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Preface

Life is a perfect equilibrium between mind and body. It is a whole of different
variables that, during our life we have to set up. In this challenge the safe mainte-
nance of the human body represents one of our most important goal. In this sense,
science and technology play a key role in the extended life expectancy. In the last
century and especially in the last years, the medical area, in order to afford the
new challenge in health care, was subject to necessary and deep changes (improve-
ments), thanks also to a cross-fertilization of several disciplines.

Surgery, for example, has developed with a wide range of innovative techniques
and new devices (implants and surgical instruments) resulting in a reduction of
morbidity and mortality.

The use of drug delivery systems to improve the efficacy of bioactive mole-
cules remains an important strategy for achieving progress against the disease
and progress in this field has been remarkable. Over the past 20 years, the num-
ber of novel therapeutic approaches has expanded from traditional small chemi-
cal medicinals to a wide variety of biomolecules, including peptide/protein- and
nucleic acid-based therapeutics. All of these therapies require the administration of
stable dosage forms in adequate concentrations and exposure periods with the aim
to realize their potential.

At the same time new medical categories are widely expanded: tissue engineering
has made great strides in the replacement of worn out organs and tissues due to dis-
ease, injury, etc. in order to have real efficiency and efficacy, medical therapy needs
efficient and effective biomaterials both for intra and extracorporeal treatments.

Biomaterials and in particular polymeric ones are the focus of this scientific
revolution and represent one of the major researches around the world.

One of the reasons for the great popularity in the use of polymers in medicine is
that their properties can be tailored to meet specific needs by varying the “atomic
composition” of the repeat structure, molecular weight, or performing chemical
modifications of natural polymers.

The rationale of this contributed book stems from the premise to have an
important instrument that can be a knowledge bridge between teaching experience
and scientific research.
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This idea represents a true answer to the natural question: What is the novelty
in Advanced Polymers in Medicine? The first part of the book reviews the relevant
background information on polymer chemistry and the physicochemical char-
acterization and represents the scientific support for the following chapters. The
second part is devoted to a complete overview of “Medically” oriented polymers
and every chapter is dedicated to a medical specialty. In my opinion, this type of
approach will provide a better overview of polymers and medical applications and
allows an effective use both for teaching that scientific reference book. Therefore,
this book is intended for students and researchers who work in the area of bioma-
terials. I am conscious that a successful book is a product of several integrated
expertises; in this contributed volume, many of these were given by contributing
authors, all of which are listed in the bibliography. Thank you!

Francesco Puoci
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Chapter 6
Polymers in Ophthalmology

Javier Adrian Calles, José Bermiuidez, Enrique Vallés,
Daniel Allemandi and Santiago Palma

Abstract Ophthalmological sciences are disciplines focused in the health of the
eyes and related structures, as well as vision, visual systems, and vision informa-
tion processing in humans; dealing with the anatomy, physiology and diseases of the
eye. Along time a wide variety of materials, including metals, ceramics and poly-
mers, have been developed and used in different ophthalmic applications. Although,
modern ophthalmic devices and drug platforms are made with polymeric materials.
Applications of polymers in ophthalmology include vitreous replacement fluids,
contact lenses, intraocular lenses, artificial orbital walls, artificial corneas, artificial
lacrimal ducts, glaucoma drainage devices, viscoelastic replacements, drug delivery
systems, sclera buckles, retinal tacks and adhesives, and ocular endotamponades.
Both synthetic and natural polymeric biomaterials are used in ophthalmological
applications, although in the lasts years most efforts were focused in natural and bio-
compatible materials, such as gelatin, hyaluronan, chitosan, gums, etc.; developing,
tablets, films, suspensions, nanosystems, inserts, etc. This chapter attempts to offers
an insight into the importance of polymers in the design and development of phar-
maceuticals platforms used in ocular therapeutics.

Keywords Ophthalmology * Polymers - Inserts + Hydrogels + Microparticles -
Nanoparticles + Drug delivery
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Abbreviations

MC Methylcellulose

HEC Hydroxyethylcellulose

HPC Hydroxypropycellulose

HPMC  Hydroxypropylmethylcellulose
CMC Na Sodium carboxymethylcellulose
PVA Poly(vinyl alcohol)

SH Sodium hyaluronate

AUC Area under the curve

HEMA  Hydroxy ethyl metacrylate

PVP Polyvinyl pyrrolidone

EGDM  Ethylene glycol dimethacrylic acid
DDS Drug delivery system

PLA Polylactic acid

PGA Polyglycolic acid

PLGA  Copolymer polylactic-co-glycolic acid
NEs Nanoemulsions

PEO Polyethylene oxide

PPO Polypropylene oxide

Introduction

Ophthalmic drug delivery is one of the most interesting and challenging endeav-
ors facing the pharmaceutical scientist. Over the past decade, the understanding
of ocular physiopathology and pharmacokinetic and pharmacodynamic parameters
of ophthalmic drugs has increased markedly and resulted in the development of
new drugs and drug delivery systems for the human eye. The move from tradi-
tional ophthalmic dosage forms toward more sophisticated drug delivery systems
has been slow. This is due to the fact that certain prerequisites are necessary for
ophthalmic formulations which impose certain limitations to the formulator. These
include sterility, absence of local toxicity, tolerance, ease of dispensing, antimicro-
bial preservation for multidose formulations, and iso-osmolarity for aqueous-based
formulations. On the other hand, the development of drug treatments for diseases
of the retina and posterior tissues of the eye have been slow. Among the principal
causes for this, the technical difficulty in delivering drugs to the back of the eye
seems to be the most important. Most of the drugs used in ophthalmology had ini-
tially been developed for other applications and subsequently found to be useful
in ophthalmology. All these factors have limited the access to the market of inno-
vative ophthalmic modified-release formulations. One potential reason for this is
economics. Even worse, many potentially effective drugs languish on the labora-
tory shelves of pharmaceutical companies for lack of safe and efficacious formula-
tions. This problem is critical in the eye due to the great differences and variety of
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tissues that need to be targeted according to the involved therapy and the signifi-
cant barriers for penetration of foreign or exogenous compounds through ocular
mucosa. After topical instillation of an eye drop, the drug is subject to a number of
very efficient elimination mechanisms such as drainage, binding to proteins, nor-
mal tear turnover, induced tear production, and nonproductive absorption via the
conjunctiva. Typically, the effective period of time for drug absorption is about 90s
due to the rapid removal of drug from the precorneal area. Besides, the cornea is
poorly permeable to both hydrophilic and hydrophobic compounds. As a result,
only approximately 10 % or less of the topically applied dose can be absorbed into
the anterior segment of the eye. Basically, the two major barriers found in ocu-
lar drug delivery are (a) short residence time in the precorneal area and (b) poor
permeability of the cornea. For example, various efforts have been made to pro-
long the drug solution residence time via vehicle modification [1, 2], bioadhesives
[3], inserts [4]. A successful design of a drug delivery system, therefore, requires
an integrated knowledge of the drug molecule properties and effective formula-
tion strategies in order to overcome the constraints offered by the ocular route of
administration.

There is a clear need for ophthalmic products able to offer more therapeutic
benefits than those derived from simple solutions/suspensions. Another important
aspect of drug delivery is “targeting.” To maximize efficacy and safety, drugs need
to be directed as best as possible to a specific tissue or cell type once ocular pen-
etration has been achieved. In certain circumstances, the drug delivery systems can
be designed in order to achieve this goal. The development of the nanotechnol-
ogy oriented to the design of drug delivery systems offers new possibilities for the
improvement of the treatment of ocular diseases. Particularly, the potential use of
nanoparticles became one the most attractive alternative for this objective.

The final goal of drug delivery system is to achieve and maintain therapeutic
concentrations of the drug at the site of action along sufficient time to produce
a beneficial effect. A secondary aim is to avoid exposing eye’s tissues to high
enough drug concentrations able to cause unacceptable side effects. In the design
of a drug delivery system intended for ophthalmic administration an equilibrium
must be kept among the limitations imposed by the physicochemical properties of
the drugs, the limitations imposed by the anatomy and disease state of the eye, and
the dosing requirements of the drug for that particular disease.

A significant challenge to the formulator is to circumvent the protective barriers
of the eye without causing permanent tissue damage. Development of more sensi-
tive diagnostic techniques as well as novel therapeutic agents leads to the design
of ocular delivery systems with higher therapeutic efficacy. Although being use-
ful formulations several decades ago, conventional ophthalmic dosages forms such
as solution, suspension, and ointment no longer constitute an optimal therapy for
these indications. Therefore, nowadays a lot of attention is paid to the develop-
ment of the pharmaceutical system in addition to efficiency of the drug itself.

Although many drugs can be safely delivered by mean of eye drops, the effi-
ciency of the treatment depends on patient compliance. Non-compliance is a major
problem, especially in poorly educated patients and patients who are required to
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apply drops frequently. Lack of compliance frequently results in suboptimal thera-
peutics, which may lead to blindness depending on the pathology.

The dosing of patients suffering chronic conditions or motor problems is very
complicated since an adequate schedule of administration of eye drops is very
hard to complete.

However, the next decade promises great strides in therapy for many poorly
treated or untreatable ocular diseases with any drug treatment. For new medica-
tions to be used effectively, and for those now available to provide maximal ben-
efit, improvements in ocular drug delivery are essential.

This new type of ophthalmic formulations has to possess well defined proper-
ties in order to meet biopharmaceutical requirements such as be capable of deliv-
ering the effective ocular drug concentrations along an extended period of time
(without inducing systemic side effects), user friendly, and exempt of side effects
such as blurring, irritation, or foreign-body sensation.

Many attempts have been made to develop practical approaches to the modified
delivery of drugs. The reason for the high demand for developing novel options
for delivery of drugs to the eye is based on the need to progress from drug delivery
concerns discovered in earlier research on topically administered drugs.

The unique anatomy and physiology of the eye offer many challenges to deve-
lope effective ophthalmic drug delivery systems, but the knowledge in this field is
rapidly expanding. Systems range from simple solutions to novel delivery systems
such as biodegradable polymeric systems, corneal collagen shields, iontophoresis,
and viral and non viral gene delivery systems, to name a few. An increase in our
understanding of ocular drug absorption and disposition mechanisms has led to the
development of many of these new systems.

The aim of this Chapter is to describe the various polymeric systems used to
achieve prolonged contact time of drugs with the cornea and increase their bio-
availability. Advantages and shortcomings of the different systems are discussed,
as well as their characteristics and their in vivo applications.

Anatomophysiological Aspects in Ocular Drug Therapy

The eye is the organ of vision; it receives and encodes external light stimuli that are
then sent through the optic nerve to the occipital lobe of the brain where images are
processed. To achieve this, the eye requires some independence and protection from
the external environment, in order to maintain their structures unchanged. However,
this feature makes it an organ difficult to reach for certain types of drugs.

The eyeball (Fig. 6.1) is composed of three compartments, front to back:
(1) anterior chamber, (ii) posterior chamber and (iii) vitreous chamber. It also has
three concentric layers from outside to inside they are: (i) outer fibrous tunic,
(i1) vascular tunic and (iii) retina.

The fibrous layer is composed of a rear opaque part, the sclera, and anterior
and transparent, the cornea. The cornea is the transparent frontal window of the
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Fig. 6.1 Eyeball anatomy

eye, is formed by several layers: an outer hydrophobic epithelium of about 50 pm
thick delimited by the Bowman’s layer, followed by the hydrophilic stromal layer
and finally, the thin Descemet’s membrane and the endothelium. The intact cor-
neal epithelium permeability is very low, due to its polylaminated non-keratinized
structure with zonulaocludens joints (tight junctions) between the cells of the outer
layer. This structure has a protective function and exclude any movement of sol-
utes (resulting consequently in exclusion of hydrophilic drugs with low lipophilic-
ity or large molecular sizes) except those that occur through the apical and basal
plasma membranes of surface epithelial cells [5]. The vascular tunic is formed,
from back to front, by the choroid, ciliar body and iris, which form a continuous
structure. The ciliary body, has several important functions, including the active
secretion of aqueous humor. Much of the volume secreted goes through the tra-
becular meshwork to Schlemm’s canal, leaving the eye through the episcleral
veins [6]. Here there is a blood-aqueous barrier formed by tight junctions between
epithelial cells of the non-pigmented ciliary processes along with not fenestrated
vessels of the iris, limiting the systemic all access of drugs. Finally, the retinal pig-
ment epithelium also forms a blood-retinal barrier to accessing components that
may come from systemic circulation.

Whereas the dosage form most widely used in topical ocular treatment are the
eye drops (conjunctivitis, dry eye syndrome, glaucoma, iritis (anterior uveitis),
keratitis); there are other parameters of ocular surface that affect pharmacother-
apy, including: lower conjunctival sac capacity, blinking, tear secretion and tear
drainage.

When the lower eyelid is carried forward gently with your fingers the lower
conjunctival sac forms a funnel-shaped reservoir that can accommodate the
instilled formulation, but the conjunctival surface cannot accommodate a larger
volume than 25 pL if added quickly. When the eyelid returns to its normal posi-
tion conjunctival sac capacity is reduced to less than 10 pL.

Blinking is one me the most important defense mechanisms of the eye. The
blink reflex is usually fast enough to anticipate a strange body approaching at high
speed to the eye. Flicker is also essential in the reformation of the tear film and
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activates the pump mechanism by which the tears drain. Blink rate in humans is
15-20 per minute.

Under normal baseline, the total volume required to cover the eye surface is
approximately 6-8 |LL, the tear secretion rate is about 1.2 pL/min and the rate of
lacrimal turnover per minute is 16 % of total tear volume. However in stimulus
conditions, by irritation of the conjunctiva or cornea reflects, tearing occurs. The
volume of the tear film grows to about 16 ml, with a range between 5 and 6 pL
[7]. Thus reflex tearing stimulated for any reason, including many parameters of
eye drop formulation to enhance solubility and stability of the dosage form, cause
an accelerated drop instilled washing.

The tear leaves the surface of the eye and eyelids before going to the lacrimal
sac before draining to the nasolacrimal duct. In addition much of the tear film
is removed by evaporation or absorption at lacrimal sac level. When blinking is
prevented, tear accumulation occur, leading to spill to the skin of the eyelids and
cheeks [8]. Some studies have shown that the drainage of the instilled solution is
the main cause of the loss of drug in the precorneal area [9].

In response to this problem a growing interest in research related to pharma-
ceutical technology has been generated. A lot of work has been done on solving
inherent problems of drug release, administered dose and site of action in order to
design new drug delivery platforms. The design of this new group of pharmaceuti-
cal forms has focused primarily on the use of polymers as base material.

Systems for Ocular Controlled Drug Delivery
Currently Investigated

Hydrogels

Hydrogels are water-swollen, cross-linked polymeric structures produced by
the simple polymerization reaction of one or more monomers or by association
of bonds such as hydrogen bonds and strong van der Waals interactions between
chains. These systems exist in a state between rigid solids and liquid and this
feature sets them apart from other forms of matter. Presently, a huge number of
synthetic hydrogels is known. Hydrogels and viscous solutions, based upon the
addition of hydrocolloids to simpler aqueous solutions, are the most common for-
mulations. There is no clear cut frontier between very viscous solutions and gels
in terms of biopharmaceutical results. According to Plazonnet et al. [10], aqueous
gels are at the upper limit of viscous preparations, and they are formed when high
molecular weight polymers or high polymer concentrations are incorporated in the
formulations.

Currently, two groups of hydrogels are distinguished, namely preformed and in
situ forming gels. The preformed gels can be defined mainly as hydrogels which
do not undergo further modification after administration, whereas in situ gelling
systems can be described as viscous liquids or suspensions that, upon exposure
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to physiological eye conditions (ionic strength, temperature or pH), will shift to
a gel phase. Preformed gels are administered in the same way as an ointment,
which is less convenient for the patient than the instillation of a viscous drop. The
most common polymers used in viscous solutions are cellulose derivatives, car-
bomers, polysaccharides, and, recently, hyaluronic acid. The advantage offered by
this last product depends upon the active ingredient and the formulation environ-
ment [11]. Polyvinyl alcohol and polyvinyl pyrolidone are also used in ophthal-
mic drugs. Gels permit longer residence time in the precorneal area than viscous
solutions. This has encouraged researchers to work on formulations that would be
(viscous) solutions in the drug vials but would gel in the conjunctival cul-de-sac.
The polymers chosen to prepare ophthalmic hydrogels should meet some spe-
cific rheological characteristics. It is generally well accepted that the instillation
of a formulation should influence tear behavior as little as possible. Because tears
have a pseudoplastic behavior, pseudoplastic vehicles would be more suitable than
Newtonian formulations, which have a constant viscosity independent of the shear
rate. Pseudoplastic solutions exhibit decreased viscosity with increasing shear rate,
thereby offering lowered viscosity during blinking and stability of the tear film
during fixation.

A large amount of today’s research is focused on the so-called ‘smart’ or ‘intel-
ligent’ hydrogels. A representative of this interesting class of hydrogels is a poly-
mer system with a defined phase transition capable of abruptly swelling to many
times its original size or collapsing into a compact mass when stimulated exter-
nally [12]. Smart hydrogels react in response to an external stimulus in a manner
similar to many living organisms rather than to non-living organic matter [13].

The improvement in residence time of ophthalmic semisolid hydrogels is pri-
marily based on an increase in ocular residence time as a result of a reduction in
drainage rate through enhanced viscosity and mucoadhesive properties.

Preformed Hydrogels

Preformed hydrogels for topical administration in the eye can be based on natural,
synthetic, or semisynthetic polymers.

Cellulose Derivatives. The pioneering group of polymers used as compo-
nents of ophthalmic preformed hydrogels is the family of cellulosic derivatives.
Because pure cellulose is not water soluble due to its relatively high crystallin-
ity, cellulosic derivatives have been used for a long time as viscosifiers in collyria.
Methylcellulose (MC) (Fig. 6.2) was first introduced in ophthalmic formula-
tions in the 1940s as a mean of decreasing their fluidity [14]. Since then, cellu-
losic polymers have been extensively studied in human, [15-17] as well as in
veterinary medicine [16, 18-20], for ocular administration. The cellulosic
derivatives most commonly used in ophthalmology are: (1) Methylcellulose,
(2) Hydroxyethylcellulose (HEC), (3) Hydroxypropycellulose (HPC),
(4) Hydroxypropylmethylcellulose (HPMC) and (5) Sodium carboxymethylcellu-
lose (CMC Na).
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The boundary between viscous solutions and gels for cellulosic derivatives is
particularly difficult to define, because data regarding the hydrocolloid concentra-
tion or the viscosity of the final formulation are not always available. These cellu-
losic polymers appear in several currently available commercial preparations such
as Adsorbotear® (Alcon, Fort Worth, Texas), Lacril® (AUergan, Irvine, California)
and Celluvisc® (AUergan, Irvine, California).

Subsequent advances in the polymers field with respect to ocular drug delivery
have led to the use of poly(vinyl alcohol) (PVA); sodium hyaluronate, and car-
bomer, which often give better results [21-24] than celluloses. On the other hand
cellulose-based hydrogels are still in focus for ophthalmical applications as ocular
bandage [25].

Poly(vinyl alcohol). Scientific interest has been directed toward using other
viscosifying agents. Poly(vinyl alcohol) (PVA) is a synthetic polymer commer-
cially obtained by polymerization of vinylacetate to poly(vinyl acetate) (Fig. 6.3)
and subsequent hydrolysis to PVA [26]. Polyvinyl alcohol was introduced in
the early 1960’s as a mean to increase solution viscosity and, hence, prolong
precorneal residence time. The presence of PVA in ophthalmic preparations has
been shown to significantly delay precorneal drainage of topically applied for-
mulations and to increase drug bioavailability as well as pharmacological effects
such as miotic response to pilocarpine exposure when compared with conventional
saline [27]. Some commercial products, particularly for the treatment of dry eye,
are based on PVA, including HypoTearse® (IOLAB Corp., Claremont, California)
and Liquiﬁlm® (Allergan, Irvine, California).

Sodium Hyaluronate. The actual trend in ocular delivery is to use sodium
salt of hyaluronic acid (SH). The SH is a high molecular weight biological pol-
ymer composed of repeating disaccharide units of glucuronic acid and n-acetyl-
glucosamine (Fig. 6.4), a specific ultrapure fraction being patented as Healon
(Kabi Pharmacia, Sweden) by Balazs [28] in 1979. The HS is a natural poly-
saccharide found in skin, connective tissues, umbilical cord, vitreous body and
aqueous humor. The main advantages of SH are its excellent biocompatibility,
mucoadhesiveness as well as its pseudoplastic and viscoelastic behavior. Its use
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as a vehicle in ocular drug delivery has been extensively reviewed by Bernatchez
et al. [29]. This polysaccharide is frequently proposed as a vehicle of choice in
tear substitutes since it has been reported to possess a desirable protective effect
against damage caused by benzalkonium chloride, a compound commonly
added as a preservative in multiple dosage forms [30]. An extended residence
time is one of the factors used to select artificial tears for the therapy of KCS
(Keratoconjunctivitissicca), being effective in reducing common symptoms such
as blurring vision, pain and photophobia. A further advantage of SH in this appli-
cation is its pseudoplastic behavior. The ability of SH to prolong drug release by
increasing precorneal drug residence time has been studied (mostly in animals)
for several ophthalmic compounds such as pilocarpine [31-33] or, more recently,
gentamicin [34]. Some commercial products containing SH are currently available
being mostly indicated (for example Healon® and Viscoat®) for use as surgical
aids in anterior segment procedures such as cataract extraction or intraocular lens
implantation rather than for topical administration.

New efforts were directed to use this material in novel ophthalmic drug deliv-
ery platforms; recent reports in scientific literature propose the SH as solid bio-
adhesivedrug delivery system. Crosslinked SH films loaded with timolol maleate
were successfully used to reduce intra ocular pressure in normotensive rabbits,
prolonging the hypotensive effect for longer than commercial timolol maleate eye
drops [35].

Carbomer. Cross-linked poly (acrylic acid) (Fig. 6.5) of high molecular
weight, commercially available as Carbopol® (B.F. Goodrich Chemical Company,
Cleveland, Ohio), is widely used in ophthalmology to enhance precorneal reten-
tion to the eye. The superiority of Carbopol over simple saline and suspensions in
enhancing precorneal residence time [36] and drug bioavailability [37, 38] has
been demonstrated by several authors. Preparation of Carbopol hydrogels is simply
based on the dispersion of the polymer in water at room temperature, followed by
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a neutralization process with agents such as sodium hydroxide, triethanolamine, or
directly with active basic compounds. The maximal viscosity is obtained at neutral
pH. Carbopol offers the advantage of exhibiting excellent mucoadhesive properties
when compared with others polymers (e.g., cellulose derivatives, PVA and SH). The
efficacy of Carbopol in enhancing precorneal residence time has been extensively
studied by incorporating tracers such as sodium fluorescein [39] or active com-
pounds such as pilocarpine or prednisolone [24, 38, 40]. A large number of com-
mercial ophthalmic preparations contain Carbopol, including tear substitutes such as
Lacrigel® (Europhta, Monaco), Lacrinorm® (Chauvin, Montpellier, France) or for-
mulations containing active compounds such as Iduviran® (Chauvin, Montpellier,
France) and Pilopine® (Alcon, Fort Worth, Texas).

Other polymers. Other natural or synthetic polymers have also been evalu-
ated as potential vehicles to prolong the residence time of drugs at the surface of
the eye but are currently being further investigated, such as xanthan gum or chitosan
are currently under investigation for topical administration. An important difference
between the two polymers is the anionic character of xanthan gum, whereas chitosan
exhibits positive charges. Xanthan gum has been proposed as a material for artifi-
cial tears preparations [41] as well as vehicle for drug delivery [42, 43]. Evaluating
transcorneal delivery of pilocarpine from several ophthalmic formulations, Saettone
et al. [44] demonstrated that the presence of 1.5 % of xanthan gum induced a sig-
nificant improvement of the pharmacokinetic parameters of the drug such as area
under the curve (AUC), half-life time of elimination and the mean residence time
in aqueous humor. Chitosan is emerging as a polymer of interest for ophthalmic use
[45-47]. Formulations based on the concept of mucoadhesion (Fig. 6.6) have been
investigated to overcome the rapid elimination of instilled ophthalmic solutions.
They appear less viscous than those based on traditional viscolizers. The possible
advantage of chitosan over xanthan gum lies in the presence of positive charges at
physiological pH on the sugar backbone of chitosan, which are supposed to interact
with the negative charges of the mucus, thereby conferring a bioadhesive property to
this polysaccharide. Therefore, chitosan has attracted attention for topical ophthal-
mic applications, for example, promising results have been obtained demonstrating
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that chitosan formulations remained significantly longer on the corneal surface when
compared with a conventional commercial solution [48].

In Situ Forming Gels

The use of preformed hydrogels still has drawbacks that can limit their interest
for ophthalmic drug delivery or as tear substitutes. They do not allow accurate
and reproducible administration of quantities of drugs and, after administration,
they often produce blurred vision, crusting of eyelids, and lachrymation. A new
approach is to try to combine advantages of both, solutions and gels, such as accu-
racy and facility of administration of the former and prolonged residence time
of the latter. Thus, in situ hydrogels can be instilled as eye drops and undergo an
immediate gelation when in contact with the eye.

“Smart” hydrogels or stimuli-sensitive hydrogels or in situ forming (Fig. 6.7),
are very different from inert hydrogels in that they can “sense” changes in envi-
ronmental properties such as pH and temperature and respond by increasing or
decreasing their degree of swelling. These sensing capabilities are attractive in
many biomedical applications. The volume-changing behavior of “smart” hydro-
gels is particularly useful in drug-delivery applications as drug release can be
desirably triggered upon environmental changes [49-51]. Temperature responsive-
ness is particularly useful for in situ formation of drug-delivery devices since it
allows handling of the formulation in the sol-phase at room temperature and solid-
ification of the carrier upon injection [52]. Stimuli-responsive hydrogels, espe-
cially those sensitive to temperature and pH, are attractive because these factors
are variables that change in typical physiological, biological and chemical sys-
tems. Product(s) using the gellan gum technology [53], and with polymer associa-
tions like those published by the University of Nebraska researchers [54, 55], and
Smart Gel® technology [56] are examples of technologies that use this approach.
This field of intricately entangled polymers seems promising since new ‘“patent-
able” entities might be obtained through in-depth studies of associations of well-
established products.

In situ forming gels influenced by ionic strength. Ionic-strength-responsive
polymers undergo their phase transitions, resulting from the different concen-
tration of salts (e.g., ionic strength). Gellan gum is an anionic polysaccharide

Fig. 6.7 Stimuli-sensitive
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produced by the bacterium Pseudomonas elodea [57] which, when dispersed
in aqueous solutions, undergoes a liquid-gel transition under the influence of an
increase in ionic strength [58]. The acetylated form is commercially available as
Gelrite® (Kelco Division of Merck and Co, USA). The sol-gel transition process
is induced by the presence of monovalent or divalent ions such as Na® and Ca®*.
Some other parameters influence the phase transition, e.g., the concentration of
polysaccharide, the temperature of the preparation, and the nature and the concen-
tration of cations. Exceptional rheological properties of gellan gum such as thixot-
ropy, pseudoplasticity, and thermoplasticity [59] are further advantages for its use
in ophthalmology: the fluidity of the solution can be increased simply by shak-
ing or slightly warming the preparation. The gellation increases proportionally to
the amount of either monovalent or divalent cations present in the lacrimal fluid
and in vitro experiments have demonstrated that divalent cations are more efficient
in promoting sol-gel transition than monovalent ions. However, the in vivo condi-
tions (i.e. the concentration of sodium in tears) is sufficient to induce the gellation
process. Recently two other natural polymers believed to be able to form in situ
gels by interacting with the lachrymal fluid have been evaluated as potential adju-
vants in ophthalmic formulations [60, 61]. Carrageenans, a group of water soluble
sulphated galactans extracted from red seaweed, showed similar features to gel-
lan gum regarding their rheological behavior, gelling properties [62], and toler-
ance. This suggested that they could be interesting polymers for prolonging the
residence time of topical ocular formulations [60]. Furthermore, the authors sug-
gested that since these compounds are strong polyelectrolytes, they will have an
identical gelling mechanism to gellan gum. Some alginates, rich in guluronic acid
residues, have been demonstrated to exhibit reversible liquid-gel transition after
administration and to be efficient in reducing intraocular pressure when carrying
pilocarpine [61]. Also, alginate-pectine combinations and thiolated pectines were
studied. Thiolation of pectin was observed to result in an increase in the gelling
behavior, viscosity, and bioadhesive strength; combination of pectin and sodium
alginate demonstrated good in vitro release characteristics [63].

In situ forming gels influenced by temperature. The volume-changing
behavior of “smart” hydrogels is particularly useful in drug-delivery applica-
tions as drug release can be desirably triggered upon environmental changes
[49-51]. Temperature responsiveness is particularly useful for in situ formation
of drug-delivery devices since it allows handling of the formulation in the sol-
phase at room temperature and solidification of the carrier upon injection [52].
These hydrogels are liquid at room temperature (20-25 °C) and undergo gelation
when in contact with body fluids (35-37 °C), due to an increase in temperature.
Different thermal setting gels have been described in the literature, including for
example acrylic acid copolymers [43, 64] and N-isopropylacrylamide derivatives
[65]. However, specific requirements inherent to ophthalmic administration such
as tolerance have limited the choice of such polymers. Poloxamers, commercially
available as Pluronic® (BASF-Wyandotte, USA), are the most commonly used
thermal setting polymers in ophthalmology owing to their low toxicity, mucomi-
metic properties and optical clarity. They are formed by a central hydrophobic part
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(polyoxypropylene) surrounded by hydrophilic part (ethylene oxide). Their con-
centration is chosen in accordance with the desired liquid-gel transition [66]. At
concentrations above 20 % w/w, poloxamers exhibit the phenomenon of reverse
thermal gellation, that is, gelling upon warming up from ambient to body tem-
perature [67]. Interestingly, the temperature of transition of poloxamers can be
modulated by adding solutes or polymers such as poly(ethylene glycols) [68] or
cellulosic derivatives such as MC or HPMC to the formulation. The mucomimetic
property of poloxamers is supposed to be due to their hydrophobic and hydro-
philic sequences simulating mucin action by adsorption of the aqueous layer of
tears on the hydrophobic epithelium. However, the disadvantage of poloxamers
as compared to Gelrite® lies in their mechanism of gellation. In fact, since sol-
gel transition takes place as the temperature increases, accidental gellation dur-
ing conservation may occur. A new attractive thermal sensitive hydrogel, Smart
Hydrogel® composed of a polymeric network of poly (acrylic acid) and polox-
amer, has been described by Gilchrist et al. [69]. Owing to their protective and
mucomimetic action, poloxamers have also been evaluated for the treatment of dry
eye [70]. Poloxamers have also been widely investigated as ocular drug delivery
systems. Miller and Donovan [71] reported enhanced activity of pilocarpine in
poloxamers 407 gels when compared with a simple solution, whereas Dumortier
et al. [72] have shown that a thermoreversible gel does not improve the kinetic
profile of morphine over a reference solution. Despite all the promising results
obtained with thermoreversible gels, it remains an important drawback associated
with the use of these hydrogels; the risk of gelling before administration by an
increase in the ambient temperature during packaging or storage.

In situ forming gels influenced by pH. All the pH-sensitive polymers con-
tain pendant acidic or basic groups either accept or release protons in response
to changes in environmental pH. The polymers with a large number of ionisable
groups are known as polyelectrolytes. Swelling of the hydrogel increases as the
external pH increases in the case of weakly acidic (anionic) groups, but decreases
if the polymer contains weakly basic (cationic) groups [73].

pH-sensitive hydrogels are composed of polymer chain networks crosslinked
to each other and surrounded by a salt solution. A change in the pH of the solu-
tion surrounding the gel will initiate a physical process of either gel swelling or
deswelling. The physical process, in general, is not instantaneous, and modelling
the gel swelling/deswelling rate helps us to have a thorough understanding of the
gel dynamics. This is particularly important when hydrogels are used in controlled
drug-delivery devices, where the drug is released during the swelling process.

Pseudo-latexes have been defined by El-Aasser [74] as artificial latices obtained
by the dispersion of a pre-existing polymer in an aqueous medium. Such systems
correspond to low viscosity aqueous dispersions, which can undergo spontaneous
coagulation in the conjunctival cul-de-sac owing to an increase of the local pH. The
massive swelling of the particles is due to the neutralization of the acid groups con-
tained in the polymer chain. The increase in viscosity is by several orders of mag-
nitude [75]. In situ gelling pseudo-latexes can be prepared by two manufacturing
processes; the solvent evaporation process [76] and the salting out process [77].



160 J.A. Calles et al.

The uses of new technologies were recently combined to developnovel pH
triggered polymeric nanoparticulate in situ gel for ophthalmic delivery of aceta-
zolamide to enhance conjunctival permeation and precorneal residence time of
the formulation. Nanoparticles were developed by nanoprecipitation method and
exhibited significantly higher ex vivo transcorneal ACZ permeation than eye drops
and ACZ suspension [78]. Similar findings were also described for a fluconazole
pH triggered nanoemulsified in situ ophthalmic gel [79].

Inserts

This section is devoted to solid devices delivering drugs to the anterior segment
of the eye that are denoted by the general name insert, originating from the Latin
inserere, to introduce. Ophthalmic inserts are defined as preparations with a solid
or semisolid consistency, whose size and shape are especially designed for oph-
thalmic application (i.e. rods or shields) [80]. These inserts are placed in the lower
fornix and, less frequently, in the upper fornix, or on the cornea. They are usually
composed of a polymeric vehicle containing the drug and are mainly used for topi-
cal therapy.

Ophthalmic inserts have been, and continue to be, in fashion in research and
development laboratories, which is testified by abundant literature [81, 82]. The
insert is probably the oldest ophthalmic formulation. Historically, the first solid
medication precursors of the present insoluble inserts, were described in the 19th
century. They consisted of squares of dry filter paper, previously impregnated
with drug solutions (e.g., atropine sulfate, pilocarpine hydrochloride) [83], small
sections were cut and applied under the eyelid. However, although the British
Pharmacopoeia 1948 described an atropine in gelatin “wafer”, and notwithstand-
ing all the formulation possibilities as well as the modulation of biopharmaceutical
properties that inserts permit, the insert market never took off. This was appar-
ently caused by incompatibility between the product-insert and the user-patient,
particularly in the elderly; difficulty of insertion by the patient and foreign-body
sensation. Besides the initial discomfort upon administration, other potential dis-
advantages arising from their solid state are, possible movement around the eye,
occasional inadvertent loss during sleep or while rubbing the eyes, interference
with vision and difficult placement (and removal for insoluble devices) [84]. Most
of the ongoing research is therefore dedicated to improving ocular retention and
to ensure an easy placement, while reducing the foreign body sensation in the eye.
Two products, AlzaOcusert® [85] and Merck Lacrisert® [86], have been marketed,
although Ocusert is no longer sold. Ocusert was an insoluble delicate sandwich
technology filled with sufficient pilocarpine for 1 week’s use, whereas Lacrisert is
a soluble minirod of hydroxypropyl cellulose, nonmedicated and dissolving within
24 h to treat dry-eye syndromes [86]. Other inserts are more like implants to be
placed in the eye tissues by surgery and are not within the present scope of this
Chapter.
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Ophthalmic inserts are generally classified according to their solubility behav-
ior and their possible biodegradability.

Soluble Inserts

Soluble inserts are the most frequently investigated class of ophthalmic inserts.
Their main advantage relies on their complete solubility compared with their
insoluble counterparts, so that they do not need to be removed from the eye after
deposition. The major problems of these soluble inserts are the rapid penetration
of the lacrimal fluid into the device, the blurred vision caused by the solubilization
of insert components and the glassy constitution of the insert increasing the risk of
expulsion. They are usually divided into two categories according to their polymer
composition. The first type is based on natural polymers whereas the second is
derived from synthetic or semisynthetic polymers.

Natural polymers. Natural polymers include collagen, which was the first
ophthalmic insert excipient described in the literature. Inserts containing collagen
were first developed by Fyodorov [87, 88] as corneal bandages following surgical
operations and eye disease. Later, collagen shields as drug carriers were suggested
by Bloomfield et al. [89]. As described for contact lenses, the therapeutic agents
are generally absorbed by soaking the collagen shield in a solution containing the
drug and, once placed in the eye, the drug is gradually released from the interstices
between the collagen molecules, as the collagen dissolves. Accordingly, the resi-
dence time of drugs [90] such as antibacterials, [91, 92] anti-inflammatory agents
[93, 94] antivirals [95] or combination drugs [96] was increased when compared
to traditional eye drops. However, as observed for contact lenses, most drugs are
released quite rapidly by a diffusion process, whereas dissolution requires a much
longer time.

Solid Precorneal Inserts (Collagen Shields). Collagen shields were first intro-
duced by Fyodorov in 1984 for use as a bandage contact lens following radial
keratotomy and photorefractive surgery [97]. Collagen shields are manufactured
from porcine scleral tissue and commercially available (Bio-Cor, Bausch & Lomb)
with three dissolution times of 12, 24, and 72 h, depending on the level of col-
lagen cross-linking induced during the manufacture process. Bloomfield et al.
[89] were the first to suggest that collagen might provide a suitable carrier for
sustained ocular drug delivery. They showed that wafer shaped collagen inserts
impregnated with gentamicin produced higher levels of drug in the tear film and
tissue in the rabbit eye compared to drops, ointment, or subconjunctival injection.
They appeared useful as a delivery system for anti-infective agents and might pos-
sibly be of interest for some other drugs. Hydrophilic drugs are entrapped within
the collagen matrix when the dry shield is soaked in aqueous solution of the drug
whereas water-insoluble drugs are incorporated into the shield during the manu-
facturing process. When compared with intensive topical treatment, collagen
shields have been found superior with regard to the delivery of different antibiotics
and antifungal agents in the rabbit model [91, 98, 99]. In experimental bacterial
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keratitis in animal models, the enhanced drug delivery ability of collagen shield
was translated to enhanced bacterial eradication [92, 100-102]. Improved results
were reported also for the delivery of anti-inflammatory agents by collagen shields
[93, 94, 103].

The main advantages of collagen shields over contact lenses is their solubility.
For this reason they do not need to be removed. However, collagen may cause an
inflammatory response in the ocular tissues. Also, if shields are not used in asso-
ciation with antibacterials, a secondary infection may occur [95]. Nowadays, these
devices have the further disadvantage of not being well accepted by the authori-
ties, because of possible prion-based infection. Furthermore, the complexity of
the manufacturing process and the resulting blurred vision are serious drawbacks
that have curbed the enthusiasm raised during the development of corneal shields.
Corneal shield self-administration is also difficult for the average user and their
positioning should be monitored since they can be easily dislocated.

Another interesting approach is Gelfoam®, which is made of absorbable gelatin
sponge USP. It can be inserted in the conjunctival pouch in the form of small disks
(e.g., 4 mm in diameter and 0.5 mm thick) impregnated with drug solutions. They
have been shown to improve the management of pupillary dilation in humans as
well as the delivery of pilocarpine [104—106].

Synthetic and semisynthetic polymers. Ophthalmic inserts containing syn-
thetic, i.e. PVA [107, 108] and semisynthetic, i.e. cellulose based [108—110] pol-
ymers, are extensively described in the literature. This stems in part from their
advantage of being based in products well adapted for ophthalmic use and their
ease of manufacture by conventional methods, including extrusion [110], compres-
sion [111] and compression molding [112]. Ethylcellulose, a hydrophobic poly-
mer, can be incorporated in the formulation to decrease insert deformation, and
therefore prevent blurred vision [113]. Regarding the risk of expulsion, several
authors have incorporated carbomer, which, at low concentrations, is strong, but
well-tolerated bioadhesive polymer.

Lacrisert® is a soluble insert that was successfully commercialized by Merck
Sharp and Dohme in 1981 [87]. The device weighs 5 mg, measures 1.27 mm in
diameter with a length of 3.5 mm, and is composed of HPC and is useful in the
treatment of dry eye syndrome.

Insoluble Inserts

Insoluble inserts can be classified into two categories: reservoir and matrix
systems.

Reservoir inserts. Reservoir inserts consist of a central reservoir of drug
enclosed in a specially designed semipermeable or microporous membranes which
allow the drug to diffuse from the reservoir at a precisely determined rate in a zero
order release fashion. Reservoir controlled release systems may be manufactured
in a wide range of geometries including conventional tablets/pellets, laminated
films and other defined shapes, (e.g., hemispheres, cylinders, rods). Similarly there
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are a number of methods by which these systems may be produced. For exam-
ple pellets, spheres and tablets may be coated with an insoluble polymeric coating
using conventional spray/film coating techniques, e.g., pan coating, air suspension
coating. Alternatively, planar (laminated) drug delivery systems, e.g., transdermal
patches, are manufactured using extrusion or film casting techniques. All reservoir
systems share a common design, namely the drug core is housed within a poly-
meric barrier. The choice of the composition of the polymeric membrane is per-
formed according to the physicochemical properties of the drug, particularly the
ability of the therapeutic agent to diffuse through the polymer coating at the appro-
priate rate, the chosen manufacture method and the proposed route of administra-
tion to the patient. Reservoir inserts based on an osmotic release mechanism of the
drug are mostly described in the patent literature, however in vivo tests on such
technologies are rarely reported [80]. These types of ocular delivery systems are
generally made up of a unique central reservoir surrounded by a peripheral com-
ponent [114]. The peripheral part of these osmotic inserts comprises in all cases of
a covering film made of an insoluble semipermeable polymer.

Ocusert® (developed by Alza Corporation, Palo Alto, California) is undoubt-
edly the most extensively described insoluble insert in the literature [115, 116].
The delivery of therapeutic agents to the eye for the treatment of disorders of
the eye, (e.g., glaucoma), using conventional drug delivery systems, e.g., drops,
ointments, is an inefficient process. This is primarily due to the rapid clearance
of drugs from the surface of the eye due to blinking and tear flow. One method
by which the efficiency of ocular drug delivery may be improved is through the
use of polymeric implants that are implanted under the lower cul-de-sac of the eye
[117]. The Ocusert represents one such example that has been designed to release
either 20 g h™! or 40 wg h™! of a therapeutic agent (pilocarpine) for a seven day
period following implantation. In design terms the Ocusert is flat, flexible ellipti-
cal device which consists of a pilocarpine reservoir comprising alginic acid, which
is surrounded on both sides by a membrane of ethylene-vinyl acetate copolymer.
These layers act as the rate controlling membranes. The device is encircled by a
retaining ring impregnated with titanium dioxide. Drug release from this delivery
system occurs by diffusion. Initially lachrymal (tear) fluid diffuses through the rate
controlling membranes and enters into the inner (alginate) matrix at which stage
dissolution of pilocarpine occurs. Now in the molecular state, pilocarpine diffuses
from the region of high concentration (the drug-containing matrix) to the lach-
rymal fluid through the rate controlling membrane. Recent clinical studies were
done to compare the efficacy and safety of a new ocular insert versus conven-
tional mydriasis in cataract surgery. Mydriasert® (Laboratories Théa, Clermont-
Ferrand) is a tropicamide and phenylephrine insert, formulated with ammonio
methacrylate copolymer, polyacrylate dispersion and ethylcellulose as excipients.
The researchers concluded that the effect of the Mydriasert insert was similar to
conventional mydriatic agents. Pupil size was restored to normal faster when using
the Mydriasert insert compared with conventional mydriatic agents for pupil dila-
tion. Another advantage of the insert is that this method requires only two simple
maneuvers, one to insert and one to withdraw the device, thus reducing patients’
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discomfort and saving time for the nursing staff, compared to having to administer
drops to patients every 15 min [118].

Matrix inserts. The matrix insoluble inserts are typically represented by the
contact lenses. The initial use of contact lenses was for vision correction. Its use
has been extended to drug delivery devices by presoaking them in drug solu-
tions. The main advantage of this system is the possibility of correcting vision
and releasing drug simultaneously. Contact lenses are composed of a hydrophilic
polymer which swells by absorbing water. The swelling, caused by the osmotic
pressure of the polymer segments, is opposed by the elastic restoring forces aris-
ing along the chains as they are stretched until a final swelling (equilibrium) is
reached. Refojo [119] has proposed classifying contact lenses according to five
groups, namely rigid, semi-rigid, elastomeric, soft hydrophilic and biopolymeric.
Soft hydrophilic contact lenses were developed for prolonged release of drugs
such as pilocarpine [120], chloramphenicol and tetracycline [121], and predni-
solone sodium phosphate [122]. This type contact lenses are better tolerated on
ocular surface than collagen shields. The most commonly used polymer in the
composition of these types of lenses is hydroxy ethyl metacrylate (HEMA) copo-
lymerized with polyvinyl pyrrolidone (PVP) or ethylene glycol dimethacrylic
acid (EGDM). PVP is used to increase water retention, while EGDM is used to
decrease the water of hydration.

The main drawback of a contact lens as a therapeutic lens is their high cost of
manufacture, and the low drug-loading capacity, which is not sufficient to build up a
therapeutic concentration in the eye for most drugs [123]. Besides, these devices are
insoluble, hence they need to be removed from the eye after treatment. For hydrophilic
contact lenses, evidence has shown that the drug-loading capacity can deliver a drug
amount, which is equivalent to only a small fraction of the dose that can be delivered
by topical drug instillation [124]. Indeed, this Drug Delivery System (DDS) is barely
represented in the modern array of ocular DDS [125]. Disposable contact lenses have
been commercially available for many years, and the continued progress made in poly-
mer chemistry should facilitate the development of this type of ocular insert.

Actually new concepts in drug loaded contact lenses is investigated. Diverse poly-
mers properties discussed in this chapter were combined in temperature sensitive con-
tact lenses. Authors focuses on dispersing timolol encapsulating highly crosslinked
nanoparticles in contact lenses to increase the duration of drug release to about
2—4 weeks. The highly crosslinked particles were prepared from monomers with mul-
tivinyl functionalities such as ethylene glycol dimethacrylate and propoxylatedglycer-
yltriacylate. In vitro release studies exhibited drug release profiles compatible with a
first order reaction model with a temperature dependent rate constant [126].

Biodegradable Inserts
In recent years, systems that control and prolong the action of therapeutic agents

have grown in importance with the development of biodegradable polymers.
There are stringent requirements, the drug delivery for the ocular route should
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be sterile, isotonic, and nonirritant. There are no available marketable sterile
ophthalmic products based on these systems. Biodegradable polymers are the
polymers of choice for retinal drug delivery. The drug release from biodegrad-
able polymeric devices depends on several factors: the molecular weight of the
polymers, the monomer composition, and drug loading [127]. These polymers
provide the advantage of being degraded and eliminated from the body thus
avoiding the risk of toxic accumulation or the need for intervention to eliminate
them. Lactic acid and glycolic acids are biodegradable, and they are produced
and eliminated by the body. These polymers decompose into carbon dioxide and
water. Polylactic acid (PLA) and polyglycolic acid (PGA) and their copolymer
polylactic-co-glycolic acid (PLGA) are among the most widely used biodegrada-
ble polymers. They are approved for human use by worldwide health authorities
and are degraded to nontoxic compounds (lactic acid and glycolic acid, respec-
tively) following hydrolysis and enzymatic cleavage. These polymers undergo
bulk erosion and drug diffusion may change according to the erosion rate of the
polymer matrix. The great advantage of these inserts is the possibility of modu-
lating their erosion rate by modifying their final structure during synthesis, and
by addition of anionic or cationic surfactants. Thus, drug burst phenomena are
likely to occur depending on the MW and chemical structure of the polymers.
PGA for example is not an appropriate candidate for prolonged controlled DDS
as it is highly sensitive to hydrolysis. However, erodible systems can have sig-
nificantly variable erosion rates based on individual patient physiology and
lachrymation patterns. In some cases, the degradation products or residual sol-
vents used during the polymer preparation can cause inflammatory reaction. In
conclusion, the majority of therapeutic agents can be delivered using inserts
which are a promising alternative administration route, because of their various
advantages compared with classical dosage forms. In contrast, other biodegrad-
able polymers like polyorthoester and polyanhydride undergo surface erosion,
and subsequently the drug release from such systems depends on the extent of
the surface area. However, only few of these compounds have been commercial-
ized. This can be attributed to the reluctance of ophthalmologists and patients
to replace the traditional ophthalmic solutions as well as the cost and the need
to train both the prescribers and the patients to place the inserts correctly in the
eyes. In the future, the use of ophthalmic inserts will certainly increase because
of the development of new polymers, the emergence of new drugs having short
biological half-lives or systemic side effects, and the need to improve the effi-
cacy of ophthalmic treatments by ensuring an effective drug concentration in the
eye for several days.

In another interesting approaches, a composite collagen hydrogel containing
protein-encapsulated alginate microspheres was developed for ocular applica-
tions using bovine serum albumin. Sustained release of bovine serum albumin was
achieved during an 11 day period in neutral phosphate buffer [128]. Also, micro-
and nanostructured poly(caprolactone) films were studied in terms of ocular toler-
ance and structural integrity while residing in rabbit’s eye, exhibiting acceptable
results [129].
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Dispersed Systems

Dispersed systems based on liposomes, nanoparticles, or nanocapsules have been
extensively studied for potential ophthalmic use [130-132]. The development
of marketable products based on these nanoproducts has been challenging but a
definitive technology has not yet been established. The major issues for this type
of delivery system include: percentage of dispersed phase/entrapment coefficient
problem (i.e. how much of the active ingredient will be present in a drop of the
final product), stability and shelf life, antimicrobial preservation, tolerance of the
used surfactants, and, last but not least, large-scale manufacture of sterile prepara-
tions. Beyond the problem of the entrapment percentage of the active pharmaceu-
tical ingredient, the retention of these particles in the conjunctival pouch is a key
consideration. This retention must be effective in providing an extended source of
active drug and to allow the drug to leak out from the dispersed phase before the
instilled formulation is drained away from the precorneal area.

Liposomes

While these systems exceed the chapter topic, a brief description of them will be
done because of their relevance in scientific literature related to ocular treatment.
Liposomes (Fig. 6.8) are microscopic vesicles composed of alternating aqueous
compartments and lipid bilayers (mainly phospholipids and cholesterol). The effi-
cacy of liposomes in ophthalmic therapy depends on several parameters, including
(1) the drug encapsulation efficiency, (2) the size and the charge of the vesicles,
(3) the distribution of the drug in the liposomes, (4) the stability of the liposomes
after instillation, (5) the residence time of the liposomes in the conjunctival sac,
and finally, (6) the affinity of the liposomes with the cornea [131]. Of these, a
major factor affecting ocular drug bioavailability is the unstability of liposomes to
the proteins in the conjunctival sac. Liposomes and other types of colloidal drug

Fig. 6.8 Liposome
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carriers offer at least some potential in relation to ocular drug delivery, since they
can be used to generate a sustained release, and also a prolonged retention of the
drug in intraocular cell populations. The use of liposomes as ocular delivery sys-
tems was first reported by Smolin et al. [133] and Schaeffer and Krohn [134]. A
central strategy of the use of liposomes in ocular drug delivery based on liposomes
has been to improve the adhesion between the liposomes and the cornea. This can
be achieved in different ways, including: (1) Ganglioside-containing liposomes
together with wheat ger agglutinin, a lectin binding to both the cornea and gan-
gliosides, (2) Liposomes coated with antibodies to components in the corneal sur-
face, and (3) Liposomes coated with mucoadhesive polymers.

One of the major constraints of the ocular route of delivery is the very low resi-
dence time of a drug in the ocular cavity, leading to a subsequent reduction in the bio-
availability of therapeutic moieties. Charge and vesicular size are important parameters
that affect the biodistribution of liposomes. Law et al. [135] reported a higher corneal
uptake of positively charged liposomal acyclovir. Also Seyfoddin and Al-Kassas found
faster permeation through excised cornea indicating potential enhanced corneal pen-
etration properties for acyclovir nanostructured lipid carriers [136].

New formulations of polymeric and lipid nanoparticles are currently in devel-
opment. The non-biodegradable positively-charged polymer Eudragit® RS 100
and semi-solid lipid excipient Gelucire® 44/14 were used as a vehicle, the cationic
lipid octadecylamine was used as a cationic agent; obtaining successfully a pilo-
carpine HCl system for ocular application [137].

Microparticles and Nanoparticles

Microparticles and nanoparticles are colloidal drug carriers in the micrometer
and submicrometer range, which have been evaluated for ophthalmic drug deliv-
ery purposes over the past 15 years. Micro- or nanoparticles are divided in two
groups, micro- or nanospheres and micro- or nanocapsules. Microspheres are
monolithic particles possessing a porous or solid polymer matrix, whereas micro-
capsules consist of a polymeric membrane surrounding a solid or a liquid drug
reservoir [138]. Practically, the term nanoparticles is applied to nanospheres and
nanocapsules because it is often difficult to determine if they are real capsules or
matrix-type particles. The active compound can be dissolved, trapped, encapsu-
lated, adsorbed or linked to these colloidal systems [138]. Nanocapsules can be
used to increase the accessibility of drugs to the receptors localized in specific
areas. They can serve as vehicles for use in the treatment of ophthalmic patholo-
gies, because increased corneal penetration and prolonged therapeutic response
have been achieved for some drugs [139]. Another drug used as eyedrops, pilo-
carpine, was encapsulated in polyisobutylcyanoacrylate nanocapsules incorporated
in a Pluronic F127 gel [140]. The formulation increased the contact time of the
drug with the absorbing tissue in the eye and improved ocular bioavailability. The
principal materials used so far to prepare colloidal systems for ophthalmic drug
delivery have been synthetic biodegradable polymers belonging to the group of
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poly(alkyl cyanoacrylate). These polymers can be degraded following two con-
comitant metabolization pathways, which are the erosion of the polymer backbone
leading to the formation of formaldehyde [141] or the cleavage of the ester induc-
ing the formation of a water-soluble polymer backbone and the corresponding
alcohol [142]. The potential of microparticulate formulations has been described
but, as of today, they are not frequently employed as part of ophthalmic vehicles
[143, 144].

Indomethacin in vitro corneal penetration was evaluated using nanocapsules
as drug carriers [145]. The transcorneal flux of the drug through isolated rabbit
cornea showed a considerable increase of 4-5 times the penetration rate of the
nanoencapsulated drug compared to commercial eyedrops. In addition, PCL nano-
capsules containing indomethacin were coated with chitosan, poly(l-lysine), or
both in order to combine the features of nanocapsules with the advantages of a
cationic mucoadhesivecoating [146]. Chitosan-coated nanocapsules provided an
optimal corneal penetration of indomethacin and displayed good ocular tolerance.
Promising findings were also reported for optimized celecoxib loaded bioadhesive
cationic chitosan or anionic alginate nanoparticles. All formulations possessed pH
and viscosity values compatible with the eye and uniform drug contents. In vitro
release data showed a sustained release without any burst effect then followed
by Higuchi non-Fickian diffusion mechanism. The results of in vitro cell toxicity
revealed that all prepared formulations were non-toxic, with percentage cell viabil-
ity ranging from 89.9 to 97.7 % [147].

Microemulsions and Nanoemulsions

Microemulsions might be systems of future interest, with the basic caveats con-
cerning sterile manufacturing, long-term stability, patient tolerance vis-a -vis
any surfactant, and the difficulty to adequately preserve a biphasic system. The
O/W Nanoemulsions (NEs) can also be used for ocular delivery to improve cor-
neal penetration or sustain the pharmacological effect of drugs [148, 149]. These
emulsions could be advantageous because they are supposed to diminish vision-
blurring effects [150]. These NEs can prolong the release of the drug and sustain
the pharmacological effect of drugs in the eye following ocular application [151].
Muchtar et al. [148] and Navech et al. [149] showed the application of NEs to pro-
long the response of antiglaucomatous drugs applied to rabbits.

Micelles

In micellar systems, nonpolar molecules are solubilized within the internal micelle
hydrophobic core, polar molecules are adsorbed on the micelle surface and sub-
stances with intermediate polarity are distributed along surfactant molecules in
intermediate positions. Micellar ocular DDS should be based on nontoxic and non-
irritant materials and should be stable enough to achieve a reasonable shelf life.
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Attention should be paid to the CMC of detergents used for micellar assembly,
since high CMC often renders them toxic and irritant to ocular tissues. The non-
ionic triblock copolymer polyethylene oxide—polypropylene oxide—polyethylene
oxide (PEO-PPO-PEO) has been widely used in medicine and has shown low
toxicity. The potential of a micellar carrier for topical ocular delivery using pilo-
carpine as a model drug was evaluated in another study [152]. Micellar solution of
pilocarpine for topical ocular delivery was prepared by a simple method of drug
dissolution within an aqueous solution of a surface-active high molecular weight
triblock copolymer, Pluronic F127. For this purpose, an aqueous solution of
Pluronic F127 was prepared in concentrations above the CMC, where the copoly-
mer is supposed to form micelles.

Cyclodextrin-based formulations (Fig. 6.9) should not be missed by ophthalmic
drug development groups [153, 154]. Their typical domain of use would be spar-
ingly soluble drugs, e.g., sulfonamides inhibiting carbonic anhydrase for the treat-
ment of glaucoma [155] or steroids against inflammation [156]. However, their
action might be equivocal in some cases: a cyclodextrin solution of L 671,152
(dorzolamide hydrochloride, a topically active sulfonamide) induced—in rab-
bits—intraocular levels lower than the corresponding suspension. On the other
hand auspicious results were reported for other inhibiting carbonic anhydrase
drug (acetazolamide) in hydroxypropyl-B-cyclodextrin (Fig. 6.10) formulations.

Fig. 6.9 Cyclodextrin-drug
complex

Fig. 6.10 Hydroxypropyl-
B-cyclodextrin
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Hydroxypropyl-B-cyclodextrin—acetazolamide—triethanolamine ternary complexes,
showed better results in terms of in vitro corneal permeability and in vivo intraoc-
ular pressure reduction, in comparison with acetazolamide—triethanolamine com-
plexes [157].

Conclusions

The eye presents unique challenges to the delivery of drugs. When the demand for
sustained delivery to the target tissue is coupled with the desire to avoid systemic
exposure, circumstances are ripe for creative approaches. Pharmaceutical research
and development provides a pathway to achieve this, but it is governed by available
technology, innovations, and regulatory constraints. Importantly, the cost of the fin-
ished product must be bearable by the individuals and/or communities who will use
the product, and it has to be economically viable for the manufacturer. In the future,
the use of ophthalmic drug delivery systems will certainly increase because of the
development of new polymers, the emergence of new drugs having short biological
half-lives or systemic side effects and the need to improve the efficacy of ophthalmic
treatments by ensuring an effective drug concentration in the eye for several days.
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