of NHy;—MIL—88(Fe) and NH,—MIL—
88 (Fe)/Br, even at high concentrations (i.e., 2000 mg/mL).
This finding suggested that the NH,—MIL—88 (Fe)/Br prepared

in this study was not cytotoxic.
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2.3.3 Mucoadhesive property

To assess the mucoadhesive properties, I measured the change
in surface charge of NHy;—MIL—88(Fe) and NH,—MIL—
88 (Fe)/Br before and after interaction with mucin. As shown in
Figure. 2.10, mucin itself has a negative zeta—potential of —
30.99 mV [69]. NH;—MIL—88(Fe) had a positive zeta—
potential, 4.01 mV, owing to the presence of amino groups;

however, after the loading of an anionic drug, brimonidine, the

zeta potential of NHy—MIL—-88 (Fe)/Br was shifted to —9.90 mV.

After interaction with mucin, it should be noted that the surface
charges of both NH,—MIL—-88 (Fe) and NHy;—MIL—-88 (Fe)/Br
were shifted to more negative values of —23.25 mV and —18.8
mV, respectively, which could be ascribed to the surface—
adhered mucin with a greater negative charge (=30.99 mV). I
quantified the mucin adsorption (Figure. 2.11) and determined
that the amount of mucin adsorbed onto NHy—MIL—88 (Fe) was
342 + 26 mg/mg after 30 min and increased to 398 + 15 mg/mg
after 1 h, which provided further evidence of the mucoadhesive
property of NHs—MIL—-88(Fe)/Br. The resulting amounts of
adhered mucin were comparable with those reported for a

well—known mucoadhesive material, such as chitosan particles,
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in a previous study [80].
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Figure 2.10. Zeta potential values obtained before and after the
incubation of NHy;—MIL—88 (Fe) and NH,—MIL—-88(Fe)/Br with

mucin.
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2.3.4 In vivo preocular retention property

To examine the preocular retention property, I measured the
amount of the NH,—MIL—88 (Fe)/Br remaining in the preocular
space after the topical administration to rabbit eyes. As shown
in Figure. 2.12, approximately 32.5% of NHy;—MIL—-88 (Fe)/Br
remained on the preocular surface at 30 min and more than
10.04% and 3.52% were present at 1 and 2 h, respectively.
Compared with the residence time of the conventional eye
drops, which was reported to be less than 3 min [81, 82], our
findings suggested a prominent enhancement of the preocular
retention property of NH,—MIL—-88 (Fe)/Br, which could be a

result of adhesion to the mucin present in the eye surface [2].
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Figure 2.12. In vivo preocular retention profiles of NHy,—MIL—-
88 (Fe)/Br on rabbit eyes. The remaining percentage of NH,—
MIL—-88(Fe)/Br on the preocular surface was assessed by using
ICP—MS at scheduled times after topical administration on the

lower cul—de—sac. Error bars = = SD (n =4).
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2.3.5 In vivo drug efficacy

To examine the ocular drug efficacy, I measured the change in
IOP after the administration of brimonidine formulations [65].
The brimonidine dose for a single administration was based on
a single drop of Alphagan P, which is also prescribed in clinical
settings [83]. As shown in Figure. 2.13, for Alphagan P, a
decrease in IOP was observed for 6 h. In contrast, when the
same dose of brimonidine was administered as NH*—MIL—
88 (Fe)/Br, the period of IOP reduction persisted for 12 h,
which was an increase of approximately two—fold. A slight
delay in the maximum IOP reduction could potentially occur
owing to the slow release of brimonidine; however, at 2 h, the
mean IOP decrease was not significantly different between
Alphagan P and NH,—MIL—-88(Fe)/Br. The percentage
decrease of IOP with NHy;—MIL—-88 (Fe)/Br was significantly
higher than those with Alphagan P at 4, 6, 8, and 10 h (p <
0.05).

For pharmacokinetic evaluation, I also measured the
drug concentration in AH after the administration of the
brimonidine formulations. As shown in Figure. 2.14 and Table
2.1, Alphagan P exhibited a peak drug concentration of 0.76
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ng/mL at 1 h, which decreased relatively quickly and was
undetectable at 6 h. In contrast, for NH,—MIL—-88 (Fe)/Br, the
peak drug level was measured as 0.73 pg/mL at 2 h, which
decreased more slowly and was detectable until 10 h. Again,
the peak drug concentration of NH,—MIL—-88(Fe)/Br was
probably observed slightly after that of Alphagan P because of
the slow release of brimonidine. The drug concentration of
NH,—MIL—-88 (Fe)/Br was significantly higher than that of
Alphagan P at 2, 4, 6, 7, and 10 h (p < 0.05). Thus, as shown in
Table 2.1, the half—life of brimonidine in NH,—MIL—-88 (Fe)/Br
was calculated as 2.00 h, which was more than twice as long as
that of Alphagan P (i.e., 0.92 h). When I compared the area
under the drug concentration—time curve (AUC), a
pharmacokinetic parameter that represents drug bioavailability,
NH,—-MIL—-88(Fe)/Br also exhibited an increase of
approximately two—fold when compared with Alphagan P.

For the consideration of the dose amount and regimen, I
also compared the changes in IOP after a single administration
of NHy,—MIL—-88(Fe)/Br with those of multiple administrations
of Alphagan P. Thus, [ first increased the dose of brimonidine

by consecutive, multiple administrations of Alphagan P and
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measured the IOP over time. As shown in Figure. 2.15, the
period of IOP decrease was extended as the dose of Alphagan P
increased. However, to be as effective as a single
administration of NHy;—MIL—88(Fe)/Br, I determined that at
least a four—fold higher dose of Alphagan P was needed (i.e.,
Alphagan P (4x)), which showed a period of IOP decrease of 12
h. Through the evaluation of the dosing schedules of Alphagan
P (Figure. 2.16), the period of the IOP decrease could be
extended up to 12 h with two—time administrations with an
interval of 5 h (i.e., Alphagan P (5 h)); however, unlike the IOP
profile of the NHo—MIL—-88 (Fe)/Br, a prominent drop in IOP

decrease was observed at 4 h.
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Table 2.1 Pharmacokinetic parameters of brimonidine in aqueous
humor after the administration of various formulations.

Formulation Crax(ng mLT) Tomax (h) AUC (ug h mL™") Half-life (h)
Alphagan P 0.76 1 1.62 0.92
NH,-MIL-88(Fe)/Br 0.73 2 3.23 2.00
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Figure 2.13. Percentage reduction in intraocular pressure (IOP)
over time after the administration of Alphagan P and NH,—MIL—
88 (Fe)/Br. *At 4, 6, 8, and 10 h, the effect of NH,—MIL—-
88 (Fe)/Br was significantly different from that of Alphagan P.
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Figure 2.15. Percentage reduction in intraocular pressure (IOP)
over time obtained from different Alphagan P administration
protocols. The IOP profile was compared with that of NH,—MIL—
88 (Fe)/Br. (A) Alphagan P (x2), (B) Alphagan P (x3), or (C)
Alphagan (x4) was obtained with two, three, or four consecutive
administrations of Alphagan P with 1 min intervals. Error bars =

+ SD (n =4).
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Figure 2.16. Percentage reduction in intraocular pressure (IOP)
over time obtained from different Alphagan P administration
protocols. The IOP profile was compared with that of NH,—MIL—
88 (Fe)/Br. Alphagan P was administered at (A) 1 h, (B) 3 h, or

(C) 5 h after the first administration. Error bars = = SD (n =4).
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2.3.6 In vivo safety evaluation

In the follow up period of 24 h after a single administration and
7 days after multiple administrations of the NHy;—MIL—
88 (Fe)/Br, the rabbit eyes did not show any apparent
complications or eye tissue damages other than mild
conjunctivitis. This mild conjunctivitis was not very different
from that observed in untreated rabbit eyes, which mostly
occur from dehydration of the eye followed by general
anesthesia (Figure. 2.17). After multiple administrations of the
NH,—MIL-88 (Fe)/Br, no systemic exposure of brimonidine

was observed.
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(B)

Figure 2.17. Representative images of rabbit eyes for safety
evaluation. The optical images of rabbit eyes were obtained (A)
before administration and (B) 24 h after a single administration
of the NH;—MIL—-88 (Fe) /Br suspension. The fluorescent images
of fluorescein—stained rabbit eyes were obtained (C) before
administration and (D) after 7 days with multiple administrations

of the NH,—MIL—-88 (Fe) /Br suspension.
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2.4 Discussion

MOFs, porous inorganic—organic hybrid materials composed of
a biocompatible metal and organic linkers, have attracted much
interest as potential drug carriers [13], as the drug molecules
can be encapsulated and released in a controlled manner owing
to the highly porous structure of the MOFs. Therefore, I
conducted the first investigation, to the best of our knowledge,
of NHy;—MIL—88(Fe), the MOF microparticles [31], as a
potential carrier for topical delivery of an ocular drug,
brimonidine, to the eye. Previously, many different particle
formulations were suggested as glaucoma drug carriers for
topical delivery to the eye.

The NH,—MIL—-88(Fe) particles synthesized in this
study have large internal constituent pores and an exceptionally
high surface area, which permits an excellent drug—loading
capacity. Owing to the molecular size of brimonidine (4.7 x 9.8

A) [84], the synthesized NHy;—MIL—-88(Fe) particles were

suitable for encapsulation of brimonidine within its pores (10 A).

In addition, the p-p bond in the benzene structure of
brimonidine mutually interacts

with the p—p bond in the ligand 2Z2—aminoterephthalic acid of
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NH,—MIL—-88 (Fe), which would likely result in more efficient
drug loading via physical absorption, as well as sustained drug
release from NHy—MIL—88 (Fe)/Br (Figure. 2.7) [85, 86].

In addition, the constituent ligand herein, 2-—
aminoterephthalic acid, conferred a mucoadhesive property of
NH,—MIL—-88 (Fe)/Br through the hydrogen bonding and ionic
interactions between the NHy;—MIL—-88(Fe)/Br and mucin
chains [2]. The surface of the NH,—MIL—88(Fe) is composed
of hydrogen—rich organic ligands and amino groups, which can
interact with the carboxyl and hydroxyl groups of mucin,
respectively, to form a vast number of hydrogen bonds. In
addition, the mucin is negatively charged under biological
conditions at pH 7 [87], whereas NHy,—MIL—-88 (Fe) presents
NH®* to yield a positive surface charge. Therefore, the ionic
interaction can also be attributed to the mucoadhesive
properties of NHy,—MIL—88 (Fe)/Br prepared in this work [88].
Therefore, this inherited mucoadhesion and exceptionally high
specific surface could synergistically result in the long
preocular residence time (>4h) observed for NH,—MIL—-
88 (Fe)/Br in this study (Figure. 2.12).

Owing to the in vitro drug release profile (Figure. 2.7)
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and the in vivo preocular retention properties (Figure. 2.12),
prolonged availability of brimonidine was expected in the
anterior segment of the eye, leading to a higher bioavailability
of brimonidine in the agqueous humor and, therefore, a prolonged
duration of IOP—lowering effect in comparison with that
reported for the solution form of brimonidine, such as Alphagan
P, which was cleared almost immediately after administration
(Figures. 2.13 and 2.14). Unlike multiple daily administrations
needed for Alphagan P [65], the 12—h period of IOP decrease
with the NH,—MIL—88(Fe)/Br would be advantageous in an
aspect of patient medication adherence as the administrations
would be needed twice per day simply before and after night
sleep.

Generally, additional fluid introduced topically to the eye
along with drug—delivery carriers results in expedited tear
production, which leads to even faster clearance of the drug—
delivery carriers [73, 89]. For this reason, to obtain meaningful
enhancement in drug bioavailability, the mucoadhesive
microparticles were often formulated in a dry tablet or
suspension containing an additive material to increase the tear

viscosity, hence further increasing the preocular residence time
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of the microparticles [72, 90, 91]. However, such formulations
may cause eye discomfort or blurred vision. On the other hand,
the delivery of NH,;—MIL—-88(Fe)/Br in a suspension
formulation along with an external fluid only still exhibited
enhanced bioavailability of brimonidine, which implied the
strong mucoadhesion synergistically improved by a high
specific surface area. For a more prolonged efficacy of ocular
drug bioavailability, the drug formulations could be injected into
the ocular tissues, such as the conjunctiva or vitreous humor
[92—94]; however, this would be invasive, compared with
topical drug administration to the eye, mostly favored by the
patients [56].

The NH,—MIL-88(Fe) were made in micron—size
(Figure. 2.6) and thus, they would stay at the preocular space
to release the drug molecules into tear. On the other hand, the
nanoparticles themselves would permeate into the eye tissues
due to their small sizes [95—97]. The NH,—MIL—-88(Fe) can
be fully degraded in biological fluid in 12 h (Figure. 2.7), giving
Fe®" and 2-—amino terephthalate, which are known to be
generally biocompatible [31, 98]. Therefore, the NH,—MIL—

88 (Fe) would not be accumulated in the eye and they are
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expected to not cause considerable side effects. In this aspect,
the NH,—MIL—88 (Fe) would be more advantageous compared
with the chitosan microparticles often employed for glaucoma
drug delivery because they needed crosslinking to allow for
sustained drug release, hence difficulty in biodegradation [99—
101]. The in vitro cytotoxicity assessment (Figure. 2.9) and in
vivo safety evaluation (Figure. 2.17) performed in this study
confirmed that NH,—MIL—-88(Fe) did not induce any apparent
cytotoxicity or eye complications. However, as a long—term
exposure of Fe®* could be a concern in terms of ocular safety
[102], further study is needed in perspectives of clinical
applications of the formulations proposed herein.

Because mucus covers many parts of body, such as the
eyes,nasal cavity, stomach, and intestines, mucoadhesive drug
delivery vehicles have been extensively investigated over the
past two decades [103]. They have been designed to form a
chemical and/or physical interaction between the carriers and
mucous layer to enable long—term mucosal retention at the
specific site of interest [104—106]. Thus, the drug loaded in
the carrier could be released slowly while the carriers were

present longer at the target site in the body, thereby providing
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improved drug efficacy [103, 107]. Therefore, the developed
mucoadhesive NHy;—MIL—-88 (Fe) particles may also be

applicable to drug delivery for a variety of mucus—lined routes.

2.5 Conclusion

A Fe—based MOF, NH,—MIL-88(Fe), was successfully
synthesized by using a solvothermal method and used for the
first time as a carrier for the topical drug delivery of an ocular
drug, brimonidine, to the eye. NHy;—MIL—-88(Fe) possessed
mucoadhesive properties and exhibited the sustained drug
release of encapsulated brimonidine. /n vivo evaluations showed
that NHy—MIL—-88 (Fe)/Br remained on the preocular surface
for a prolonged period, leading to a prolonged duration of IOP
reduction and the promotion of the ocular bioavailability of
brimonidine. Therefore, NHy;—MIL—88(Fe) represents a
promising carrier for topical drug delivery to the eye for the

improved absorption of ophthalmic drugs.
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Chapter 3

Amine—grafted SBA—15 for ophthalmic

delivery of dexamethasone

3.1 Introduction

Mesoporous silica i1s a material with high porosity and large
surface area, because of which it has been extensively tested to
variously function as catalysts, adsorbents, molecular sieves,
and separation— and sensing agents [108—110]. Moreover,
mesoporous silica has recently attracted great interest for
possible biomedical application [111—113]. Owing to a tailored
mesoporous structure, pore volume, huge surface area, and

controllable morphology, as well as selective surface
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functionalization, many different types of mesoporous silica
particles have been explored for controlled and targeted drug
delivery [114—117].

In the field of drug delivery, topical delivery of drugs to
the eye poses the problem of low drug bioavailability (< 5%) as
conventional eye drops are cleared rapidly from the surface of
the eye due to blinking and rapid tear turnover, most of which
would be drained via a nasolacrimal duct [118]. To enhance
ocular drug bioavailability after topical administration to the eye,
it is required that drug carriers remain on the eye surface for a
longer time. A variety of micro— and nano—particles have been
proposed to resolve this issue, among which the particles
composed of mucoadhesive materials have drawn a great deal
of interest [2, 119]. Mucoadhesive particles are known to
adhere to the mucin present on the eye surface, and thereby,
have the potential to improve retention of drugs in the
preocular space. The mucoadhesive property of these particles
can largely be explained by the formation of ionic complexes
and hydrogen bonds between the mucoadhesive material and
mucin [12, 120], which could be found with the materials
possessing positively charged amine groups, and hydroxyl and
carboxyl groups, respectively.

In view of these benefits, I propose the use of amine—
grafted SBA—15 mesoporous silica particles (i.e., APS—SBA—

15) as carriers for topical drug delivery to the eye. Silica is rich
89



in hydroxyl groups that can form hydrogen bonds with mucin.
The amine groups introduced at the surface of the particles will
further improve mucoadhesion by allowing formation of an ionic
complex with the negatively charged mucin. Here, I have
employed the drug, dexamethasone to be loaded in the
mesopores of APS—SBA—-15 because it 1S commonly
prescribed for the treatment of various inflammatory eye
diseases in clinical settings and is administered as eye drops
[121, 122]. I hypothesized that after topical administration to
the eye, APS—SBA—15 loaded with dexamethasone will stay
longer on the eye surface and release the drug in a sustained
manner, hence eventually improving ocular drug bioavailability.

To test this hypothesis, I synthesized SBA—15 particles
by the sol—gel method as described previously [123]. Briefly, I
used a block copolymer, Pluronic® P123, as micelle—forming
surfactant and tetraethyl orthosilicate (TEOS) as a silica
precursor. To allow the formation of amine functional groups,
the SBA—15 particles were conjugated with aminopropylsilanes
via post—synthetic grafting. The resulting APS—SBA-15
possessed mesopores with a cationic charge, and thus, a
negatively —charged drug, dexamethasone, could be
encapsulated and released in a sustained manner.

I characterized the SBA—-15 and APS—SBA-15
prepared here via powder X-ray diffraction (PXRD), N,

adsorption—desorption analysis, elemental analysis (EA), and
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scanning electron microscopy (SEM) to confirm their
successful fabrication. [ also examined the mucoadhesive
property of the drug—loaded SBA—15 and APS—SBA-15 (.e.,
DXS@SBA—-15 and DXS@APS—SBA—-15, respectively) under
in vitro experimental conditions. To assess in vivo efficacy, I
applied the drugloaded particles topically to rabbit eyes
followed by evaluation of drug concentration in the aqueous
humor (AH), which was then compared with that of Maxidex®,
which is a clinically —approved form of dexamethasone applied

as eye drop.

3.2 Materials and Methods

3.2.1 Materials

Pluronic® P123 (triblock poly (ethylene oxide) oo poly (propylene
oxide) ;o—poly (ethylene oxide) s, M\W. = ~5800), TEOS (assay
=98%), and cetyltrimethyl ammonium bromide (CTAB, assay =
99%), (3—aminopropyl) triethoxysilane (APS, assay = 99%),
phosphate—buffered saline tablets (0.01M phosphate buffer, pH
7.4), Schiff's fuchsin sulfite reagent, mucin type III (sialic acid
= 0.5-1.5%), and periodic and acetic acid were purchased from
Merck (Germany). Dexamethasone was obtained from Tokyo

Chemical Industry (Japan). Proparacaine hydrochloride
91



(Alcaine, 0.5% ophthalmic solution), ethanol (assay = 94.5%),
and surgical sponge (PVA Spears, Network Medical Products,
UK) were supplied by Seoul National University Hospital
Biomedical Research Institute (Seoul, Korea), Daejung
Chemical (Korea), and Medimaru (Korea), respectively.
Xylazine (Rompun), ketamine hydrochloride (Ketamine), and
acepromazine maleate (Sedaject) were purchased from BK
Pharm (Korea). Maxidex® (0.1% dexamethasone ophthalmic

solution) was obtained from Alcon (USA).

3.2.2 Particle preparation

I prepared the SBA—15 particles using the Stober process
(Figures 3.1 and 3.2) according to the previously reported
procedure with slight modifications [123]. Pluronic® P123 (4 g)
and CTAB (0.2 g) were dissolved in a solution containing 104
mL of deionized water, 20 mL of ethanol, and 20 mL of 2M HCI
solution. The resulting mixture was stirred for 30 min at 50 °C,
followed by dropwise addition of 8.4 mg of TEOS with vigorous
stirring. The reaction medium was then aged for 5 h at 60 °C
without stirring. The solid product thus obtained was filtered

and washed thoroughly with deionized water and ethanol to
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remove any excess surfactants or precursors. Finally, the white
particles were filtered and dried at 100 °C for 12 h. Calcination
was then performed on this solid product by increasing the
temperature from 25 °C to 550 °C at a rate of 1 °C /min and
then maintaining it at 550 °C for 5 h in a furnace under N flow.
To obtain APS—SBA—-15 (Scheme 1(B)), 200 mg of calcined
SBA—15 was suspended in 30 mL of toluene, and 2 mL of APS
was added to it with stirring. The reaction was carried out in a
round bottom flask equipped with a glass condenser to reflux
toluene at 110 °C for 3 h. After the reaction was completed, the
particles were filtered (PVDF4547A, 0.45 pm pore size,
polytetrafluoroethylene membrane filter, HYUNDAI Micro,
Korea), washed with toluene and ethanol, and then dried in an
oven at 100 °C for 6 h.

To load dexamethasone, the particles were pretreated
at 120 °C under vacuum for 3 h to remove moisture. After that,
200 mg of the SBA—15 or APS—SBA-15 particles were
immersed in 30 mL of a dexamethasone solution in ethanol (1
mg/mL) for 24 h to yield DXS@SBA—-15 or DXS@APS—SBA—
15 particles, respectively. The resulting particles were then

filtered (PVDF4547A, 0.45 um pore size,
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polytetrafluoroethylene membrane filter, HYUNDAI Micro,
Korea), washed three times with copious ethanol, and dried at

90 °C for 5 h.
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Figure 3.1. Schematic illustration of the synthesis of SBA—15.
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Figure 3.2. Schematic illustration of the synthesis of APS—SBA-
15.
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3.2.3 Characterization

To assess the crystalline structure, the particles were analyzed
via powder X-ray diffractometer (PXRD; SmartLab, Rigaku,
Japan) with Cu KB radiation at 3 kW over a range of 0.5° < 20 <
10° (scan speed =0.02°/min). The gas sorption analyzer
(Autosorb—iQ 2ST/MP, Quantachrome Instruments, USA) was
used to obtain nitrogen isotherms, where the surface area and
pore size distribution were obtained by the Brunauer —-Emmett—
Teller (BET) and Barrett—Joyner—Halenda (BJH) methods,
respectively [124]. The particle size distribution was measured
by the dynamic light scattering (DLS) method in a particle size
analyzer (ELS—2000ZS, Otsuka Electronics, Japan). Briefly,
the particles were suspended in deionized water at a
concentration of 100 ppb. To measure the amount and
distribution of nitrogen in the particles, an elemental analyzer
(FlashSmart™ Elemental Analyzer, Thermo Fisher, USA) and
transmission electron microscope (JEMF200, JEOL, Japan)
were used. The particle morphology was examined using SEM
(JSM—7800F Prime, JEOL, Japan). For SEM imaging, the
particles were sputter—coated with platinum (Sputter Coater

108 auto, Cressington Scientific Instruments, UK).
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To measure the drug loading amount, 5 mg of the
DXS@SBA—-15 and DXS@APS—SBA—-15 were each immersed
in 20 mL of a phosphate buffered saline (PBS, pH 7.4, 10 mM)
solution. In order to fully extract the drug, the suspension was
agitated at 125 rpm in a shaking incubator (SI-600R, Jeio Tech,
Korea) at 37 °C for 48 h. After that, the suspension was
centrifuged at 10,000 rpm for 10 min, and 1 mL of the
supernatant was collected and measured using high
performance liquid chromatography (HPLC, Agilent 1260 series,
Agilent Technologies, USA) with a poroshell column (C18, 2.7
pum—pore, 4.6 x100 mm, Agilent Technologies, USA) at a 1
mL/min feed rate of the mobile phase [a mixture of acetonitrile
and 20mM PBS at pH 2.5 (v/v= 40:60)]. The injection volume
of the samples was 10 plL and the UV absorbance was
measured at 230 nm. The encapsulation efficiency (%) was

calculated from the following equation:

E lati ffici (%) = Drug mass in particles %100
neapstiation eficlency 1) = Initially fed drug mass
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3.2.4 In vitro drug release study

Analysis of drug release was performed on 5 mg of the drug—
loaded particles, i.e., DXS@SBA—15 and DXS@APS—-SBA—-15,
in 30 mL of pH7.4 PBS, where a good sink condition of
dexamethasone could be maintained. The release medium with
the particles was incubated in a shaking incubator (SI—600R;
Jeio Tech, Seoul, Korea) at 37 °C with continuous stirring at
125 rpm. At predetermined times, a 5 mL of the release
medium was collected, and an equal volume of fresh buffer was
added back. The sampled release media were assayed by HPLC
as described above to measure the amount of dexamethasone

released. The experiments were performed in triplicates.

3.2.5 In vitro mucoadhesion study

To examine the adsorption of mucin to the particles, 2 mg of
the DXS@SBA—-15 or DXS@APS—SBA—15 was immersed in 2
mL of an aqueous solution of type III mucin (0.5 mg/mL) for
0.5 h [69]. After the interaction, the particles were collected by
centrifugation at 10,000 rpm for 10 min. The collected particles
were then re—suspended in deionized water at a concentration
of 500 ppb, and their surface charge was assessed using
Zetasizer (Nano ZS, Malvern, UK). I also performed
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guantitative analysis on mucin adsorption according to a
previously reported protocol with modifications [71, 80].
Briefly, an aqueous solution of type III mucin (1 mg/mL) was
prepared and pretreated by centrifuging at 10,000 rpm for 10
min. Two mL of the supernatant was collected, and 4 mg of the
particles were immersed in it. The resulting suspension was
incubated in a shaking incubator (SI-600R;Jeio Tech, Seoul,
Korea) at 37 °C for different time periods: 1, 2, 4, and 24 h.
After incubation, each suspension was centrifuged at 10,000
rpm for 10 min and 1 mL of the supernatant containing non—
adsorbed free mucin was collected. To the collected
supernatant, 100 pLL of periodic acid diluted with acetic acid was
added; the mixture was then incubated in a shaking incubator
for 2 h at 37 °C. After that, 100 ulL of Schiff's reagent was
mixed with the resulting mixture at 25 °C for 30 min and the
absorbance was measured with a UV/Vis spectrophotometer
(UV—-1800 240 V, Shimadzu, Japan) at 560 nm. The amount of
mucin adsorbed to the particles was calculated by subtracting
the measured amount of non—absorbed free mucin from the

total amount of mucin in the initial solution (1 mg/mL).

3.2.6 Cytotoxicity test

Cytotoxicity of DXS@APS—SBA—-15 and DXS@SBA—-15 was

evaluated on human primary corneal epithelial cells (HCECs;
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PCS—700-010, ATCC, USA) and L929 mouse fibroblast cells
(KCLB, Korea) using a cell viability assay kit (EZ—Cytox;
Daeillab Service, Seoul, Korea). The HCECs were cultured in a
basal medium for corneal epithelial cell (PCS—=700-030, ATCC,
USA) using a corneal epithelial cell growth kit (PCS—=700—-040,
ATCC, USA) at 37 °C in a humidified 5% CO, atmosphere. The
L9929 cells were cultured in an RPMI 1640 medium containing
10% fetal bovine serum (Gibco, CA, USA) and 1% antibiotic
supplement (Penicillin—Streptomycin 10,000 unit/mL, Thermo
Fisher Scientific, MA, USA) at 37 °C in a humidified 5% CO,
atmosphere.

To test cytotoxicity, 100 pL of the cell suspension (5.0
x 10" cells/mL) was seeded on each well of a 96—well plate.
After 24 h, DXS@APSSBA—-15 or DXS@SBA—15 were added
to each well at varying concentrations: particle concentrations
of 0.02, 0.05, 0.1, 0.2, 0.5, and 1 mg/mL were introduced with
both HCEC and L929 cells. The plate was then incubated at
37 °C for 24 hin a 5% CO, humidified atmosphere (N = 8). To
assess cell viability, 10 plL of an EZ—Cytox solution was added
to each well, and the plates were incubated for another hour at
37 °C. The plate was then read at 450 and 600 nm using a
microplate reader (SpectraMax 190 Microplate Readers;
Molecular Devices, USA). Cell viability was calculated using the
following equation: Cell viability (%) = (absorbance at 450 nm

of the well with the particles — absorbance at 600 nm of the
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well with the particles)/(absorbance at 450 nm of the well
without treatment — absorbance at 600 nm of the well without

treatment) x 100.

3.2.7 Animal experiments

For in vivo efficacy evaluation, I employed eyes of healthy,

male New Zealand White rabbits (1.8-2.5 kg, Orient Bio, Korea).

The experimental protocol using in this study was approved by
the Institutional Animal Care and Use Committee at the
Biomedical Research Institute of the Seoul National University
Hospital (IACUC No. 16-0085).

I administered a 35 pL suspension of DXS@APS—SBA—
15 or DXS@SBA—-15 with an equivalent dose of 35 ng of
dexamethasone topically to rabbit eyes, respectively. As per
the amount of drug loaded in the particles, the particle
concentrations in the suspension were 14.65 and 34.11 mg/mL
for DXS@APS—SBA—-15 and DXS@SBA—15, respectively. For
comparison, a 35 pulL drop of Maxidex® with the same dose was
also applied. At scheduled times after administration, I
measured the drug concentrations in the AH. For this, rabbits
were anesthetized with a subcutaneous injection of a cocktail of
17.5 mg/kg ketamine, 5 mg/kg xylazine, and 0.2 mg/kg
acepromazine, and approximately 100 pL. of AH was then

aspirated using a 31 G syringe (Jung Rim Medical, Korea). Five
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eyes (i.e., one eye for each animal) were tested for each type
of formulation applied at each scheduled time and subjected to
statistical analyses. The concentration of dexamethasone in the
collected samples was determined by an HPLC—mass
spectrometer (LC—MS, Agilent 6120 Series Quadrupole LC/MS,
Agilent Technologies, USA) using an EC—C18 Poroshell column
(4.6 x 50 mm, 2.7 um pore size, Agilent Technologies, USA).
The mobile phase was composed of 0.1% formic acid and
acetonitrile (50:50, v/v). The flow rate and sample injection
volumes were 0.5 mL/min and 10 pL, respectively. The column
temperature was maintained at 30 °C and the retention time

was 6.77 min (detection mass ion = 393).

3.2.8 Statistical analyses

Mann—Whitney U—test was used to perform statistical analyses
on the extent of mucin adsorption to the particles and drug
concentrations observed in the AH, where p < 0.05 was
considered statistically significant (SPSS version 22, IBM,
USA). For mucin adsorption analysis, the amount of
DXS@SBA—-15 and DXS@APS—SBA-15 at each sampling
event after incubation with mucin was compared. For analysis
of drug concentrations in AH, values with the particles,
DXS@SBA—-15 and DXS@APS—SBA-15, as well as only

Maxidex® at each sampling event after administration were
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compared.

3.3 Results

3.3.1 Particle characterization

I first assessed the physical properties of the SBA—15 particles
prepared here following a previously described protocol [123].
The PXRD patterns of SBA—15 both before and after
calcination and the PXRD patterns of APS—SBA—15 displayed a
well-resolved pattern with a single broad peak in the 20 range
of 0.5-1° as previously reported (Figure. 3.3) [125]. This
result suggested that the mesoporous structure in both types of
particles was maintained well after calcination and amine—
grafting procedures. According to the N, adsorption—desorption
isotherm (Figure. 3.4), both SBA—-15 and APS—-SBA-15
exhibited a distinct pattern of the Type IV isotherm, which
further confirmed the presence of mesopores in the particles.
The BET and BJH analyses revealed that the specific surface
area, average pore diameter, and total pore volume of SBA—15
were 658.79m?%/g, 7.18 nm, and 1.15 cm?®/g, respectively
(Figure. 3.4), which appeared to decrease slightly to
527.14m%g, 5.32 nm, and 0.74 cm®/g, respectively, after
amine—grafting (i.e., APS—SBA-15) (Figure. 3.5). The

incorporated nitrogen content in the APS—SBA—15 was
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measured to be 2.01 wt% according to elemental analysis; this
indicated the presence of 1.43 mmol amine groups per g of
APS—SBA—-15. The TEM—-—EDS map revealed a homogenous
distribution of amine groups in APS—SBA—15, while no peaks
of nitrogen were observed in SBA—15 (Figures. 3.6 and 3.7).
All particles prepared here (.e., the SBA—15, APS—SBA—-15,
DXS@SBA—-15, and DXS@APS—SBA—15) exhibited a spherical
shape with a diameter of about 2-4 um as shown in Figure. 3.8.
Due to the particle size being much smaller than 10 pm, the
particles prepared here were not expected to cause eye

irritation (Figures 3.9 and 3.10) [126].
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Figure 3.3. Powder X-ray diffraction patterns of (a) SBA-15
before calcination, (b) SBA—15 after calcination, and (c) APS—

SBA-156.
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Figure 3.6. TEM—EDS map images of SBA—15.
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Figure 3.7. TEM—-EDS map images of APS—SBA-15. The
nitrogen map shows a homogenous distribution of the amine

groups in the APS—SBA—15.
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(C)

Figure 3.8. Scanning electron microscopy (SEM) images of (A)
SBA-15, (B) APS—-SBA-15, (C) DXS@SBA-15, and (D)

DXS@APS—SBA—15. Scale bars = 1 pum.

v ke k=i



PDI=0.327

Fraction (%)

1000 2000 3000 4000 5000 6000 7000 8000
Diameter (nm)

Figure 3.9. Particle size distribution of SBA—15 measured by the
dynamic light scattering (DLS) method. The particles were

suspended in deionized water at a concentration of 100 ppb.

112



PDI=0.391
10 4

Fraction (%)

1000 2000 3000 4000 5000 6000 7000 8000
Diameter (nm)

Figure 3.10. Particle size distribution of APS—SBA-15
measured by the dynamic light scattering (DLS) method. The
particles were suspended in deionized water at a concentration

of 100 ppb.
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3.3.2 In vitro evaluation

The amounts of drugs loaded in DXS@APS—-SBA-15 and
DXS@SBA—15 were measured to be 68.23 and 29.31 pg/mg,
respectively, with encapsulation efficiencies of 45.4% and
19.5%, respectively, under the drug loading conditions applied
in this work. Considering the pore sizes of SBA—15 and APS—
SBA—-15 (7.18 and 5.32 nm, respectively), the molecules of
dexamethasone would be small enough (approximately 8.3 x
15.2 A) to be loaded in the mesopores of the particles [84]. A
higher drug encapsulation efficiency for APS—SBA-15
particles can be attributed to the cationic surface harboring
amine groups, which can adhere better with the anionic drug,
dexamethasone. According to the in vitro drug release analysis
(Figure. 3.11), while DXS@SBA-15 released 100%
dexamethasone during the first hour, DXS@APS—-SBA-15
released the drug in a more sustained manner for 12 h after a
58% burst release during the first hour. For the in vifro drug
release study, a relatively large volume of PBS was used to
maintain a good sink condition (aqueous solubility of
dexamethasone = 0.16 mg/mL). Therefore, considering the
small volume of tear fluid (~ 10 plL) [78], drug release is
expected to be slower, when actually applied to the eye in vivo.
When tested for safety on L1929 cells and HCECs, both
DXS@SBA—-15 and DXS@APS—SBA—15 appeared to be non—

cytotoxic as shown in Figure. 3.12.
114



To evaluate the surface properties, I measured the
change in surface charge of SBA—15 before and after amine
functionalization and drug loading. As shown in Table. 3.1,
SBA—15 had a negative zeta—potential of —51.3. The negative
surface charge of SBA—15 was attributable to the presence of
many hydroxyl groups. After APS grafting, APS—SBA—15 had
a positive zeta—potential, 26.7 mV, owing to the presence of
amino groups. After the loading of an anionic drug,
dexamethasone, the zeta potentials were shifted to be — 45.2
and 12.1 mV for DXS@SBA—-15 and DXS@APS—SBA-15,
respectively.

I also assessed the mucoadhesive property of
DXS@SBA—-15 and DXS@APS—SBA-15 under in vitro
environment. For this, I measured the zeta potential of the
particles after interaction with mucin. As shown in Table 3.1,
after interaction with mucin, the zeta potentials shifted to
values closer to that on mucin (-18.6 mV) and were measured
to be —22.1 and — 10.9 mV for DXS@SBA—15 and DXS@APS—
SBA—-15, respectively. This result implied the presence of
adsorbed mucin on the surface of both DXS@SBA-15 and
DXS@APS—-SBA-15.

According to quantitative measurements (Figure. 3.13),
the amount of mucin adsorbed on DXS@SBA—15 was 372 + 31
ng/mg after 0.5 h of interaction, which increased to 398 + 37

png/mg after an hour. Notably, more mucin appeared to be
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adsorbed on DXS@APS—SBA—-15 with the adsorbed amounts
being 561 + 52 and 589 + 59 pg/mg after 0.5 and 1 h of
interaction, respectively. The mucoadhesive properties of both
DXS@SBA—-15 and DXS@APS—SBA—15 can be attributed to
the presence of abundant hydroxyl groups that form hydrogen
bonds with mucin [127]. This phenomenon was more prominent
with DXS@APS—SBA—-15 as the positively charged amine
groups could form ionic complexes with the negatively charged

mucin [128].
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Figure 3.11. In vitro release profiles of dexamethasone from (A)

DXS@SBA—-15 and (B) DXS@APS—-SBA-15 in PBS (pH 7.4) at
37 °C. Error bars =+ SD (n =3).
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Figure 3.12. In vitro cytotoxicity of DXS@SBA—-15 (black) and
DXS@APS—SBA—-15 (grey) assessed on L929 and human

primary corneal epithelial cells. Error bars = = SD (n =8).

h A2l &k



Table 3.1. Zeta potential values of mucin, SBA—15, APS—SBA-
15 and obtained before/after incubation of DXS@SBA-15 and
DXS@APS—SBA-15 with mucin

Samples Zeta potential (mV)
Mucin —18.6
SBA—-15 —-51.3
APS—SBA-15 26.7
DXS@SBA—-15 —45.2
DXS@APS—SBA-15 12.1
DXS@SBA—15 with mucin —22.1
DXS@APS—SBA-15 with Mucin -10.9
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Figure 3.13. Amounts of mucin adsorbed on DXS@APS—SBA-
15 (black) and DXS@SBA-15(grey). *At all times of mucin
interaction, DXS@APS—SBA—15 was significantly different from

DXS@SBA—15. Error bars = +SD (n =4).
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3.3.3 In vivo evaluation
To examine in vivo efficacy, a suspension of DXS@APS—SBA—
15, or DXS@ SBA—-15, or a drop of Maxidex® eye drops, was
applied topically to rabbit eyes with all three having the same
dose of dexamethasone; drug concentrations in the AH were
then measured at scheduled times after administration. As
shown in Fig. 3.14, drug concentration profiles in the AH were
not very different between the rabbits administered
DXS@SBA—-15 or Maxidex®. Although the DXS@SBA-15
would be mucoadhesive to allow prolonged retention in the
preocular space, all the drug was released almost
instantaneously from the particles, hence its pharmacokinetic
profile was similar to that of the Maxidex® eye drops. On the
other hand, the improved ocular Dbioavailability of
dexamethasone was apparent in the form of DXS@APS—SBA—
15. Drug concentration in the AH was higher than that with
Maxidex® or DXS@SBA—15 after 1-6 h, and the difference was
statistically significant (p < 0.05). Therefore, the area
representing drug concentration under the AH-—time curve
(AUC) for DXS@APS—-SBA—-15 (0.92 pg h/mL) was more than
1.8—fold larger than those for Maxidex® (0.49 pg h/mL) and
DXS@SBA—-15 (0.36 pg h/mL), suggesting a higher amount of
drug absorbed into the AH with the DXS@APS—SBA—15.

The mucoadhesive property could be more pronounced

in case of APS—SBA—-15 due to the presence of amine and
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hydroxyl groups (Figures. 3.13 and 3.14). The mesopores
could serve as drug reservoirs, while the presence of amine
groups in APS—SBA-15 may allow sustained release of
negatively —charged dexamethasone (Figure. 3.11). Therefore,
when DXS@APS—SBA—15 is topically administered to the eye,
it may adhere to the mucous layer in the eye surface, and
hence ensure prolonged preocular retention as compared with
conventional eye drops that are known to be rapidly cleared
from the eye surface [58]. In addition to its longer stay on the
eye surface, the drug would be slowly released into the tears to
maintain an effective concentration gradient from tear to the
AH for a longer time; in this manner, a prolonged adsorption of
dexamethasone on the ocular tissues will eventually improve
drug bioavailability. The silica particles tested here have
already been shown to be biocompatible to a large extent in
previous studies, including for their possible applications on the
eve [129, 130]. In this study, the APS—SBA—15 did not exhibit
cytotoxicity (Figure. 3.12), and there was no eye abnormality

after topical administration in vivo either.
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Figure 3.14. Drug concentrations in aqueous humor of rabbit
eyes after topical administration of DXS@SBA-15 (W),
DXS@APS—SBA-15 (O), and Maxidex® (V). *At 1, 2, 4, and 6
h DXS@APS—SBA-15 showed a statistically significant
difference from DXS@SBA-15 and Maxidex®. Error bars = +
SD (n =5).
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4.4 Conclusion

Based on our results, we suggest the use of amine—grafted
mesoporous silica particles, 1.e., APS—SBA—15, as potential
carriers of dexamethasone for topical delivery to the eye. The
APS—SBA—15 tested here can be loaded with dexamethasone,
which can then be released in a sustained manner because of
the interaction of charges on the amine groups on APS—SBA—
15 and the negatively charged dexamethasone. The APS—
SBA—15 can better adhere to the mucin in the eye, and thus,
ensure a prolonged preocular retention. Therefore, when
topically administered to the eye in vivo, the APS—SBA—15
was observed to stay longer on the eye surface, while releasing
the drug slowly, which led to improved ocular bioavailability of
dexamethasone. Therefore, we conclude that the amine grafted
SBA—15 particles are promising carriers for enhanced

bioavailability of topically —delivered ocular drugs.
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Chapter 4

Conclusion and Perspective

Effective drug delivery to targeted ocular tissues is essential
for the treatment of eye disease. Currently, many researchers
are working hard to improve the in vivo performance of
conventional and novel formulations using state of the art
technology. However, in the clinical area, because of the ease
of administration and patient compliance, the majority of
prescription drugs are administered as eye drops (90%), but
still have the problem of low drug bioavailability. To address
this problem, I synthesized two highly porous hybrid particles,
functionalized their surfaces and evaluated their
mucoadhesiveness and drug delivery performance by applying

them to ophthalmic drug delivery systems.
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In chapter 2. I prepared an iron based metal organic
framework, NH,—MIL—88(Fe), and used the framework for the
first time as a carrier for the topical drug delivery of an ocular
drug, brimonidine. NH,—MIL—-88 (Fe) possesses mucoadhesive
properties and exhibited the sustained drug release of
encapsulated brimonidine. In vivo evaluations showed that
NH;—MIL—-88 (Fe)/Br remained on the preocular surface for a
prolonged period, leading to a prolonged duration of IOP
reduction and promotion of the ocular bioavailability of
brimonidine. In particular, NHy—MIL—-88 (Fe)/Br was naturally
degraded in 24 h and disappeared upon administration to the
eye. The safety was confirmed in in vitro cytotoxicity tests and
In vivo experiments.

In Chapter 3, I suggested the use of amine—grafted
mesoporous silica particles, (i.e., APS—SBA—-15), as potential
carriers of dexamethasone for topical delivery to the eye. The
APS—SBA—-15 tested here was loaded with dexamethasone,
which was released in a sustained manner because of the
interaction of charges on the amine groups on APS—SBA-15
and the negatively charged dexamethasone. The APS—SBA—-15
was evaluated for mucoadhesiveness. In in vivo experiments, it
adhered to the mucin in the eye, ensuring prolonged preocular
retention. Additionally, the safety of the materials for the eye
was confirmed in in vitro cytotoxicity tests and in vivo

experiments for the first time using primary corneal epithelial
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cells and rabbit model, respectively. When topically
administered to the eye in vivo, APS—SBA—15 was observed to
stay longer on the eye surface, while releasing the drug slowly,
which led to improved ocular bioavailability of dexamethasone.

According to the obtained results, surface amine groups
are very effective at enhancing the mucoadhesive properties of
the carrier. Due to their mucoadhesiveness, the particles
developed in this study were able to stay in the anterior part of
the rabbit eye for a long time and helped improve the
absorption of the drug. I conclude that iron—based MOFs, such
as NH,—MIL—-88 (Fe), and amine grafted SBA—15 particles are
promising carriers for enhanced bioavailability of topically—
delivered ocular drugs.

Over the past several decades, a variety of drug
delivery systems using nanotechnology and mucoadhesive
polymers have been developed for ophthalmic drug delivery,
but are unsuitable for product development. However, the two
inorganic material—based porous particles proposed in this
study are very promising for drug delivery systems with
mucoadhesive properties, because they have excellent
performance and are suitable for mass production processes.
Therefore, I hope that the results of this study contribute to the
development of improved drug delivery systems using mucosa
distributed in various parts of the human body (e.g., eyes, nose,

hepatobiliary system, small intestine, reproductive tract).
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