Modern
Pharmaceutics

Fourth Edition, Revised and Expanded

edited by
Gilbert S. Banker

University of lowa
lowa City, lowa

Christopher T. Rhodes

University of Rhode Island
Kingston, Rhode Island

Marcer Dekker, Ine. Wew York » Baser

LUPIN EX 1
Page 1 of 66 v 006

—



ISBM: 0-H247-04G74-9
This book is prmted on acd-free poper

Hendquarters

Murcel Dekker. Inc.

270 Madison Avenue, MNew York, MY 10016
pels 212-66-0000: Max: 212-A85-4540

Enstern Hemisphere Distribartion

Maroel Dekker AG

Hutgaese 4, Postfach 812, CH-400] Baszel. Switzeriand
tel: 41-61-261-R482: Gan: 41-6]-26]-88%6

Warld Wide Web
hitp: ) Swwew_dek ker.com

ke publisher offers discounts on this book when ordered in bulk quantities, For more informution, write to Speciul Sales
Professional Murketing ai the headguariers address above

Copyreighi (0 2002 by Marcel Dekker, Inc. All Rights Beserved.

MNesther this book nior any part may be reproduced or teansmibtted i any form of by any means. elecironic or mechunical,
includting photocopying. microfilming. and recording, or by any informoton storage and retrieval system, without permission in
writing from the publisher

Current printing {Lisi digatk:
I 9 8 7 6 5 4 3 2 1

PRINTED IN THE UNITED STATES OF AMERICA

Page 2 of 66




This material may be protected by Copyright law (Title 17 U.S. Code)

Chapter 13

Design and Evaluation of Ophthalmic Pharmaceutical Products

John C. Lang, Robert E. Roehrs,* Denise P. Rodeheaver, Paul |. Missel, Rajni Jani,

and Masood A. Chowhan

Afcon Besenrch Led., Forr Worth, Texar

L. INTRODUCTION

Any modern text on the design and evaluation of
therapeutic products must place into unigue perspec-
Gve the nature of the eve and requirements of oph-
thalmic dosage forms. The eve. perhiips better than
any other bodily organ, serves as g model structure for
the evaleation of drug activity. In no other organ can &
practitioner, without surgical or mechanical interven-
tion, =0 well observe the actuvity of an adminisiered
drug, With such modemn mstrumentation as the bio-
microscope (Fig. 1), the specular microscope (Fig. 2.
the confocal microscope capable of viewing the single-
lavered corneal endothelium, and vanous devices for
measuring miraocular pressure, blood flow, and elec-
troretinal response, the ophthalmologst can readily
track chinges in ocular structures from the comea to
the reting and monitor their function and physiology,
In so doing, the cphthalmologist and diagnostc sei-
entist offen detect signs of ocular or svstemic disease
long before sighi-threstening or certain general health-
threntening disease states become intractalble. With
such specialized instrumentation, the practitioner can
view the activity of the drug produect on the entire eve
or, for those products administered to the internnl
structure of the eve, the activity or effect of the drug
product on @ cell, o group of cells, or entire tissues,
Ophthabmic pharmaceutical dosage forms serve as
delivery vehicles for a wide range of drugs with phar-
macological activity in the eye. The most commaonly
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emploved ophihalmie dosage [orms. wre solubions,
spspensions, and ointments. The characteristics essen-
tial for each of these dosage forms have been generally
defined in the United States Pharmacopes {USP) and
will be expanded upon mn thiz chapter. Also included
are. the newest dosage forms for ophthalmic drog
delivery —gels, gel-forming solutions, ocular inserls or
svstems, intravitreal injectons, and mmplants, Commoen
to all ophthalmic dosage forms s the critical requine-
ment for sterility of the finished product as well as
appreciation for the sensitvity of ocular tissue to irm-
tation and toxcity and the mmherent mitations o to-
pical ocular absorption of most drogs. As will be seen,
these are primary factors in the design and evalogtion
of &ll ophihalme pharmaceubeal producis

The USP has numerous requircmcnis, €4, “oph-
thalmic solutions [need be] essentinlly free from foreign
particles, suitably compounded and packaged for in-
stillation into the eve,” or “ophthalmic suspensions
[meed contuin] solid particles dispersed in hquid vehicle
intended for application to the eve” [1} Ophthalmic
suspensions wre required 1o be made with the imsoluble
drug in a micronized form [0 prevent irritation or
scratching of the cornga. A fimshed ophithalmic oimt-
ment must be free from large particles and must meet
the requirements for “leakage™ and for "metal parti-
cles™ under “"ophthalmic ointmenis”, These and other
requirements will be discussed further in subsequent
sections.
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Fig. 1

Behind the relatively straightforward compositional
nature of ophthalmic solutions, suspensions, and
ointments, however, lie many of the same phiysico-
chemical parameters that affect drug stability, salety,
ind efficacy, as they do for mest other drug produocts
But additionally, specialized dosage forms present (he
ophthaimic product designer with some exntrmordinary
compositional and manufacturing challenges. These
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Topeon: slit-lam P biomicroscops

runge from concerns for sterility and consistency of
parenteral-type ophthalmic solutions for intraocular,
subtenon, and retrobulbar use, 1o resuspendahility of
such insoluble substances as desamethasone or Auor-
ametholone, to reconstitution, cresting for the patieni
an apparently conventional solution for compounds
such as acetyleholine chloride and epinephrine bitar-
trate, whose shell’ life depends on storage conditions,
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Fig. 2 Specular microscope setup for in witeo evaluston of efect of drogs on ocular tissse,

More recently, the challenge to [ormulate with con-
siztency highly potént actives present in dimunishingly
low concentrations raised the bar for Formulptions
another significant notch, Procedures and devices for
sife mtravitreal implantation of sustaned antivieal
medication have grown  [rom the advent of new
therapies or a life- and eve-threatening new disease,
HIV-AIDS

Like most other products in the medical arma-
mentarium, ophthatmic products are currently under-
poing aprimization. Mew modes of delivering & drug 1o
the eve are being achively explored. ranging Mrom solid,
hydrophobic, or hvdrophilic devices that sre imseriaed
inta the ophthalmic cul-de-sae, 10 conventionally ap-
plied desage forms that, owing 1o thelr formulation
characternisucs, markedly merease the drupg residence
timie in the formis of the eve, thereby providing drug
for absorption for prolonged periods and reducing the
freguency that o gven drug product muost be ad-
mimsterad. Intermediate between these alternatives, in
both their physical state and effect on duration. are
responsive polvmeric systems that undergo trunsitions
from liguid o gel or semisolid [2-7).

In as much as prodocts for the dingnosis and
treatment of ocular discase cover the spectrum of
prociically ali dosage forms and, thos, require the same
phirmaceutical sciences for their development, in this
chapter we discuss the entire scope of considerations
myvolved in the development of ophthalmic products,
tunging from regulsiory und compendial requirements,
through physicochemical, safety, and efficacy con-
siderations, to -4 discussion of wpes of dosage forms
currently used by the medical practiticner.

The final consideration, but by no means a minor
one, is the design and evaluation of contact lens care
products, which are regulated by the LLS. Food and
Drup Admimistration (FDA) as medical deviees since
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they are accessory. products necessary for the safe and
effective use of contact lenses (o correct visunl mowity.
These products include formulations for rinsing, stor-
mg, cleaning, and disinfecting contaer lenses with
specialioned compositions for chch major type of lens
material, e, hard, soft hydrophilic, and ngid gas-
permeable lenses, Also, lens cire products for use in
the eve as comfort drops while wearing coatact lenses
have been developed from similar products using lu-
bricsiting palymers for treatment of minor ¢yve irriti-
tion and tear deficiency (dry eved. The pharmaceutical
solentist designing lens care products and improved
ophthaimic drug dosage forms have taken advantage
of advances in polvmer and biomaterial sciences as is
evident in the [ollowing sections.

1. HISTORICAL BACKGROUND

“I" o physician performed & magor operation on a
sgignior [0 nobleman] with & bronze lancet and has
saved the seipmor's hife, or he opened the eve socket of
seignior with a bronee lancet wnd hos ssved the
seignmior's eve, he shall reccive tenm. shekels of silver.”
But if the physiman in so doing “has cavsed the
seignior's death, or has destroved the sepmor's eve,
they shall cut off his hand.” The foregoing excerpls are
from 2 of 282 laws of King Hammurabi's Code, en-
graved about 100 8.0 in 4 block of pobshed black ip-
neous stone about 2.7 m high, now permanently
preserved at the Lowvre (8],

Menton 1 made of the Code of Hammursbi only 1o
place in human history that period when reference tao
eye medicines or poultices wis beginning to appear,
The Sumerians, 1 gouthern Mesopotamin, are con-
sidered 1o be the first to record ther hstory, beginming
about 3K00 BC, The Egypiions wsed copper com-
pounds, such oy malachite and chrvsocalls, ps preen
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eye makeup with, no doubt, some bencficial effect
against mfection, owing to the antibacterial propertics
of copper [9], The standard wound salve of the SEmith
Papyrus i{approximately 1700 B.C)—gréase, honey
and Lint— probably served as one of the carliest oint-
ments or omtment bases for the treatment of eye dis-
case of wounds. The Greeks expanded on this basic
salve 1o arrive ot a typics) endimon {enheme), & drug
tor fresh wounds, which might have contained copper,
lead, or alum, in sddition to myrrh und frankineense
[10). The use of the aromatic stbstance myrrh in the
form of sticks, blocks, or probes has been documented
and attributed 1o the Romans and Greeks. Such sticks
were cilled collvria and were dissolved in water, milk,
or egg white for use a8 evedrops. The Litin word Cins
fyrium is-a derivative of the Greck word, Lolfveien (in
turn derived from koflvra, a roll of coarse bread),
meaning a ghutinows paste made from wheat and witter
that was rolled into thin cones. rods, or blocks, Often
the. physician’s nume was inscribed on these badies
[11). Pliney the Eider (ca. A.p. 23-79) advocated the use
of egg whites to “eool” inflamed eyes, and Iveium, one
of the most populir of the plant extracts of India, was
recommended especially for “eve troubles™ [12]

Alfler having placed the origin of at least two dosage
lorms (solution and ointment} for treatin g disorders or
wounds of the eve between approximately the first and
second millennium BO, we can readily reflect on the
progress that the designers of dosage forms for oye
products: have made down through the ages—until
refatively recently, little or none. Over the past two
decades, however, we have begun (o see new COnUepts
emerging. some receiving the enthusisstic support of
the ophthalmologist and opiometrist, whereas others,
not 50 fortunate, have been relegated to the status of
little-used novelties,

HL ANATOMY OF THE EYE AND ADNEXA

In-depth discussions of the anatomy of the eve qmd
adnexa have been adequately covered elsewhere in the
pharmacewtical literature [13-17] and in recent lexts on
oculir anatomy. Here a brief overview is presented of
the eritical anatomical features that influence the nat
ure and administration of ophthalmic preparations. In
this discussion, consideration will be given primarly to
drugs applhied topically, that is, onto the COrnea or
conjunctiva or into the palpebral fornices, Inereas-
ingly, drugs are heing developed for administration by
parenteral-type dosage forms subconjunctivally, into
the anterior and posterior chambers, the vitreous
chamber, Tenon's capsule, or by retrobulbar injection,
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Table 1 Anatomical Structures of the Eye

Canjunciiva Inis
Inferior conjunctival sac [Ty
Superior conjunciivil sue Posterior chombey
Lonules of Zinn

Cornea Lens
Epithelium Vitreous humaor
Bowman's membrane
Stroma {substantia propria) Tenon's capsule
Descemet’s membrane Ritina

Endathelinm Cilinry body (zona)
Meibomian glinds
Anterior chumber
Angle of anterior chamber
Schlemm®s canal
Spaces of fontam
Retina

Posterior chamber
Vitreous chombey

Because some of the dosage forms described may be
wonsidered as adjunctive to ophthalmic surgical pro-
cedures, those procedures and the corcomitant use of
the drug are described in Sec. VIILD. For orEntntion,
readers are encouraged to familiarize themselves with
the anatomical structures of the eve {Table 1), some of
which are shown in Fig, 3.

The eye is essentially a globe suspended in 1he
ocular orhit, specislized for sight through an arrange-
ment of multiple tissues that function to focus. trens.
mit, and detect incoming light. There is 8 central path
that light travels to the retina. with all intervening
tissues (cornea, aqueous humor, pupil, kens, and vitr-
eous humor) being trunsparent. All surrounding Hssues
serve 10 nourish, support, and protect these essential
strueiures,

The cornea composes only one sixth of the outer
surface of the eye, yet it is the first and one of the mest
important barriers to external materials. The cories s
composed of three livers of varying structural and
chemical properties that form barriers hasad om solu-
bility, polanty and partitioning properties. moleculur
weight and geometry, and specific binding character-
istics. The presence and type of intercellular junctions
regulate molecular diffusion around the cells. while the
hydrophilic or lipophilic characteristic of saeh layer
controls diffusion across and afong the cell membrasne.
The cornea rsell has no blood vessels so it relies Y
passive diffusion of nutricnis from surrounding tssuey
and aquecus humor,

The outermost layer, the epithelium, is composed of
five to seven lavers of stratified epithelial cells 1hat
mikeup only 10% (50 pm) of the totul corneal
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Fig. 3 Anatomical cross section of the human eyve.

thickness. Busal cells of the epithelium are mitotically
active, providing a regular supply of cells 1o replenish
those lost through normal sloughing or injury. The
tight janctions and lipophilic compositicn of the epi-
thelium combine to form an effectve barter o male-
cules and foreign substances that are hydrophilic or of
high moebecular weight The tears, composed of mucin,
agueous and lipid phases, seove 1o hydrate the epithe-
fium, prevent adhesion of bacterda and other foreign
materials, and imfluence the distribution and toxicity of
foreign materials [18], Finally, the epithehum 15 meta-
bolically highly active against xenabiotics; while pro-
tective against toxic substances, this activity may also
epact drug broavallability and therapeutic indes sig-
nificuntly, Bowman's membrang separates the epthe-
livm from the stroma, the layver that comprises S0% of
the corpes

In contrast o the epithebum, the stromi is 76--80%
water and composed mestlyof collagen fibrls m &
highly organized array with interstices filled with glu-
cosamumoglvean ground substamce and d scatienng of
keratooytes, No junctions are present, vel the hydro-
philic composition presents a significemt barmier o li-
pophilic molecules. The stroma is - susceptible o
swelling, and warer content must be actively controlled
Lo prevent opacification, This 1= a primary function of
the endothelium, a single laver of hexaponally ar-
ranged cells separated (rom the stroma by Decemet’s
membrane. Since the corneal endithehal cells have
discontinueus tight junctions, water readily passes
from the sguecus humor across 0 the stroma. To
counter this, cellular ion pumps muintain proper hy-
dration of the stroma by active transport of fons oo
o the aqueoses humer with water following the icnie

pradient through passive diffusion, These “leaky”
junciions may present @ constant hazard of over-
hydration {o the stroma and present little or no barrier
to drug penetration, but are cssential 1o the ditfusion of
futrients from the agueous humor into the corned. The
endothelium has an overall lipophilic nature that limis
diffusion of hvdrophilic molecules. It is impartant to
note that the huran endothelium has 4 fixed number
of cells that are not mitotically active, insiead com-
pensating for cell loss only throogh migretion and
hypertrophy of individual cells to cover gaps in the
layer. Inablay 1o compenzaie for cell loss will result in
loss of function and cormeal opacificabon. Since ¢n-
dothelial cells are sensitive to chemical and mechanical
insult, anv ophthalmic preparation that could contact
these colls must be carefully evaluated for biocompat-
rolicy

The cornen B connecied at the imbus to the opagque
sclera, the tough fibroelastic capsule that encloses the
gve and provides support and protection for the n-
lerior structures. The visible area of the sclera is gen-
erally referred to as the comjunciiva. The stroma hos
lnosely packed collagen fibrils with scattered fibrocytes
and few blood vessels except in the limbal arca. Mo
Junctional complexes are present, so the sclera presents
anly & lipophilic barrier 1o foreign moterials, The
limbusis rich in blood vessels, and sysiemic absorption
of topcally applied drugs occurs here primarnly,
Within the mtenor of the eve, the limbal sred containg
the trabecubar mcshwaork and canal of Schiemm at the
junction of the iris and sclers. These structures drain
agueous humor from the anterior chamber, 4 function
essential to prevent Auid scoumulation. increased in-
traocular pressure, and glavcoma. The iris, a ring of

—
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muscular tissue that regulates light entry into the back
of the eve through the pupil, is located in front of the
lens and physically forms the division between the
anteérior chamber and ihe posterior chamber, This
structure is rich in blood vessels, which dilate when
exposed 10 severe iritants resulting in iridial hypes-
emin and edema. The innervation of the iris provides
the means by which the practiticner ¢an control -
pillury dilation,

The lens 1 essentially u flatiened sphere that is held in
place and connected to the ciliary body by fiber-like
strinds, the zonules of Zinn. Composed of concentric
layers of crystulline fibers. the avascular lerns has a singhe
layer of epithelial cells on the anterior surface and js
surraunded by a thin but fough capsule that conveniently
provides the support for an intraoculir lens (1OL) once a
cataractous lens has been removed. The lens epithelial
cells huve some mitotic activity, and older cells PrOOTES-
sively lose their cellular contents and migrate to form the
crystalline fibers. The bens is flexible and changes shape in
order 1o adjust focal length for near objects (secom-
modation}, an whility that is lest with age. It & important
Lo note that there is litthe exchange of moterials in the lens
and no loss of cells so that drug aceumulation should be
investigated for ophthalmic preparations that are ab-
sorbed into the eve, The ciliary body has two major
functions. The ciliary muscle connects 1o the zonules of
Zinn and controls lens accommodation, The anterior
partion of the ciliary body facing the posterior chambyer
produces the aqueous humor that circulates across and
through the pupil to the anterior chamber and out of the
eye for & continual turnover of fuid.

Behind the lens is the vitreous chamber that con-
tains vitreous humor, a transparent gelatinous muterial
that has no turnover and is in direct contact with the
retina. The retina is a bilayered highly mietaholically
active tissue that transforms light to an electrical K-
nal, which is processed and transmitted as electronic
Images 1o the brain, The fssue is composed of a
complex arrungement of photoreceptor cells (rods and
cones) overlying the retinal pigmented epithelium
(RPE) and is isolated from vascular fluids by the
blood-retinal barrier, o combination of endothelial cell
tight junctions lining the retinal blood vessels and tight
junctions between the RPE cells that restricts diffusion
from the systemic circulation. The choroid is u highly
vascularized collagenous tissue lying between the re-
tina and the selera from the ciliary body 1o the oplic
nerve. The oplic nerve conncets to the reting at the
aptic disk, o highly vascularized area that is susceptible
lo ocular hypertension and drug effects, Finally, sev-
eral accessory tssues (adnexs) are essentinl to propir
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functioning of the eye. Tenon's capsule, o thin mem-
brane surrounding the sclera, sepasates the eve from
the surrounding socket for freedom of movement. The
lacrimal and Meibomian glands provide essential teas
und lipid components while the eyelids assist in tear
distribution and protect against mechanical injury.

From this discussion, the reader can appreciate the
intricacy of the eye and the care required in devising
ophthalmic preparations in order to provide safe and
effective therapy,

V. PHARMACOLOGY AND
THERAPEUTICS OF OPHTHALMIC
MEDICATION

It is not the purpose of this text to present an in-depth
teview of the pharmacology of ephthalmic drugs, For
this purpose the reader is referred to one of the au-
thoritative treatments of this subject [19-21]. However,
since this topic is not commonly covered in pharmacy
sthool curricula, a briel treatment is presented here.
For the most part, drugs used in the eve fall into one of
several categories, mcluding miotics, mydriatics {with
or without cycloplegic activity), cycloplegics, anti-in-
flammatories, enti-infectives (including  antibiotics,
antivirals, and antibacterials), antiglaucoma drugs,
surgical adjuncts; dingnostics, and category of drugs
for miscellaneous uses, The intended ophthalmic use
will define more precisely what drug or combination of
drugs is to be used, the appropriate dosage form, and
route of administration. For example, the practitioner
will, with knowledge of certain contraindications, use
mydriatic drugs specifically for their pupillary and
accommodative effects, both in the: process of refrac-
tion and in the management of iridocyelitis, iritis, ac-
commodative exotropia, and so on. Atropine,
homatropine, scopolamine, tropicamide. and cyclo-
pentolate are examples of parasympathomimetic drigs
possessing mydriatic and cycloplegic activity, whereas
phenylephrine and epinephrine are examples of 5¥IN-
pathomimetic drugs possessing only mydratic activity.

Drugs that may be chosen for use in the manage-
ment of glaucoma may be wpically applied miotics,
such as pilocarpine hydrochloride or nitrate, carba-
chol. echothiophate iodide, or demecarium bromide:
epinephnne prodrugs like dipivefrin hydrochloride,
nonselective f-adrenergic blocking agents such as ti-
molol maleate und bunolol hydrochloride, and selec-
tive B-adrenergic blocking agents such as racemic- or
the mare potent levo-betuxolol hydrochlonde, com-
pounds devoid of pupillary effect; topically sdminis-
tered carbonic anhydrase inhibitors. such  as
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dorzolamide and brinzolamide; prostaglandin analops
of the class PGEF A, such as lataneprost and travoprost,
capable of lowering intraocular pressore (I0P) sig-
nificantly with little or no mfAammatary or vasodila-
lory response; or they may be orally administered
drugs 1o present an osmatic effect that will lower in-
traccular pressure, such as 50% glycerin or 45%
isosorbide, Other drugs administered orally (o lower
intraocular pressure are the carbonic anhydroos in-
hikbitors acetazolamide and methazolamide, Further-
mote. the miotic dougs may be chosen o revérse the
eftect of mydnatics alter refraction or during surgical
procedures such as cataract removal, There is now
pvmlable sn antimydriatic drug devoid of pupillary
activity, dapiprezole hydrochloride, which s gaining
importance in the reversal of the effect of mydratics,

Depending on the location of ocular inflamimation,
& spectfic corticosteroid in & specific dosage form may
be chosen. For instance, a corticosteroid of high po-
tency, such as prednisolone scetate, fuorometholone,
dexamethasone, or amexclone, may be chosen for
deep-seated inflammation of the uveal troct. Further
treaiment of such inflammation may take the form of
sublenon mnjections or orgl (systemic) administralion
of selected corticosteroids, depending on the indicalion
iand the dosage forms available. For inflammution of a
more superficial nature, the lower strengths of pred-
nisplone goedate or the lower-potency corticosteroids,
such as hydrocortisone or medrysone, will wsually be
chosen, Tt is now also possible to trent inflammatbion
with nonsteroidal agents like diclofenac or keterolag,
drugs nol expected Lo mise 10OP.

Drrugs used for the trestment of ocular infeetion will
generally be choszen based on the presumptive diag-
nosis of the causapive agenl by the ophthalmologisl
Laboratory confirmation by microbial colture and
identification 15 routinely conducted concurrently with
the mmtsation of therapy, This i3 penerally necessary
because of the severity and sight-threatening nature of
some types of infection. For example, (U3 patient has a
lorergrn body lodged 0 the cornea ongpinating from a
potentially contaminated environment, the physican
may choose o bepn treatment of the eye, after foreign
boddy emoval, with o single or combination antibiotic.
such as gentamicin, tobramyen. chloremphemcol, and
#  neomyein-polymyxin - combination. Recent in-
treduction of quinolone antibiotics like ciprofioxacin,
ofloxacin, and porfloxacn hove expanded the phys-
cian’s choice of available products for ocular infec-
tions. The applcation of these apents 15 considered
appropnate. since an infection with Pseacdomones oer-
parinede cam destroy a comes m 2448 hours, penerally
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the time it takes to identify an infectious sgent, Less
fulminating, but no less dangerous, are infections
caused by varous- staphylococeal and streptococcal
arganisms, For superficial bacterinl infections of the
conjunctivi and evelids, sulfonamides, such as sodium
sulfeetamide, are usually prescribed, as are yellow
mercuric oxide and mild silver protein. Frophylnctic
therapy for ophthalmia neonaturnum is nedrly wni-
versally required in the United States, with silver ni-
trate, penicallin G, or erythromycin being the prmury
anti-infectives used, Pre- and postsurgical prophylaxis
15 becoming more commonplace with the popularity of
surgically corrected vision, und combinations of nnti-
infectives with anti-inflammatory agents are frequently
used 1o reduce surgcal trauma o the eye,

For fungal and viral infections, there are very few
agenis that the ophthalmologist can prescribe. These
orpinisms’ resistance and similarity to mammalian tis-
sue miake it difficull 1o find eifective and safe theripres
For instance, idoxurtdine, & selective metabolic in-
hititor, has been shown to be uscful against herpes
simplex virus infection of the corned, For the trachoma
virus and viruses that canse inclusion conjunctivitis fi.e.,
TRIC (the single Jargest cause of hlindness worldwide)],
no specific antiviral agent has demonstrated satsfactory
activity, and the sscondary buclerial ramifications of
this disense are munaged by conventional antibiotics,
such  ug  tetracveline, chloramphenicol, and  ery-
thromyvein. The trachoma virug itsell seems o be
somewhat suscepiihie to these antibiotics; however, up
o 6 weeks of trealment three imes per day are required
o achieve an 80% cure rate [22,23]

A sirmilar situation exisis for the treatment of fungal
keratitis. The antifungal antibiolic drugs nystatin and
natamycin have been effective to varving degrees in
superficial fungal imfecton, & have copper sulfate and
sodium sulfacetamide [24,25]. For both of these drugs
iontophoresis of the topicilly administered drug pro-
dices enhanced activities:

[Drugs used ss surgecal adjuncts are primurily irm-
pating solutions,  solutions of proteobric cmrymes,
viscoelastics and miotics employved in cataract re-
moval, mirnocolar lens placement, vitrectomy, and
procedures Lo preserve retinal integrity. These drugs
are considered true parenteral dosage forms, the design
and evaluation of which are discussed 10 preater detil
elsewhere in this chapter

Dingnostic drugs. such as sodium fluorescein, ane
administered topically or miravenously Lo bid in the
diagrosis of such conditions ss cormnesl sbrasions or
uleeration and variows retinopathies. This agent has
become the most wadely used disgnostc agent mn the

_
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practice of ophthalmology and optometry. Rose benigal
has also been used 1opically, although 1o a far lesser
degree than sodium fluorescein, which is available as
well-preserved  alkaline solutions in concentrations
ranging from 0.5 to 2.0% [26.27), as fuorescein<m-
pregnated absorbent sterile paper strips [28], or s un-
preserved, terminally stenlized intravenous ifpections
in concentrations ranging from 5 to 25% [29],

Several topically applied local anesthetics aré rou-
tinely used by the eye care specialist in certain routine
diagnestic procedures and for various relatively simple
surgical procedures such as insertion of punctal plugs
and surgical vision correction, The first of these to be
used was cocaine, in concentriutions rnging from | 1o
4% [30]. More modern local anesthetics, however, such
as fetracaing hyvdrochlorde and proparacaine hydro-
chlonde, have replaced cocaine as drugs of choice in
these procedures. For surgical procedures of a more
complex nature. hdocaine hvdrochloride and similar
local anesthetics as retrobulbar injections have heen
used [31].

The foregomng overview has presented the major

classes of ophthalmic drugs. One additional class of

drugs that merits brief discussion includes drugs uzed
for the treatment of various dry eye syndromes, The
muost severe of these, keratoconjunctivitis sicea, involves
diminished secretion of mucins. consisting of elvon-
proteins and ghvcosaminoglycans and their complexes.
These materials serve to coat the corneal epithelivm
with & hydrophilic layer that uniformly attracts warer
molecules, resulting in even hydration of the corneal
surface. Diminished secretion of these substancey cau-
ses dry spots to develop on the cornes. rezuliing in
corneal dehydration, which can lead to wloeration,
SCAITING, or ¢orneal opacities [32], Modern phirmea-
ceutical products are available (Hypotears, Tears Nai-
urale Forte) that contain mucomimetic high molecular
weight polymers that serve to resurfuce the cornes
temporarily, therchby preventing the aforementioned
dehydration and affording the dry eve sufferer with a
degree of reliel previously unavailable [33,3]. These
dgents arc not pharmacologically active, although re-
cent research leads 1o the promise of drugs that will
stimulate tesr production for longer-term relief,

V. GENERAL SAFETY CONSIDERATIONS
A, Sterility

Every ophthalmic product must be manufactured -
der conditions validated to render it sterile in fis final
container for the shell life of the producs [35,34],
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Sterility testing is conducted on each lot of ophithalmic
product by sumtuble procedures, as set forth in the
appropriasle  pharmacopein and validated in esch
manufacturer’s luboratory. While the majority  of
ophthalmic preparations contain preservatives for
multiple=dose wse, sterile preparations in special cons
tainers for individusl use on u single patient must be
mide svailable. This availability is especially critical
for every hospiial, office, or other installation where
sccidentully or surgically traumatized eves are treated,
as well as for patients intolerant to preservatives.

The USP recognizes six methods of achieving a
sterile product: (a) steam sterlization, b} dry-heat
sterilzation, (c) gas sterilization, (d) sterilization by
tomzing radiation, (¢) sterilization by filtrstion, and (f)
asepiic processing [37), For ophthalmic products
packaged in plasiic containers, typical for ophthalmic
products, 4 combination of two or more of these six
methods is used routinely, For example, for a sterile
ophthalmic suspension, bottles: dropper tips; and caps
may be sterilized by ethylene oxide or gamma radia-
tion; the suspended solid may be sterilized by dry heat,
gamma radiation, er ethylene oxide; and the aquenus
portion of the composition may be sterilized by fil-
tration, The compounding is completed under aseptic
conditions,

One can see by the complexity of these types of
manufacturing procedures that much care and atten-
tion 1o detal must be maintained by the manufacturet,
This sterile manufacturing procedure must then be
validated to prove that no more than 3 containets in u
lot of 3000 containers (0.19%) are nonsterile. Uli-
mately. it is the manufacturer's responsibility to ensure
the safety and efficacy of the manufactuning process
and the absence of any adverse effect on the product,
such as the possible formation of substances toxic 1o
the eye, an ever-present possibility with pas steriliza-
tion or when using ionszng radiation. For ophthalmic
products sterilized by terminal sterilization (steriliza-
tion in the final sealed container, e.p, steam under
pressure). the sterilization cvele must be validated 1o
emsure sterility at a probability of 10% or greater,

Currently, the Brirish Pharmacopoeia sugpests five
methods of sterilization: (1) sterilization by autoclav.
ing, (b) dry-heat sterilization, wsually 1o >60°C, (o)
ethylene oxide, (d) ionizing radintion (electron necel-
eratar aor gamma radition), and {e¢) sterilization by
filtration. During the manufacture of an ophthalmic
product. stenlity may be checked while the firished
product is in its bulk form hefore filling, It is then also
tested on a random sumpling basis jn the finished
package. Suggested guidelines for the number of
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samples are dependent on whether or not sterilization
has taken place in the sealed fingl container. While
terminal sterilizntion (methods a-d) is peeferred, ster-
ilization by filiration and aseptic processing have been
accepted for preparations thit are incompatible with
other methods, Class A products arve those sterilized in
bulk form and filled aseptically into sterile final con-
tainers withoutl further sterilization, Class B products
are those stenlized mosealed final containers. Class B iz
further subdivided according 1o method of sterilie-
ton: wvpe 1 comprises those products sterlized by
steam under pressure; type 2 comprises those prodocts
sterilized by any other means. Class A products require
g minimum random sample number of no fewer than
30 items from each filling operation, Class B products
require varving sample siees. generally [rom 5 1o 30
unity per lot, depending on whether the sterilization
occurs inog chamber of by & coOnUNUOUS Process,

B. Ocular Toxicity and Irritation

Assessment of the potential for cculdr irritation and
toxicity of ophthalmic solutions represenis an ex-
tremigly important siep in the development of both
iviee-the-counter (OTC) and preseriptive pharmacei-
ticals, Excellent reviews of procedures describing these
eviluations have been published [3E-40.90] Refine-
ments in procedurcs, study design, use of objective
meisures, pnd standardization of nonmvasive methods
such as specular microscopy hove resulted in greater
reliability, detection, and predictability. In addition,
the incorporation of structure-activity relationship

(SAR) evaluations provides an early sssessment of

probable toxic effects of the chemical modeties under
consideration, The historical evaluation of these pro-
cedures can be traced through the literarure [41-50], as
can an understanding of the mechamisms of ocular
response o irritants, based on examinstion of the
comjunciiva [S1-34], the comea: [42,55-37), or the ins
[42.58120], Advances in design and use of ophihalme
drugs and devices have brought ooular toxicity into
sharper focus. Many inferior structurcs of the eve ad-
jagent (o targel bDssues, or which ore Girgets of newer
therapics themseives, can suffer irreversible damage 50
safety evaluations must be comprehensive. In general,
consideration must also be given 1o the use of vanous
ophthalmic preparations with other drugs and devices,
Testing, therefore, must be based on rsk anolyss to
inglude both the intended uses of the product as well as
reasonihly foresseable misuse.

Adbine rabhits have been the primary species used
o Lest acular toxicity and irmtation of ophthalmic
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formulations. While recent debate has centered omn the
uag of rabhits or other species a8 predictors for human
responses, there is consensus that therz 5 no mone
rehnble model thiat captures the full complexity of the
gve and the pouler response of ils intricole biochemicnl
and physiclogical processea. In addition, the alhino
rabbit has obvious advantiges due 1o s availability,
ease of hundhing, ease of maintenance, end lurge pro-
minent unpigmented eve. The ocular stroctures ure
easily observed nmgl accessible, including the cornea,
bulbar comunetivial mdial vessels, and posterior sep-
meni [39]. The primary differcnces between rubbits and
humans m ophthalmic studies: relate w0 decreased
learing i rabbits, decrensed blinking rate. presence of
lipid from a- species-specific gland (Harderian gland)
loosely attached evelids, presence of & nietitating
membrane [$3.50-61], differences in the struciure of
Bowmian's membrane, stower reepithelializntion of the
rubbit cornea [42], and regenerative endothelium of the
raubbit, The comeal differences result in increased
orular response to irritants in the rabbit. The primate
has gained in popularity as an ocular model for the
evaluation of drugs and chemicals because 1t 15 more
similar o human eve [539.60], However, due 10 the
difficulty and nsk inherent in therr care und handbing,
primates are used secondarnly and in cases where other
species muy ool provide an accurate assassment. Thisis
eapecially true for drogs with melinin-binding char-
acteristics that may sccumulate in 8 pigmented ins.

Vurous governmental agencies have published
guidelines for ocular rrtancy studies [61.62,77]. These
puidelines are directed toward ophthalmic formulbs-
mons, chemicals, cosmetics, extractables from oph-
thalmee containers, and other materials thal may
intentionally or accidentally contact the eye during wse.
It s the manufacturer's responsibility to determine
those studies specifically appropriate for testing the
safety of the ophthalmic formulation, et thiding by
peneril governmental guidelines. The USP presents
puidehnes for & T2-bour ocular irritation test in rabbits
using saline and collonseed oil extracts of plnsec
containers used Tor packaging ophthulmio products.
Contwiners are cleaned snd sterilized as in the final
packaged product Lo determing acceptability of the
packaging system.

At it pairt of the Federal Hazardous Substynces Act
(FHSA), o modified Draize test wis adopied 63-63] as
the oftficisl method for evaluaten of acute ocolar 1rn-
tney [66) Tt iy & pass/ fail determination that remusns
in effect today. Two relinements have been accepted as
alternatives: (a) the test which uses a small volume
more consistent with the capacity of the inferior con-

e
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junctivil sac [67), and (b) assessment of the degree,
frequency, and duration of ecular changes using bio-
micriscapic slit-limp exammation and/or fuorescein
staining [39.64,65]. While various in vitro lests have
been proposed to reploce this in vive evalaation, none
has yet been accepted or validated [658-70).

Current guidelines for toxicity evaluation of oph-
thalmic formulations involve both single and multiple
applications, dependent on the proposed clinical use
[3%]. The multiple applications may extend over a 9-
month period and incorporste evaluations of ocular
irritation and toxicity, systemic toxicity, and determi-
nations of systemic exposure (toxicokinetics). In many
cases the systemic exposure from an ocular route 15 less
than by parenteral adminstration, information hat
will assist in determining whether additional studies
may be needed to establish systemic safety of the
ophthalmic preparation. U.S. and international gui-
dance documents are available [71,72), and regulations
and tests have been summarized for ophthalmic pre-
parations [39,73,74].

As mentioned previously {and discussed in detail in
Sec. IX), contact lens products have specific guidelines
it focus on compatibility with the contact lens and
biocompatibility with the cornea and conjunctiva [75].
These solutions are viewed as new medical devices and
require testing with the contact lenses with which they
are to be used. Tests include n 21-day ocular study in
rabbits and employ the appropriate types of contact
benses with which they arc 1o be used and may include
the other solutions that might be used with the leny
Additional tests to evaluate cytotoxicity potential,
acute foxicity, sensitization potential (allerpenicity),
and risks specific to the preparation are also required
[75-77]. These tests are sufficient 1o meet requirements
in the majority of countries, though testing require-
ments for Japan are currently much more extensive,

While systemic exposure 18 rarely encountered in
miraocularly administered drug products, there e
safety concerns related to the biocompatibility of these
products with ocular tissues. These products hawve
special design and evaluation concerns, since # product
nstilled into the anterior chamber may contact for up
i 2 hours sech cssential and delicate tisues g5 the
endothelium and trabecular meshwork [78]. For such
drug products, it is mandatory o design specific Lesting
that mimics this length of exposure. Methods may -
clude ex vivo models that continuously infuse the
specific product composition, both freshly made and
aged, into the anterior chamber of excised rabbit eves
for prolonged periods. Judaments for product-tissue
compatibility can then be made by observing corneal
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endothelium with specular microscopy [79] and histo-
pathology, These materinds can also be evaluated
against specific cell lines in tissue culture, particularly
corneal endothelial tissue. As tissue culture technology
progresses, cell lines for the other tissues in the anterior
segment of the eye are being established and will be-
come wselul in tissoe compatibility testing as well.

The sensitivity of the intraocular tissues places cer-
tain restrictions on mtraocular dosage forms. In pen-
eral, preparations that incorporate fewer mgredients in
4 properly balanced solution will hive less likelihood
of tissue mcompatibility. This is not to say that a
simple solution of drug in water is optimal. Indeed, a
simple isotonic solution of sodium chloride is toxic to
human corneal epithelial, endothelial, ins, and con-
junctival cells, whereas a solution properly balanced
with various organic and inorginic jons and nutrients
i5 nomboxic to these cells m vitro and m vive, In the
clectron  photomicrographs of human corneal en-
dothelium presented in Figs. 4-6. the effect of solution
compasition on tissue integrity 15 illusirated. Figure 4
shows human corneal endothelial tissue after corneal
perfusion for 3 hours with lactated Ringer's solution,
while Fig. 5 illustrates the same lissue perfused for 3
hours with Ringer's solulion containing glutathione,
adenosine, and bicarbonate. In the former, cell dar-
kening und swelling are in evidence, whereas in the
lutter, normal cell confluence is retained. Fig, 6 shows
the same tissue after a 3-hour perfusion with a solution
devord of ingredients essential for normal cell con-
fuense. The discontinuity of cell structure is quite
evident,

Other agents commonly wsed in topical ocular drugs
cin be used only sparingly or net at all for iniraccular
use. The preservative agents commonly used in topical
ophthalmic preparutions are not compatible with the
tissues of the anterior segments of the eve and in sev-
eril cell lines in tissue culture [80], The USP recognizes
this problem and specifically warns against their use in
intrwocular solutions {81,82], Drug stabilizers, such as
entioxidants and chelating agents, must be used with
care and should be used in absolutely minimal quan-
tities only when necessary, Oceasionally, il miy seem
desirable 1o solubilize an otherwise spanngly soluble
ingredient. Whereas. this may be a practical con-
sideration in some injectables, only aguecus solutiony
should be employed intraccularly. Furthermore, onlv
fairly low concentrutions of typical cosolvents such as
glycerin und propylene glyeol can be emploved because
of their csmotic effect on the surrounding tissues.
Hyperosmotic solutions may elicit some transient de-
siccation of the anterior chamber tissues. whereas hy-
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Fig. 4 Human comezl endotheliom following 3-hour perfosion with lectuted Ringer's solution: {u) scanning efectron micra-
graph (2500 = {b) transmission electron micrograph (9000 = ). (Couctesy of H, Edelhassee.)

potonic solutions may cause edema that could lead 1o
cornzal clouding. There appesrs to be kitile or no ex-
perence with these: or other -common cosolvents
products of this type. and their use should be avoided.

Another formulation varable that must be con-
sidered s that of the selution pH -and bulfer capaoity,
Since the anteror chamber fluid {aqueous humaor)
contuins essentially the same buffering systems as the
lood, products with a pH outside the physiological
range of 7.0-7.4 wre converled 1o this minge by the
bufTering capacity of the agueous humor if o relativiely
small volume of the solution 13 imtroduced. Often,
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however, agueous humor is lost in the procedure or the
volume of solution is refatively large, therefore, drug
products should be formulated as closely as possible 1o
this physiological mnge althoogh the use of buffering
agents should be avoided if possible

The guestion of particulate matier 15 also of great
importance, Although the tolal effect of particulate
inclusion in the anterior chamber &5 not completely
known, some possible resultz have been postulased
[H2]. Certuin amounts of s and uveitis. might be
expecied, as well as the production of granulomas si-
milar o the type repored [or pulmonary ossue that

_
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Fir. 3 Human corneal endothelium following 3-hour perfusion with glutathione hicarbonated Ringer's solution: (1) scunning
electron micrograph {1950 = ); (b) tranemission eleciron mizrograph (8450 = ), {Coortesy of H. Edelhauser,)

results from pariiculates in large-volume parenterals.
Al least as important is the possibility that particulate
matter can block the canals of Schlemm, which provide
the outflow mechunism for the agquecus humor, 17 this
should occur to any great extent, the normiil continual
production of agueous humor could lead to a tapid
increase in intraocular pressure and the onset of un
mctle ek of glaveoma. The formulstor should be
ware thit particulates may originate from raw mase-
rials as well as glass fragments produced in glass am-
poule fracture or elastomeric particles generated
during stopper penetration, Very specinlized stopper
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design, cleaning procedures, and lubrication should be
considered when the latter type of packaging is used.

To provide a complete assessment of all these
variables, the fnal evaluation of safety must be made
in the in vivo model using the preparation under the
proposed conditions for use, following tissue com-
patibility with many of the techmigues already dis-
cussed. Confocal microscopy is a relatively new
nomnvasive jechnigue that allows 4 detailed ex-
amination of the endothelinm in the live animal, and
thus may prove wseful in following changes in this
delicate bssue over time. As in ¢x vivo models, the

I |
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Fig. 6 Human corneal éndothelium following 3-liour perfsion with solution deveid of essential nutrients: (a) scanning ebectron
micrograph {2100 = §; (b} trupsmission electron mucrograph (918 = ), (Courtesy of H. Edelkanser.

experimental design must address the notere of the
intraccular preparation and the type of contact, Ir-
figatme selutions of low viscosity may have limited
contact while the gel-like viscoelastic matenals that
maintain the corncal dome, or the solutions and gases
usad as wvitreous replacements 1o prevent retinal de-
tachment, may have prolonged contact with delicate
ocular tissues or the retina, In vive studics can thus
become quite lengthy even during early phases of
development, underscoring the wtlity of preliminary
in vitre ar ex vivo evaluations, in which experiments
utilize  harvested tissues maintained wiable for the
duration of the evaluation.

A new therapy involves treatment for neovasculir-
fzation of the retina, a disease in which proliferation of
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bloawd vessels can lead to blindness. The treatment
combines a systemic chemical that locabzes in the mew
blood vessels followed by laser treatment Lo destroy the
vessels, Such new therapies and new rouies of admin-
istration require special care in their desipn and eva-
luntion.

Druring the application of the various guidehnes for
ophthalmic, conlact lens, pnd intradcular products,
ocular cxamination and biomicroscopic examination
of rahbit eves are completed with obective re-
producible grading for conjunctival congestion, con-
junctival swelling, conjunctival discharge, agqueous
{humoe) flare, ifs mvolvement, scverity and uren of
cornsal opaatly or cloudiness, pannus, and intensity of
fluorescein staiming [39,103]. Other available methods

_
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meisure intraocular pressure, cornenl thickness, cells
in the aqueonus humor, snd posterior segment chanpes.

In addition 1o in vivo testing of ophthalmic pre-
parations, primarily in rubbit eves and seeondarily i a
primate eye, numerous in vitro methods have been
developed over the past few years as alternatives 1o in
vivo ocular testing [83-92], In vive methods that in-
corporate new lechnojogy and reduced numbers of
ammuls have also been developed, Particular attention
has been given recently to evaluation of preservalive
effects on corneal penctration [93.94], cylotoxicity [95-
99} and affects on wound healing [100-102]. These
methods have been able so far to mimic only acule
dosing regimens, and validation efforts have not suh-
stantiated the correlation of any method with rabhit ar
human responses. However, these methods are useful
for comparing relative toxicity under controlled con-
ditions. and several manufacturers currently arc using
0 vilro toxicity tests in the development of ophthalmic
salutions,

C.  Preservation and Preservatives

In 1933 the FDA imposed the federal requircment that
all manufactured ophthabmic solutions be sterile [104],
Preservatives are included as a major component of all
multiple-dose eye selutions for the primiry purpose of
maintaining that sterility in the opened product over its
lifetime of wse. Packaging ophthalmic solutions in the
popular plastic eyedrop container has reduced, but not
compietely elminated, the chances of inadvertent
contamination, There can be 3 “suckback™ of #n un-
released drop when pressure on the bottle is released, 1T
the tip is allowed to touch » nonsterile surface, con-
tsmination may be introduced. Therefore, it i% im-
portunt that the pharmacist instruct the patient on the
proper method of dispensing from 4 plastic eyedrop
container in order lo minimize the hazards of con-
tamination. The hazard 15 magnified in the busy clin-
ical practice of the eye care professional where a
diagnostic solution — there are many, including cyiclo-
plegics, mydriatics, and dyes — may be used for many
patients from the same container. The cross-con-
tamination hazard can be eliminated by the use of
packiges containing small volumes designed for single
application only (e, unit-doss). Since preservatives
are not included i solutions packaged in wnit-dose
containers, and because these single-use packages sl
contain {45 4 lorge-seale manufacturing necessity) an
amount in excess of the several drops (0,05-0,20 mL)
required, patient and physician alike should be cau-
tioned to avoid exhsusting their entire contents in o
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multi-use application which will increase the hasard of
contammation and defeat the purpose of this special
puckagimg,

The USP outlines a test procedure lor antimicrobial
effectiveness and how to interpret the results. This fes!
i5 not a8 mindatory requirement of the USP or FDA
[105], but i applied by manufacturers as a guide m
developing adequately preserved produces, This Lesting
of the antimicrobial characteristics of alternate for-
mulas is carried out as 4 part of the development se-
quence. Cultures of Candida albivans, Aspereilius miger,
Excherichia coli, Puewdomonas acruginova. and Sia-
phyviecoccus aurews are used, Standardized inocula with
organism counts of 10°-10" per mL for each micro-
organism are prepared and tested against the preserved
formula, The inoculated tubes or contuiners are in-
cubated at 20 or 25°C for 28 days, with examination a
duys 7, 14, 21, and 28, The product’s preservative is
effective if {a) the concentrations of vinble bacteria are
reduced to no more than 0.1% of the initial eon-
centrations by day 14, (b) the concentrations of viahlg
yveasts and molds remain at or below the initial cop-
centrations during the first 14 days, and (2) the con-
centration of each test microorganism remains ot or
below these designated levels during the remainder of
the 28-day test period. Importantly, most manu-
facturers of ophthalmie products apply this as a
minimum standard for 8 preservative apd attempt 1o
formulate their products with an even greater margin
of salery.

In the ophthalmic literature because of reports of
loss of eves from corneal uleerations caused by eve
solutions conlaminated with B, aervginesa, eonsider-
able emphasis is placed on the effectiveness of pre-
servalives against Prewdomonas species, This arsanism
i5 not the most prevalent cause of hacterial éye infec-
tixms, even though it is a common inhabitant of human
skin, but it iz the most opportunistic and virulent,
Saphvlocecous aureny |5 responsible for maost bacterial
mleetions of the eve. The eve scems 1o be remurkahly
resistant (o infection when the cornesl epithelium is
intact due to the barrier propertics discussed pre
viously as well as the antimicrobial activi ty of Iyspeyme
and other enzymes present in tears, When there js a
corneal epithelial abrasion, organisms can enter freely
and P. aeruginesa can grow readily in the cornen. ra-
pidly producing an ulceration and loss of vision. This
microorganism has been found as a contaminant in &
number of studies on sterdlity of ophthalmic soluticns,
particularly in sodium fluorescein selutions wsed 1o
detect corneal epithelial damage. The chianves for ser-
lous infections and cross-contamination are greatly
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enhanced by multiple use of this dyve selotion—a
danger that has led to the practice by the ophthal-
maologist of using sterile disposable applicator strips of
fluorcscem. Although infrequent, P peruginosd has
been found on contact lenses.

An additional test procedure emploved by one
manufactorer 5 the preservative evaluntion “cidal™
test. A formulation is tested aguinst 3-14 species of
muicreorgamsm, ncluding  graom-negative amnd grame-
positive bacteria, fungi, ond yeasts in o standirdieed
inoewlum, Cidal times (no growth) are messured for
cach organism within 24, 48, and 72 hours of contact,

One area of ophthilmic produocts Tor which stccter
microbiciogical puidefines have been imposed recently
iz in the area of soft (hvdrophilic) contact lens acoes-
sory products. Specific guidelines have been devised by
FDA and internationsl organizations for this area of
pphthalmic products and differ primanly in the re-
quired kill eate. which depends oo the intended use, for
a smegle disinfecting prodoct or 1o combination with
other lens care solutions, The microbiological guide-
lines, wluch have evolved during the last decade, are
discussed m Sec. IX of this chapter.

In some applications the use of preservatives 15 not
recomménded, For example, preservitives should mot
be uzed in o corneal storage media for donor cornéas;
instead, antibiotics such as genlamicin are used, Al-
ternative packaging for multidose nonpreserved pre-
parations [106] and drogs administered m dey form
[107] may offer nonpreserved choices for the for-
mulntor, but efficecy ond compatibility of sach drug
with these systems must be investigated. Because ex-
permmential results reported mo the Ierature have
shown g somewhal hizher incidence of adverse effects
with preserved solutions compared with unpreserved,
there 1s some question of the necessity [or preservalivis

in some applications [108.109]. However, preservatives:

can enhance drug efficacy, chemically balance a pre-
puration, and enable o dosing form that promotes
pitient complianee. While some ophthalmic drgs may
be formulated in an unpreserved form, many drogs
sannot, and it a5 the challenge of the formulsior o
provide an acceptable balance of safety and eflective-
nEss,

Although this chapter 15 directed towird ophthal-
muic products, 11 is largely applicable to parentern! and
even nonsterile products (solutions, emulsions, and
suspenstons), The choice of preservative is limited to
only a lew chemicals that have been found, over the
yeurs, Lo he safe and effective for this purpose. These
are henzalkonium chloride, thimerosal, methyl-
propylparaben, phenyiethanol, chlorhexidine,
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polvguaternium-1, @nd polvaminopropyl  bipuanide.
The chelating agent disodinm edetate (EDTA) is
somenmes #sed 10 imcrease activity agamnst oertam
Poendomonay struns, particulary solutions preserved
with benzalkonium chionide. Chlorhexidine—as the
hvdrochlonde, acetate, or gluconate sali—i5. osed
widely 1n the Uniled Kingdom and Austraha but was
not mtroduced into the United States until 1976, and
only then for solutions intended for disinfection of soft
contact lendes. This limited choice of preservitive
agents - is further narrowed by the requirements of
chemical and phyvsical stability and compatibility with
drugs, packaging. and contact lens materals. Many
times it is necessary to design the formuola 1o fit the
requirements of the chosen preservative system sinoe
the buffer system snd excipients can alter preservalive
action significamtly, While it is recopnized thot ex-
cipients themzelves mav produce toxicity and their use
needs be controlled, the large variety and nuember of
aviilable excipients prohrbits discussion here, and the
reader is reforred to a recent pharmncentical fext that
provides an excellent review [110]

Severnl pudehnes are avaslable mn the literature for
the pharmacist who must extemporancousty propare
an ophthalmic solution, The USPE containg & section on
ophthalmic solutions, as do other compendia and
several standard texthooks. Since the pharmacist does
not have the Gecilitics to test the product, he or she
should dispense only small qoantities, with an expirs-
tion date of no more than 30 days. Refrigeration of the
product should also be required as a precautionary
mesure. To reduce the largest potential source of
migrobial contamination, only stenle punfied witer
should be used in compounding ophthaimic solutions.
Sterile water for mjection, USE, from unopensd [V
bottles o vials 15 the highest-guality water available 1o
the pharmacist, Prepackaped sterile woler with bac-
teriostatic agents should o be used.

Benzoalfkomiver Chioride

The most widely used preservative remains bemmlk-
omum chloride, which often is supplemented with
disodium edetate. The benzalkonium chionde defined
in the USP monograph is the guaterniry ammoniam
compound alkvibenzyidimethylammonium chloride, in
which the alkyl portion 15 composed of a mixiure of
cham |lengths rangmng  from Oy o O This
compound’s popularity is based, despite its compat-
ihilaty Bnmtations, .on 118 being the most effective and
rapid-pcting preservative with excellent chemical sta-
bility, It is stable over a wide pH range and does not

s
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degrode. even under excessively hot storage conditions.
[t hus prooounced surfoce-gctive properties, and its
activity can be reduced by adsorption. Tt i calionie,
which unforunsately can lesd 1o 0 nomber of in-
compatibilities with large negatively charged molecules
with the potential for producing salts of lower solubi-
ity and possibly precipitation. For example, it cannot
be used with nitrates, salicylaie, anionic soaps, and
burge anionic drugs, such as sodium sulfacetamide and
sodinm fluorescein. When [leasibie, it iz ususlly nd-
visable 1o design the formula to avosd these in-
computible amions, rather than to substitute o less
effective preservative. There are a number of helpful
lists of mcompatibilities of benzalkomum chlonde
the literature, but thev shouid not be relied upon en-
tirely, Compatibility is determined by the loial en-
vironment in which the drug molecules exists (1.e,, the
total prodect formula). The pharmaceutical manu-
fcturer can sometimes design around whal appears Lo
be an incompatibility, whereas the extemporanecus
compounder may not have this option or, more im-
poriantly, the ability 1o test the final product for its
stability, safety, and efficacy,

The conventonil concentration of benzalkonium
chloride in eyedrops is (L01%, with & range of 0,004
0.02% [111]. While uptake of benzalkonium chloride
itself into ocular tissues is limited [113], even lower
coficentrations of benzalkomium chlonde have been
reported to enhance cormeal penetration of other
compounds including therapeutic agents [93,112,114],
The differential effect of thas preservative on the cornea
compared to the conjunctiva can be explolted 1o target
a drug for corneal absorption and delivery 1o the
pasterior segment of the eve [115], Iis use has been
proposed us o menns of delivering systemic doses by an
avular route of administraton [116],

Richards [117], Mullen et al. [118], and the Amer-
ican College of Toxicalogy [119] have summarized the
lerature of benzalkonium chloride. The conclusion
drawn was that benzalkonium chloride, up to 0.02%,
hias been well substuntinted as beimg suitable for use in
topical ophthatmic solutions when the conditions of its
wse are properly controlied. McDonald [121] found up
to 0.02% to be permissible in ophthalmic solutions
following exlensive testing in rabbits.

Mumerows studies comparing benzalkoniom chioride
with other preservatives have been described in the lit-
erature. Muany ol the articles give conffictingg results, nol
surprising considesing the many different test methods,
formulas, and criterin used to arrive ot these diverse
conclusions, However, adequate information is avauil-
fble i the ierature to permit the munufacturer to select
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appropricie wsts for nearly any product, Generally, the
LFSP for sumilurly validated) test can be:emploved to
decide which preservittive system s most compatible
with i spedific composition. While recent réports show
benzilkonium chlomide to have a somewhat higher in-
cldence of ocular effects [122-124], this preservative is
one of the most effective available and generally assures
an adequate level of preservabive cflicacy,

Bome straims of P, aerugiiess aré resistant o ben-
mikonium chlonde and, in facl, can be grown in so-
[utions -concentrated in this agent. This has caused
preatl concern because of the virulent nature of this
arganism in ocular infections, o8 discussed previowsly.
Thus; it was an mmportant finding m 1958 that the
poguired resistance could be eliminated by the presence
of ethylenediaminetetracetic acid (sodinm edetnle) in
the formuletion. This action of EDTA has been cor-
reliated with its abifity fo chelate divalent cations, and
it is commonly used as i preservative aid [125], The use
of disodium EDTA, where compatible, is re-
commended i concentrations up o 0.1 %,

Other gquaternary ammonium germicides, ben-
rethonium chloride and benznlkonium bromide, have
been used in severnl ophthalmic solutions. While these
have the advantage of pot being a chemical mixture,
they do not possess the bactericidal effectiveness of
benralkonium chloride and are subject to the same
imcompatibility limitations. In addition, the maximum
concentration for benzethonium chloride is 0.00%.
Soveral mew products that Torm pels in the eve, hke
Timelel Gel Forming Salution and Timoptic-XE,
employ another quaternary preservative, BDAR, in the
formulation,

Organic Mercurials

When benzalkonium chloride could not be used in a
particular formulation of a therapeutic agent (e.g.,
pilocarping nitrate, serine salicylate, or fluorescein so-
dium} because of potential anion-cation Gssociition.
onc of three organic mercunals, phenylmercuric m-
trute, phenylmercuric acetate, and thimerosal, had
until recent vears been used. Because of envirenmental
concerns, however, the wse of organic mercurials has
fallen into disfavor, Although organic mercurials have
nol ‘been implicated in classical mercurial toxicity.
several countries have banned therr vse entirely, snd
ither couniries require ity migorous defense  based
oo (he absence of any suitable aliernative. In those
situations for which the vse of an organic mercurial is
the only avenue availuble, the wsupl Tange in con-
centration for the phenylmercuric eompounds is 0.002

e = o —-—--—_—_——-‘
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0.004% and lor thimerosal, B02-0.01%. Although
they can be used effectively in some products, the
mercurils are refatively weak and slow in their anii-
microbigl activity, The organic merncurials are gen-
erally restricted to use in neviral 1o alkaline solutions;
however. they have been used successlfully m slightly
ucid formulations. The phenyl mercuric ion can react
with halide ions 1o form salts of lower solubility, re-
ducing their effectiveness. Thimerosal his o greater
sofubifity and is relatively more stable than the phe-
nvlmercurie compounds and has oot been shown to
deposit i the lens of the eye. The latter phénomenon
has heen observed with phenylmercury compounds

Oecular sensitization to thimerosal has been well
documented over the vears [126-132]. Although thi-
merosal had at one time been referred to as the pre-
servative of choice for soft contact lens care products
[E33-133], i1s use has been supplanted almosi com-
pietely by the polyguaternium-l and polybiguamde
preservatives,

Since the organke mercurials offer an alternative o
guatermary ammonium preservatives, and since pre-
servative efficacy of ophthalmic solutions ts essential,
the chioice among these alternatives should be based on
a benefil-to-risk analysis as long a5 a ban 15 aob 1m-
posed on the use of these organometallic preservatives,

Chilorobutanal

This aromatic aleohcl hos beéen an effective pre-
servative and still 15 wsed in several ophthalmic pro-
ducts, Ower the years it has proved 1o be a relatively
safe preservative for ophthalmic products [1538] and
has produced sumimal effects im0 vanous  tests
[99.136,139). In addition 1o its relatively slower rate of
activity, il imposes o nwnbgr of hmutations on the
formulation and packaging. It possesses adeguate
stahility when stored at room (emperature in an acidic
solution, wsually aboul pH F or below, 1T autoclaved
for 20-30 minutes af a pH of 3, i will decompose
about 30%. The hyvdrolyvtic decomposition of chlor-
ohutanol produces hyvdrochloric scid (HCL), resulting
i a decreasing pH as a fanction of Gme. As a resalt,
the hydrolysis rate also decreases, Chlorobotanal is
generally used at o conmcentration of 0.3%. Tis max-
imum  water -solubility 15 only about 0.7% at room
temperature, which may be lowered by active or ex-
cipients, and s stow to dissolve. Heat can be used o
imcrease dissolution rate bui will also cawse some de-
composition and o= [rom swblimation. Congenira-
tipns g low as 0.125% have shown amtimicrobial
actvity under the proper conditions
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Methyi- and Progylparaien

These esters of p-hydroxvbenzoic acid have been used
primarily to prevent growth of molds but in higher
concenirations possess some weak antibacterial activ-
ity, Their effective use is imited by low aqueous solu-
kility amd by reports of stinging and burning sensations
related to their use in the eye. They bind to 4 number
of nomione surfactants and polymers, thereby reduo-
cing their bioactivity. They are used In combination,
with the methyl ester at 0.03-0.1% and the propyl ester
at 0.01-0.02%, Parpbens have also been shown to
promaote corneal absorption [140],

Phenviethvl Aleokol

This substituted alcohol has been wsed at 0.5% con-
centration, bul o addibion to 1s wesk sctivity it has
several limitations. [t is volatile and will lose activity by
permeation through a plastic package, It has limited
witer solubility, can be “salted out” of solubon, and
can produce burning and stinging scnsations in the eve
It has been recommended primarily for vse in combi-
nAlon prégervalive sysiems,

Polvguarernium-1 [ POLYQUAD™ )

This preservative is comparatively new to ophthalmic
preparations and is @ polymeric quatcrmary ammao-
nium permicide. Iis advantage over other quatermary
ammaonium seems (o be it mabidily oy penetrate ocular
tissucs, especially the cornea. [t has been used 4t con-
centrations of 0,000-0.01% in comact lens solutions az
well oz dey eve products. At climcally effectve levels of
preservative, POLYQUAD is approximately 10 limes
less toxic than benzaikonium chlorde [87,137] Var-
ious in vitro tests and in vivoe evaluations substantate
the safety of this compound [137.141,142]. This pre-
servative has been extremely useful for soft comtact lens
galutions because it has the least propensity to adsorb
onle or absork nto these lenses, and it has 4 practi-
cally nonexistent potential for sensitization. Its ad-
sorption /absorption with high water and high lonic
lenses can be resolved by carefully balancing for-
mulation components [[43]

Chigrhexidine

Chlorhexidine, a bishiguanide, has been demonstrated
to be somewhat kess tosae than benzalkoniuwm chlonde
and thimerosal at clinically relevant concenirtions
[H7,89,95,144,143], This work was confirmed in o series
of in vitro and n vivo expeniments [L37,146-148]

—
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Paolyaminapropyl Biguanide

This preservative is also comparatively new Lo oph-
thalmic formulations and has been used as o disin-
fectant in contagt leps solutions. Poliaminopropyl
keuanide {polyhexamethyl bipaanide) also is a poly-
meriec compound thait has o low toxicity potential at
the concenirations generally wsed in these solutions
[R410, 149, 150],

Ceteimanttum Chilovide

This preservative bas been used in o dry eve trealment
and was shown noe clinscs] study to have the same
biocompatibility as another marketed  preparation
[152]). Cetrimonium chloride (0.01%) produced the
same comeal and conjunctival changes after one-
month ccolar administration in rats as (he effective
levels of other major preservatives [153].

VI. OCULAR DRUG TRANSPORT
AND DELIVERY

A, Modes of Transport

Passive transport or stmple difusion of molecules is a
transpart process dependent on water and lipid solu-
bility, stze of the molecule, and concentration gradicnt
agross the cellular membrane. No energy is expended
in the process, and transport will cease when the con-
centrations of the molecules on both sides of the
membrane sre equal. Passive transport is not inhibited
by metabolic inhibitors (mobitmg ATP production or
utilization) or by competitive substrutes. In general,
hydrophilic melecules pass through proteinaceous
pores in the cellular membrane and lipophilic mole-
cubes diffuse through the lipid portion of the neem-
brune, Transport through the pores is limited by the
pore size that is specific to each tissue. The low lipid
soliibility of onized molccules mny be increased by
altering the degree of ionization with changes in solu-
tion pH. Passive transport is important in diffusion of
drugs across the cornea and in nutnent uptake across
the corneal endothelmm

Active fransport is an epergyv-dependent prodess
requiring ATP, is carrier-mediated, and is copable of
trunsporiing substrofes against & concentralion gra-
dient. Macromaolecular carriers are membrane-hound
and have varying degrees of substrate specificity. The
carrier reversthly binds to the substrate, transports und
releases the molecule oo the other side of the mem-
brame. and returns (o the orngmal state. These char-
acteristics also make active transport subject to
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metnbolic inhibitors, competitive inhibition from other
similar substrates, and saturation sl high substrate
concentrations. Active transpori in the corneal en-
dothelium is essential to maintenance of proper. siro-
mand hydration,

Facilitated transport comiines some properties of
both mechanisms discussed above. This type of truns-
port is earrier mediated so that there 5 substrate spe-
cificity, a transport maximum, and competitive
inhibilion. However, facilitated transport is nol en-
ergy-dependent and is unable 0 tranaport i substrate
against a concentration gradient,

B. Biological Barriers and Fundamentals
of Passive Transport

Membrones ay Bavriers

In o very general sense, hiological membranes serve an
extremely useful (unction, effectively walling off the
body rom invasive and destructive pathological mi-
croorganisms as well as noxious mfluences of the en-
vitonment, They allow tissugs to customize their
erivironments. Dosage forms are therefore devised 5o
that either the therapeutic agent is iniroduced by &
physical or chemical means, which penetrates the
barrier and introduces the drug behind the impedi-
ment, o the drug design or dosuge Torm itself enables
the therapentic agent to penetrate the barder, I the
latter s the preferred means. both the drug and the
vehicle need to avoid producing a sigaificant toxic in-
sult 1o the barrier, lest that barrier be compromised in
its whility to prevent intrusion of forgign chemical or
hiological agents or be rendered sufficiently un-
comfortable that the delivery 1s not effective nor the
patient compliant

The significance of the barrier function of mem-
branes has been the topic of considerable research, The
blood-brain barrer and the blood-retinal barrier are
well understood. and the microscopic structures im-
pairting and controlling barrier properties have been
guite thoroughly investigated and the scence reviewed
[15, 154-155]. The structures and functions of ocular
membranes specific lo transport associated with oph-
thalmic drig administration also have been topics of
extensive research (15, 1571 58]

The mast common means of adimmistering drugs (o
the eye is by topical administeation of agenls capahle
of penetrating the cornea and targeting the appropriate
tissue lor either physiological or medicinal effect
[13%. 160], The milaminar structure of the transparent
avasculor cornen has been described previously, The
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comigl epithelium exposes a hydrophobic. bartier o
hydrophilic therapeutic agents and & hydrophilic cor-
neal stromal barner te hvdrophobic agents, Mone-
theless, a8 the models considered below rationalize, low
modecular weight therapeutic agents of modest hy-
drophobicity and high water solubility are often cap-
able of penetrating the eve, and muay be effective soulor
therapeutic agents if their potency —or receptor alfi-
mity if that 5 approprinte—cun be maintamed in the
accommedation (o these requiremenis,

More recently alternative routes of drug adminis-
tration hiave been sought and utiized, Scientists are
developing technologics o circumvent the constraints
mposed on moelecular weight, water solubility, and
modest hydrophobicity by the conventional trunscor-
neal route. Patents exist for ophthalmecally acceptable
penefration enhancers. More water-soluble therapeuatic
apents now in usge for glancoma appeir 1o achieve
approximately equal access by both scleral-limbae] and
trapscomeal rowies of administration [161,162], Re-
seirch 15 ongomg o understand and ubliee  scleral
administration of therapeutic agents; the role of hy-
drostatic pressure on the transport of hoth wter end
drug has been investigated in order to determine the
classes of therapeutic agent for which this mode of
delivery may be utilized [163-166). One consequence
will be the determination of the dininished transport
constraints imposed by a barrer from which the hy-
drophobic layer is absent. Both scademic: and in-
dustrial investigations have led to technologies for
arleral mmplants ond suesiained release.

Role of Hydrodymamics

Basic hydrodynamic phenomena govern the duration
of exposure of cornen] and conjunotival membranes (o
the therapeutic agents. Rapid clearance provides a
temporal barrier to drug delivery.

Drownage of the drop through the nssolicrimal
svstem into the gastrointestinal tract  beging  im-
mediately on instillation. This takes place when either
reflex teanng or the dosage form causes the volume of
Nuid in the cul-de-sac and precorneal tears o exceed
the mormal facrimal volume of 7-10 pL. Reference to
Fig. 7 indscates the pathway for this driunapge. The
expess Huid wolume enters the superior dand inferior
lacrimal puncta, moves down the canalicul nio the
lierimal sac, and continues into the pastrointestinal
tract. It is due to this mechanism that significant sys-
temic effects for certain potent ophthalmic medications
have been reported [170-172]. This also is the me-
chantsm by which o patient may ocensionally sense
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bittar or salty taste, typical of therapeutic ammonium
salts, following the wse of eve drops. The inflisence of
drop size on bicavailability has been investigated
thoroughly for conventional formulations and s sia-
nificant [173.174]. Even lor nonconventions] viscoe-
lastic formulations, drop velume can be expected to
influence efficacy and needs to be optimized [175]. The
clintcal sipntficance of deainage 15 so well recognizd
that manual nasolncrimal occlusion has been re-
commended us a means of improving the therpeutic
imdex of antiglavcoma medications [176]. Onee the
dynumics of tear-flow excess have taken their course,
steady-state hydrodynamics cim be expected,

Loss of drug [rom g precorneal volume has been
imvestigated both in vivo and in vitro, These studies
refate to both design of dosage forms as well as in-
vestigations of transport, bicavailability and pharma-
cokinetics. Simultaneous release profiles of drugs and
adjuvant from an artificial in vitro reseérvoir, designed
with iz volume (o be characteristic of the eve, can be
corréluted simply with exposure for transmembrane
transport [181]. An example of relesse profiles and the
infuence of dosage form from one of these medels, the
CRAS model, & shown in Fig. 8

Simple hvdrodynamic anabysis of the in vitro me-
chansm indicates thal the elution concentration, in the
ibsence of absorption, 15 4 lineir Kinetic process, with
o release profile that scales as the ratio of the tear
production to the volume of the tear reserveir, Fa/Fr.
Specifically:

2 . ¥
Nplt) =Nl | —exp E (1]
T

where

Nt = tme-dependent total amount eluted from
volume o bime §
Ve =volume of the reservoir
V= flow rate through reservoilr (altermatively,
Or)
Ny =amount of drug in reservoir at time zero

and where the complementary amount, the amount of
drug in the reservoir at time £, 5 defined as

NHlt) = Ny— Ngis) (2}

characteristic of the stirred-tank chemical reactor
muoslels [1E2-184]. Combinmg these contamment pro-
files, Nylv], with diffusional transmembrane transport,
yvields expected tissue profiles. The tme-dependent
concentrations are dictated by both conliinment pro-
file and tssue affinitics, and the magnitude 5 ofien
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dominated by tronsmembrane flux (below). A pictorial molecular and physiological property influencing cach
representation of the processes is shown in Fige 9. of the various pharmaccokinetic parameters. The
Pharmacokinete modehng with this scheme has been pharmacokinetic consequences of these competing
successful in ftting the aqueous humor levels of pilo- transport processes hiave been reviewed [180). Elabo-
carpine following topical administration (Figo 100 rule anilyses of such dam using Green's function so-
[173]. Although this type of data fitting has been quite futions, for responses to umit impulse, can be
successful, there has not heen o sufficient mumber of integrated as o means of generating responses 0 more
systematic studies o determine the role of every complicaled doswge regimens [185.186), Allernatively,
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wnd more simply. the differential egoations repre-
senting the coupled effects of instillation, hydro-
dymamics and drainage, and membrane transport can
be readily imtegrated numerically to provide predic-
tions of the impact of drug and dosage form on bio
availubility [E5]

Mechanismy gned Models of Transmombrane
Transport

Al a physical level the description of the cornea is us a
transpirent. avascular tssue that, with the adhereni
precorncul tear film. is the first refracting surface ap-
erani in the process of sight, At a morphological and
chemical fevel the description fs of o three-layered
atructure: a multilavered, lipid-rich epithelium, a well-
hydrated and lipid-poor stromi, and a lipid-rich en-
dothelium of one-cell-layer thickness. Differential stu-
dies of the relative lipid densities for these three corneal
layers have shown that the densities of lipid In epi-
thelium and endothelium sre approximately 40 times
as larpe as that m the stroma [194], although more
recent studies suggest the dispanty may be Jess
[195,196). This can be o primary physiological factor
mflpencing drug penetration through the comea and
mto the aqueous humor, For a topically administered
drug to traverse an intact cornen and to appear in the
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agqueous humor, it must possess dual or differential
solubility. But as ever more explicit deseripiions have
been developed by histologists. microscopic anato-
mists, and electron micrescopists, increasingly detailed
mechanisms of transport through these teswes have
been envisioned and tested

The multilavered corneal epithelium consists of calls
attached by mecrostructursl junctions of well-zsiab-
hshed morphology and function and separated by
waler-filled  intercellular  spaces. Drug  transporl
through such an environment can be imagined 1o
consist of two competing pathways, Predominant|y
water-soluble compounds presumably pass through
the tortuously conpected agueous channels, establish-
ing # path through the maze from epithelial surface 1o
stromm, a4 parncellular pathway. Predominumthy fipid-
seluble compounds presumably pass by surface diffu-
sion along the lipid surfaces, passing i a tortuous path
from: adjacent cell to cell—the transcelluliar pathwy,
In either case boundaries of lipid junctions. for water-
soluble compounds or agueous channels for lipid-so-
luble compounds wonld be maore neadily surmounied
by compounds with shared Tumtionality. The char-
geteristics of diffasion through and along sueh well-
defined strectures is well known, and the statistical
mechanics of percolation phenomena goverming such
ramdom paths has been well mvestigated
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For example, several recent stodies heve attempled
to provide a molecular basis for the earlier largely
empirical observations and essentially macroscopic
continawm snalvses [197.198]. Foar the stroma and
sclern much 15 known abhout ther structure and com-
position. These tissues consist primarily of water, col-
fagen, and glycosaminoglycans wherein the lamellars
vrder is derved primanly from collagen, which has a
fivefold organizational hierarchy. The collagen mole-
cule consists of three s-chins of peptides. These -
chiains are organized into ordered, relatively stff col-
lagen fibrils, typically 50 nm in diameter. Mumy fhrils,
along with proteoelyvean-rich ground substance, com-
pose collapgen Abers, which are about g ball micrometer
in dizpmeter and in stroma and sclera are organized into
neutly lamellar sheets [199-201] These membranes,
over which there will be hvdrodynumic pressure gra-
dienes, will be barricrs 1o fluid fow, and with the ad-
mumstration of drupgs these membranes, over which
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there will beconcentration gradients, will be barriers 1o
malecular diffusional fow, The effects of hbrous ob-
strwctions on Both flund flow and solute diffusion have
been the topic of miense mesearch in chemical en-
wneermy and physics. The flow and diffusional char-
acteristics have been related Lo the relative dimeénsions
and volume fractions of the fibers and the perme-
abilities {influenced by the state of hvidration) of the
different materinls to the solvent and solutes, mapec-
tivelv. The difusional charactenstics of salute mole-
cules will be influenced by the relative soluhilities of
these molecutes in the different environments, move
water-sotubie solutes will diffuse more mpidly through
the highly Rydrated stroma,

These effects, spectalized for the geometnes and
materials properties of the collegen-rich stroma and
sclers, have been calculated ina paper by Edwards and
Prauwsnitz [197]. They also modebed diffuston across the
corneal endothehum sssuming that the mopor path was
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between cells and that this was governed by the most
restrictive portion, the diffusion through the tight
junctions. The diffusional Aow was predicted based on
the density und width of these paraliel channels, These
authors generalized this description for both corneal
endothelium and epithelivm by allowing there 1o be &
balance between this parscellular pathway and
iranscellular pathway, The only difference between the
epithelial and endothelial parsceliular pathways was
the geometry of the junctions and their number, larger
for the multilavered epithelivm. The Iransceflular
pathway was modeled from the known geometry of the
cells, which determined the length of the diffusional
pathway, and the partitioning chamcteristics of the
molecules

The cumulative effects of these barrers and the re-
sistance to flow they produce were computed, and it
wiis demonstrated these macroscopically derived laws
applied at molecular dimensions were able 1o provide
semiguantitative agreement with the available data
While further tests of these models will undoubtedly
provide refinements to our understanding, the agree-
ment supports our understanding of the basic phe-
nivmena regulating trnsport of therapeutically active
substances through these barmiers and the robe of dis-
ease stiles that impuct hydrodynamic pressure on the
efficacy of drug delivery

C. Passive Absorption and Intraocular Delivery

Considevations Influencing Drag Design for
Topical Adminisiration

From the perspective of drug design for conventional
topical delivery, several requirements need to be sa-
tisfied by ophthalmic therapeutic agents, The drug
must be (a) both bochemically and pharmacologically
potent, (b)) nontoxic 1o both ocular and systemic tis-
sues, (e sufficiently stable that neither significant loss
m potency from diminished availability nor increase in
toxigity from by-products of degradation arises, (d)
targetable either to tissues and location of primary
disease-state etiology or (o sites responsible for symp-
tomatic response, and (2) sofficiently compatible with
the dosage form, and with the tissues exposed to i, (o
achieve an effective pharmacokinetic tissue profile,
Often the demand for such a complement of prop-
erties requires a hicrarchical strategy in which only the
brosdest possible limits are satisfied by the less de-
manding design requirements. For example, topical
administration ossists in limiting toxicity while im-
proving targeting and pharmacokinetic response
On the other hand, the reguirements for effective
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absorplion of such topical ophthalmic medications
often places significant demands on the physical, che-
mical, and transport charactenistics of the drug, which
i most cases was designed primarily 1o satisfy more
stringent biological, physiological and pharmacologi-
cil cntena, Simple puidelines can  be capprecited
teadily by examining the factors influencing absorption
of an antighweoma agent administered in the con-
ventional manner as drops into the cul-de-sac, dis-
cussed in the next section [167],

Efficacy is also influenced by minimizing those fac-
tors that diminish avaslability. The first factor reducing
drug availability is loss of drug from the palpebral
fissure, This takes place by spillage of drug from the
eye and its removal by the nasolacrimal drainage. The
normal volume of tears in the human eyve s estimated
to be approximately 7 pL, and il blinking occurs the
human eye can accommodate a volume of up to 30 pL
without spillage from the palpebral fissure. With an
estimated drop volume of 30 gL, 70% of the ad-
ministered volume of two drops can be seen 1o be ex-
pelled from the eve by overflow. [T blinking occurs, the
residual volume of 10 pL indicates that 90% of the
administered volume of twoe drops will be expelled
within the first several minutes [168, 169

Many echnologies have been devised, some dis-
cussed below, for modifying: the dossge form as a
means of slowing the escape of drug from the pre-
corneal location from which i can be transported to
tssues influencing ocular physiology, In addition,
other approaches have been recommended. For ex-
ample, temporary  manual punctal  occlusion  im-
mediately after instillation of drug transiently prevents
drainege of the enriched tears from the puncia, For
patremis with dry eye. often permanent ooclusion,
which is implemented either by cautery or by one of
several designs of punctal plug, results in a diminished
rite of lear clearance. Transient occiusion can be ex-
pected 1o influence drug delivery only modestly and be
effective only in rather specific crcumstances, when
either the molecular weight or the agueous solubility of
the therapeutic agent is high. For those clreumstances
in which the therapeutic agent is reasonubly lipophilic,
the kinetics. of absorption by transepithelial transport
can be guite rapid (ze¢ below),

A second factor reducing drug availability is the
drainage associated with hydrodyvnamic flow of tears
throwgh the précorneal space and col-de-sac, dis-
cussed above, A third and more difficult problem (or
delivery by nondirectional technologies and deviees 13
the undesirable adsorption and absorption by nearby
noncorneal tissues competing for therapaulic opents.

_




e

438

These include absorption by adjacen! palpebral and
bulbar comjunctiva, with concomitanl rapid removal
from ocular-tissues by penphern]l bliiad flow. For
example, the extensive vascularity of the wvea under-
lies the bulbar conjunctiva, & mucous membrane, and
the sclera, o white tissue providimg o tough outer
covering [177). Binding of drug 1o either externil sites,
like the tepr polymers such as mucing or lysozyme, or
imternal tissucs ke the sclers can be detnmental to
eificocy,

To the extent that these competing and detrmmmental
cfiects can be comtrolled, delivery can be enhanced. But
their control is inconsequential if the molecular prop-
arties regulating (ransmembrang transport are pof se-
lected 1o manner to facilitate comeal permeation, the
tapic af the next section. Finally, in competition with
the three foregaing forms of therapeutically ineffective
drug removal from the palpebeal fissure is the trans-
corneal absorption of dmg, ofien the moule most ef-
fective in bringing drug to the snterior portion of the
ey, Although transport of hedrophilic and macro-
molecutar drugs has been reported to occur by limbal
or scleral routes, aften this is at rates significantly re-
duced from those expected for transcomeal trapspart
of conveniional, modestly lipophlic apgents of low
molecular  weight  [178-180,191-193]). Ewen here;
transmembrane transport s @ significant requirement
{or availability,

A Creneradized Phenomenafopical Transport Meodel
amed Simple Conyeguences

One of the kev parameters for correlating molecular
structure wnd chemical properties with hinaviinhility
has been transcormeal lux or, alternatively, the corneal
permenhility coefficient. The epitheliom has been
modeled as a lipid barrier (possibly with o limited
number of agueous “pores” that, tor this physical
model, serve as the equivalent of the extrucellular space
in o more physiologceal deseription) and the stroma as
an aguecus barner (Fig. 11). The endothelium s very
thin and porous compared with the epthelium [18Y]
and often has been ignored in the analysis;, althowgh
mathematically it can be included as part of the lipid
harmer, Diffusion through blaver membranes of var-
ious structures has been modeled for some time [202]
and adapred o ophithalmic applicitions more recently
[203,204], For a series of molecules of similar stee, it
wiy shown that the permeahility increases with octa-
nol /water distribution (or partition) coefficien! until o
plittean is reached. Modeling of this type of data has
leed b0 the carticr statement that drugs need 1o be both

Page 26 of 66

Lang et al.

LIPED _/’

) S ) S b

|

HQUEDUS PORES e e

]

/ STROMA

Fig. 11 Schemotic diagram of the physical model Tor
transcornedl permestion; features pre mot o scale

EP]THEL LM

oil and water soluble. If pores are not included i the
amalysis, the stcadv-state cormeal fux, J, can be ap-
proximated by

PC,

Pl i
p. A

Ty = (3

where

C, = concentration of drug in donor phase

&= stromal and epithelial thickness,
respeclively

i1, 0, =corresponding difffusion coeflicents

P =distribumtion coeflicient

The permeability coefficient Kper 15 just the flux di-
vided by . It s apparent that the permeability
cocthicient 15 linear with 2 for small distnbution coef-
ficients and constant for large P, Thus, for small £ the
epithelium is the barmier, and for large P the siroma is
the barrier. A fit for stereid permeability 15 shown in
Fip. 12, where the regression analysis gave [, =
4% 10 em®fs and D, =20 x 10%cm?/s for £, =
4 = 10 cm and {, = 3.6 = 10~* cm [205]. These values
for the diffusion coefficients are reasonable compared
with those of aqueous pels and hpid membranes
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Fig, 12 Predicted versus experimental values for corneal steroud permenhility @5 & lunction of partition cosfliclent

A simple estimate of the diffusion coeflicients can
be approximated from examining the effects of mo-
lecular size on trunspor through o continuum for
which there 15 an energy cost of displacing solvent
Since the molecular weight dependence of the diffu-
sion coefficients for polymers obeys & power law
equation [206], o similar form was chosen Tor the
comeal barriers. That is, the molecular weight (Af)
dependence of the diffusion coefficients was written
as:

D, = DA
D, = ﬂir"l.-'sf'f' i)

Using regression analysis on a data set of about 50
different molecules, it was found that x = —4.4,§ =
~0.5,0," = 12em?fs, and D) =25% 107 cml/fs
[192]. A graphic representation of the effect of relative
molecular mass (M) and distribution coefficient on
cornenl permeabality is shown in Fig. |3, Ope observes
& rapid reduction in permeability coefficient with de-
creasing £ and mcreasing M, The addition of pores to
the model. & mathematical construct, is necessary to
account for permeability of polar molecules, such as
mannitol and cromolyn. These would also be required
for  correlating  effects of compounds, swch as
benzalkonium chlonde, which may compromise the

epithelial barrier by increasing the volume of the
extracellular space,

Another perspective provided by this model {5 the
effect of three physiochemical parameters — solubility,
distribution coeficient, and moleculur mass-—on
transcoresl flux. All of these propertics can be influ-
enced by molecular design, The effects of these prop-
erties ure illustrated in Fig. 13, m which the logarithm
of the flux s plotted as a function of solubility and
distnbution coefficient for two different M, Severu)
features of the model sre depicted, and these qualita-
tive, or semi-quantitative, aspects presumably en-
compass the prnciples of cornenl permeation

Inferred from this model is the refative independence
of the effects of solubility and partitioning. For each
property there i.u characteristic threshold above which
the log of the Aux increases more slowly than below it,
and theviloe of the threshold for one varinble is not very
deperndent on Lhe valee of the other variahle. This ta-
bletop perspective his fed to the name mesa model. The
relative independence signifies that neither property can
totally compensate for a deficiency in the other, This is
not to say that these properties are independent of one
another in & chemical sense—quite the contrary. How-
ever, in the hypothetical sense thir if pne Property were
vaned independently of the-other, then the consequences
on flux are relatively independent. Clearlv dependence
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on molecular mass, even for relatively low molecular
fiEs apenls, can be significant.,

Ex vivo studies of transcormneal transporl in animal
models have been uwsed to establish the characteristics
of passive diffusienal motion, the conventional means
by which drugs reach internn] ocular tissues. Although
such analysis neglects the complications of tear flow,
tear drainage, neaproductive membrang absorption,
eliminetion [fom the agueous humor, and so forth,
messurements of cormeal transport measurements have
been important in establishing correlations of model
calculations  with experimental measurements of
trunsmembrane transport. Modifications [I87] of the
classical ex vivo experiments of transport across ex-
cised. bul metabolizing, rabbil corneas [1E8-191] have
provided information both about targeting of similar
molecules from the same pharmacological class [192]
and confirmation of the balance of different anatomi-
cil pathways for accession (193]

The rough hrush siroke agreement between model
and experiment is illustraged by the results shown in
Fig. |4, for which the correspondences of theoretical
with experimental permeability coefficients for the
compounds listed im Table 2, B-adrenegic blockers
studied by Lee et al, [207.208] and Schoenwald and
Huang [191], are plotted. The calculmted values utilized
the physical model wilth pores [205], Characteristic of

correfations of this type is the slope’s value—less
than |. The ongn of the smaller caleulsted values of
permeahility  cocfficients s unknown, A reasonable
conpecture, however, 5 that the estimated diffusion
coefficients [ic., the laws presenied i Eqg. (4) on which
the permeshility 15 based] are not quite correct for the
drugs in different ocular environments, The predict-
abality of the model ¢ uselul both for providing ap-
proximate valoes and for distinguishing  departume
from simple diffusional transport, Also apparent from
& comparison of the kst two figures (Figs, 13 and 14) is
the significance ol solubility, since it 15 the value of O,
that controls flux by orders of magnitude

A significant inference from the model is that af, a5 is
the conventional behavior of a family of molecules, the
solubility decreases with an increase of distribution
coefficient, eventunlly this effect will profoundly reduce
the transcorneal Aux. Alternatively and conceprually,
for any class of molecules with a desirable physiolo-
gical response and without significant differences i
potency or therspeutic index, the member of that -
mify with the greatest promise for ophthalmic appli-
cation 15 the one with the lowest molecular weight, the
highest disinbution cocfhoent, and the hizhest agqu-
eous solubility, However, since the [ast two requine-
ments are in general inconsisient (the most soluble
molecile 15 generally the one with lowest partition
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Fig. 14 Plotof daza in Table I; the theoretically computed permeability coefficient versus that meszured. The lorger influenos on
Aux b oflen the range of solubility, which can increase the mange in Aux by several orders of magnitude

Table 2 Permeability of f-Adreneroic Blockers

Chesnical Molecular Distrbution K ! e
Compaund formule weiglit coelficient *1ES om/fy *IES cms
Acebutolol CpgHaghaa 0y 3643 IL.58 1.28 0AES
Alprenoiol s HaaMeCk, 249 34 B892 2 (G 2E6
Atenelal M0y i 3 0.4 {1,200 0.0eR
I:I"\—":-l"'\-'-"|'c': L ”:I l_-u.“\ |:._|‘| ST fall } 272 3.2
Bevamtolol CypHa-MN0y TA5.44 154.8 2.78 6. 74
Bufurnlal CyHaND, 261 34 2042 1,82 7.24
Labetoiol CraHzMNa0y 32841 T.TT 1,82 [.43
Levobunalal CjaH 2aM0)y 2951.39 5.5 1,594 1,74
Maetoprolol M MOy 26738 1.5 (.68 2.4y
Mudolol Cy-H--MO, 309,42 015 317 {1, 10
Crxprencoiod CaHza MO, 2h5.34 4.5} 1,28 Pl
Penbuiolol CgH MO 26144 138 54 Lnl .03
Propranclol CraH iz NOs 250.34 41,69 3.22 575
Soralal L e yls045 27135 i, .20 0,14
Timalaol

|:.I|:H'.|H.1':..:'1H 11643 2149 0.42 |23
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poefficient), the model helps select the molecular
structun: for which the Aux is greatest,

Perhaps ns more is learned about the molecular re-
quiremanis (or binding therapeutic agents Lo active sites
of macromolecules as part of the intention to control
physialogical function, these simple transport reguire-
ments cin be incorporated into the molecular design.

Rafe of Specialized Formulatiomg

Many meterals and specialized  formulations  have
heen devised with the milention of improving delivery
of drups 1o mitraocular Ussues by means of the trans-
corneal route; Carmiers have been wsed both alone and
in eonjunction with viscosifying or responsive for-
mulations o control concentration of the active ther-
apeutic compound or sustun delivery. As calealations
clearly demonstrate and experiments confirm, the im-
pact on total drug availability for such systems is
crucially dependent on the depree 1o which the: vehicle
is capable of sustaining residence time of the drug or
drug carner in the eve [13], The historical and ¢urrent
challenze rempins (o0 devise spontanecusly responsive
systems that are capable of being retwined in the eve,
sustaining the presence of the carmer withowt degrad-
ing jis reservolr and delivery characteristcs and
without producing such conventional . side effecls as
biorring or undesirable residucs.

In recent vears a barrage of rechnologies have heen
developed for sustaining delivery of drug to the cormen
Commeal coflagen shields and contact lenses londed
with drug hove been placed directly on the comea. But
undesitible side efects, including blurring, dumping ol
druge, puckaging and storage problems; have prevented
these technologies from being successful i the mar-
ketplace. Responsive polymenc systems have been
more successful fo date. Polvimers whose solubdlities
and mteractions are dommated by hydrogen bonding
cin be controlled with temperature, whose solubilities
are dominated by concervation-fype imferaclions cian
be controlled by the concemtration of the com-
plamentary palymer, whose solubilities are dominated
by weak acid ionteation can be controlled by pH, and
whese solubilities are dominated by ion pairing con-
diensation can ke contralled by fonie strengrh or even
specific jon concentrations. Those svsiems ulilizing
mechamsms less influenced by the environment hive
provven more widely applicible. Polymers like santhon
gum o gelrite. which interict with one or more tear
components to form o gel in situ, have been employed
in timolal malsite formulations that require dosing
only once o diy.
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I Active Transport, a Potential Mechanism
for Specific Structures

Az more 15 learned about accession of drogs into the
eve, il 15 becoming more obvicous that passive diffusion
through the cornea is not the only pathway likely tobe
exploited for future delivery of drugs, Many drugs are
known either io bnd to, or (o be taken up by and
gecumulated in, epithelial cells. Interesting waork is
emerging in the areas of facilitated transport in which
enhancers are used to diminsh diffusionnl barners
temporarily [209.210] and areas of active ranspart in
which drug carriers can be employved for transport of
leirper molecules [187],

A gver more potent therapeutic ngents are devel-
aped, concentrations required diminish and the me-
portance of drug targeting as o means ol redecing
sysiemic toxicity inoreases. For biochemical and ther-
apcutic agents included in specific classes of amino
ucids, dipeptides, polypeptides with resemblance o
specific: peplide sequences (e.g.. the undecapeptide cy-
closporin Aj), small cationic moelecules, or mono-
carboxviates, wnd neclepsides, there are  known
transporiers, antiports. co-lransporters, eld, in Comne
junctiva and sometimes in cornes that at low con-
centrations of a drug may actively contribute o
controlling Aux into or oul of specific Ussues [211-216],
Carmier-mediated trunsport is not restricted o acolur
conjunctive and cormea, of course, bul has been iden-
tified im other ocular tissues, specifically the retinal
pigment epithelium (RPE). as well 85 in nomerous
syslemic tissues such as gastric, imtestinal, hepatic, re-
nal, and cardiac tissues and in some ex vivo cell-culture
lines, As o consequence, miormafion  concérming
structury] ond geometnic specificity, co- or counlerion
requircments, proton and energy dependence, pump
capacity (=aturability), total 1on flux and current, and
directionality of medizted transport have been pro-
vided by biochemists, physiolegists, and pharmacolo-
giats studying o wvarery of human and mammalian
LizsusEs.

For conventional therapeutic agems the presence of
active drug iransport is either nonexisient or obscured,
simce while both active and passive trunsport miy oc-
cur concurrently at high concentrations, the pussive
component is the dominating and overwhelming frac-
tinn. However, is the concentrabion decreases, as it will
for patent agents for which concentrations in the mi-
cromodar range may be adeguate, seme of these agenty
will experience facilwted, active. carmer-mediatod
transport. For example, the flux can be expected 1o
have a complicated concentration dependence
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where Jon B othe maximom: saturable Aux from the
active transport process, &, 15 the Michaelis-Menten
constant and & i# the passive diffusive permeation rate
[214]. Mote bath K, and Ky are temperature-depen-
dent; however, the temperature dependence of K, is
much greater, so that the diagnostic for the presence of
wotive transport is the essentially complele loss of the
wchive component by the time the temperature is re-
duced 1o 4°C,

Some messure of the importance of active transpori
15 the diversity of systems where it has been observed,
For example, cirner-mediated transport of L-greenine,
i substrate for nitric oxide synthase, can mmpact the
concentrations of NOY, a neurotransmitter, The same
carrier présent in the conjunctiva can be inhibited by
competitive inhibilors such as nitro-L-areenine, This
transporier appears (0 be coupled to the transport of
P joms-and directionally transports the inhibilor
preferentially into the tssues from the mucosal exterior
surface. The utility of such 4 path might be to regulate
production of NO in vive and thereby conirol
inflammation. a complication, for example, in 8j5-
gren’s syndrome, The potential for delivering a ther-
apeutic sgent to the uveal tract B also promising
Mucleoside transport for uridine has alko been dec
monstrated (o bave similur directionality, preferential
flow from mucosal to serosal, or apicil to basolatesal,
sides of the conjunctival cells. Iis role is presumably 1o
salvage nucleosides from the tears, and it might be able
to be exploited for compounds with antiviral activity

Not all transporters, however., show the same pre-
ferentinl directions. Lee and coworkers also have dis-
covered 0 pump glhwoprotem inothe conjunctive with
preferential Aux directed toward the mucosal side of
the tissee. This transporter bas been shown to restrict
conjunctival absorption of therapeutic agents such as
cyclpsporin A, verapamil. and dexsmethasone. In
some circumstances, transient mhibibon of such xe-
nobiotic (ransporters might be an effective means of
imcreasing the efficacy of particulur ¢lasses of ther-
ipeulic ngents,

E. Delivery to the Vitreous and Posterior
Sepment

There sre. a number of drugs that would be of benefit

fior the trealment of diseases in the [nterior of the gye,

but for which therapeutic levels cannot be achieved by

topical administration [217). Until recently the only
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method of achieving an effective dose was by direct
intravitreal injection, emploved first Tor antibiotics,
with onimil expenments beginning aboutl the 19405
[218]. A more modern approach has been the use of a
sustyined-release device lor implantation into the
vitreous, such as the Vitrasert™ (developed by Con-
trolled Delivery Systems), the only such device ap-
proved for intraocular implantstion [219). The device
contains 4.5 mg of the drug ganevelovir and is used 1o
tredl the condition of cytomepaloviral (CMY) retinitis
in patients with acquired immunodeficiency syndrome
(AIXS). The therapy appears to be effective and well
tolerated necording to clinical reports and provides
sustained therapy over many months [220-222].

several practical [actors must be considered when
desipgning a device intended for intraocular use [223], For
example, the placement of the device should interfere as
little ns possible with vision, In the case of the Vitraserl,
the device is sutured to the sclera in the regon of the pars
plana {Fig. 15) This region is devoid of reting; the device
i also oot of the central visual field and is close enough
to allow visual inspection to determine when the supply
of drup has been exhausted [225]. Drug relesse is con
teolied by a rute-controlling membranc

Fig. 15 Drowing showing the optimum placeisent of an in-
tenviirenl sustnined-release device in the eve, | From Bell 2243

R —
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In order to design such an efficient and effective
device, one must understand the mechanisms by which
drug is transporied in the ocular interior. One issue
debated in the lterature for some tme has been the
rélative importance of lransport by passive diffusion
versug that lacilitated by the Aow of fluid in the
vitreous (see, &g, Ref. 224). To predict the geometric
distribution even at steady state of drug released from
an implant or an intravitreal injection, one must ap-
preciate which of these mechamisms 15 ul work or, as
ppproprate, their rekative bakance.

The conclusion that convective fow may provide an
important contnbution was based wpon observations
of the distribution of colloidal particles and its evolu-
tion [ollowing intravitreal injection [217], Such ex-
periments could have been complicated by the Targe
volumes that were generally injected, which might have
created artificial low channels in the vitreous gel [323],
and/or by backflow oul through the needle hole [228].
When intravitreal injection is performed through the
superior rectus muscle, the latter complication appears
to be minimized, When fluorescently labeled polymers
are injected intravitreally, the ratio of polymer in the
aguests versus the vitreous cavities is inversely pro-
portional to polymer molecular weight [229) Thas
suggests that the vitreous cavity is essentially stapgnant
and that passive diffusion is the major factor de-
termining the fow of uny xenobiotic agent,

Elimination from the vitreous occurs by one of
two pathways, This can be visualized by injecting
fluorescent compounds and examining the con-
ceptration disirbution in [rozen sections obtained
after a steady state has been estabhished [230], IF the
major toute of elimination is by means ol the re-
tima/choroid, atl steady state the towest concentration
would be in the wvicinity of the reting. The contours
observed in frozen sections of the rabbit eye obtained
after intravitreal injection of fluorescein exhibit thes
pattern, with the highest concentration immexdiately
behind the lens (Fig, 16A). Compounds nol chiefly
climinated through the retina exit the vitreous by
passive diffusion and enter the posterior agqueous,
where they are climmated by the natural produsticn
and outflow of agueous humor. In such a situation,
the contours would be perpendicular to the retina,
with the highesl concentration towards the rear of the
vitreous cavity. This appears to be the case for
fluprescently labeled dextran polyimer, whose con-
towrs decrease i concenlration toeward the hyaleid
membrane (Fig. 168}

Varous arficlss have examined the pharmacoki-
netics of Auorescent compounds in the eyve, developing
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mathematical models for the blood-retinal perme-
ability, mainly in closed form [231-234]. More recently,
saphisticated numerical methods have been developed
which model the geometrical anatomical und physio-
Iomical features of the eve more closely, Tojo ot al. have
applicd the method of lines o a cylindrical model of the
eve to simulate the biodisinbution of several different
compounds using extemporaneous Fortran code [235-
239]. Begun more recently has been the application of
finite element methods, at times hamessing the power
of very sophisticated codes traditionally emploved in
madeling of Auid dynamics and mass transfer [240-
243).

The power of these methods for accurately pre-
dicting the disposition of drug in the eye is illustrated
in Fig. 17, where finite slement anslysis wis used 1o
simulate the experiments of Refl 2300 (FlexPDE was
wsed, www pdesolutions.com), When the retinal per-
menbility s high, the contours resemble the experi-
mental result for fluorescein, with  the highest
concentrition immediately behind the lens, When the
only pathwiy allowed is through the hyloid membrane,
the contours resomble those obtained for the polymer,
with the highest concentration at the mear of the
vitreous cavity. Other physolopical details inchuded in
simulations have been the hydrodynamics of the aqu-
eous humor [241], the influence of the directionality of
release from an intravitreal device [244], and dynamic
partitioning of drog between various ocular tissues
[245]

Mumerical simulation methods can provide a vacful
predictive tool for simulating drug release from com-
plex devices [246,247] and can md in oplimizing device
design to provide sustained release of drug under wdea-
lized conditions. Their proper use will require careful
charactenzation of the important physiological con-
stants that govern the disposition of a particolar drug
and may indicate the dependency of efficacy on in-
dividual-to-individual variztion [248,249]. An example
of this is demonstrated in Fig, 18. The steady-state drug
release profile is predicted for a hypothetical circular
imtravitres! device, which releases drug from only one
gide at a fixed rate. In the example, the retinal perme-
ability was taken to be 4.5 = 107" ¢m /5. and the diffu-
sion cocfficient was 6 = 10-" cm” /s, values appropriate
{ar the drug pancyclovir [244], The influence of hydro-
dynamics of the aqueous humor were approximated by
applying n permeability boundary condition at the hy-
loid anmulus in which the ¢learance of drug there was
[0 times higher than that lor the drog ai the retina.

I'wio jssues are suggested by the Fip 18, First, the
drug concentration @t the retinal surface vanes by
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Fig 16 Contours of fluorescent intensity in froren sections of the rabbit eve following 15 pL injoction of marker solution in the
central vitreous cavity, injoction was conducted throogh the superior rectus muscle: 13 hours foellowing injection of 0.2% sodium
fluoreseein; 14 days following mjection of 0.1% FITC-dextran, molecular vweieht 66 0K, (From Bef. 230.)

orders of magnitude depending upon proximity to the
implanted device. Depending upon the therapeutic
index of the drog. tissues fur away from the device
may be underirested, whereas tissies near the device
may be overireated and in dunger of toxic exposure.
Second, there is o twolold difference in nverape vitr-
eous drug concentration between the [ront versus
back-facing devie, with the higher average con-
centrition resulting from buckwords placement. This
illustrates the importance of peometric factors when
engineering such devices, in that they impact the
overage dand local concentrabions and duration of
action of therapy.

F. Conclusions

In conclusion, it should be apparent from this discus-
sion of the absorption mechanisms that, although the
major features mfvencing drug absorption &re well
known, implementation of o coherent delivery strategy
is-highly specific for any compound, and many van-
ables need 10 be adjusted for their significint influence
on absorption and more importantly, on bioavail-
ability. In addition, from the suggestion of the role of

cculur hydrodynamics, delivery stralegies will alsa in-
clude consideration of the dosage form and its effect on
local systemic and target pharmacokinetics

Finally, from the available research into the variety
of mechanisms for targetting ophthalmic drugs to
specific tissues, mesns for micgrating—both figura-
tively and literally—combinations of effecis are now
available {15,  Certainly, the combination of
hydrodynamics, retention or sustained release, and
diffusional or even nctive transport can be computed,
their mfluence anticipated. and some specific defi-
ciencies addressed. Nonetheless, many unanticipated
intetuctions may often introde and still leave the field
heavily dependent on empirical assessment

VII. MANUFACTURING

CONSIDERATIONS

Becituze the olficial compendia reguire all topically
administered  ophthalmic medications 10 be serile,
manufucturers of such medications must weigh nu-
merous alternative approaches as they design mano-
focturing procedures. Ideally, as preferred by some
reguiators, especially in Edrope. all ophthalmic pro-

I Page 33 of 66



< Llns

Lang of al.

Retina
ke
max 479
(- 4.50
- e 4.00
d: 3.50
G 3.00
b: 2.50
a: 2.00
min 1.53

g H— Hyloid Membrane -

Fig. 17 Finite clement medeling of concentration profites established aftér central intravitreal bolus infection using FlexPDE
w217 and a 3D geometric model for the rabbit eve similur (o Rel, 241, Arbitrary concentration units; highest concentration is
murked = . {a) Contours of drug concenteation simuluted 15 hours after injection, assuming reasonuble vilues™™ for the dil-
fusion coelficient (6 = 107" cm® ') und rerinal permeability (2.3 = 1077 em 57') for fluorescein, Permeabibity across of lews and
hyleid membrune = wssumed 1o be negliphle, (b)) Simulited concentration profile 14 days after injection for FITC-dexiran
{diffusion coeffickent &% 107" cm® 7', assumng zero retinal permeability, and hyloid permeability 2.3 = 107" em s, Finite

elemeni mesh used is shown in the msei.

ducts would be termumally stenlized m the final
packaging becanse it offers the best chance of assuring
patients of their sterility. In effect, this would rule put
any useptic processing for the manufacture of oph-
thalmic prodocts; however, the use of sterile filtration
and for nsepic assembly of ophthalmic products has
been shown nol 1o constilute o risk w public health,
It is quite rare that the composition or the
packaging of an ophthalmic pharmaceutical will lend

itself 10 termunal stenhzation, the simplest form of

manufacture of sterile prodocts. Only o few oph-
thalmic drugs formulated in simple aqueous vehicles
are stable o pormal aulocliving femperatures and
times (121°C for 20-30 min). Swch heat-resistant
drugs may he packaged in glass or other hest-de-
formutien-resistanl peckogmg and thus can be ster-
ilized 10 this® manner. The convenience of plastic
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dispensing bottles {5 possible today wsing modern
polyolefing that resise keat deformation with proper
sterihzation cveles.

Maost ophthalmic products, however, cannot be heat
sterilized. In peneral, the active principie 15 nol parte-
cularly sinble to heat, either physically or chemically,
Moreover, o impart viscosity, agqueows products are
eenerally formulated with the inclusion of high mole-
cular weight polymers, which may, similarly, be af-
fected adversely by heat,

Because of these product senmtivities, most oph-
thalmic pharmacentical products are aseptically man-
ufdctured and  flled into previowsly  sterilized
conkainers in aseptic environments using aseptic filling-
and-capping techniques, This s the case for ophthal-
mic solutions, suspensions, and oinfments, and spe-
cialized technology is invobved in their manulacture.
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All pharmuscoutics] manufacturers are required to
follow Current Goaxd Manufactunng Practice
(CGMPs) Part 210 —Current Good Maonufacturing
Practice in Manufactunng: Processing, Packaging, or
Holding of Drogs; Generad Part 211 —Current Good
Manufacturing Practice for Finizhed Pharmaceuticals.
Readers can aceess more mformation from FDA's
website at www.fds.gov, These puidelines cover ull
gapects of manufacture of pharmaceutical producis.

A, Manufacturing Envirommaent

Aside from drug safety, stability, efficacy, and shelf-life
considerations associnted with tonicity, pH, and bufler
capacity. the major design criteria of an ophthalmic
pharmaceatical product are the additional safety cri-
teria of swerility. preservative efficacy, and freedom
from extruncous [oreign parbeulate matter. Cuorment
LL8, standards for Good Manufacturing Practices
(GMPs) [230] provide for the uge of specially desipned
environmentally controlled areas for the manufacture
of sterile large- and small-volume injections for term-
ingl sterilization. These environmentilly controlled
areas must meet the requirements of class 100,000
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space in all areas where open containers and closures
dre nor exposed, or where product filkng-and-capping
operutions are rof taking place. The lotter areas must
meet the reqoircments of class 100 space {251]. As
defined in Feders] Standard 209E, class 100,000 and
100 spaces contain ool more than 100000 or 100
particies, respeotively, per cubic fool of air of a dis-
meter of 0.5 pm or larger. The readers are also referred
Lo the British Standard 5295, (989, for clussification of
cleanraom environments, Offen these design criteria
are coupled with laminar airfiow concepis [232,233]
This specification deals with total particle counts and
does not differentinte between viable and nopwable
pivrticics. Federal Stndard 209 was promulgated s 4
“hardware” or mechanical specification for the sero-
gpace induostry and has found applications i the
pharmaceutical mdustry as a tool for the design of
aseptic and particle-free environments, Class 100,004
conditions can be achieved i the convenbonadly de-
signed cleanroom, where proper filtration of air supply
and adequate turnover rates are provided. Class 100
conditions over open contamers can be achieved with
properly sized HEPA (high-efficiency particulate air)
filtered Taminar airflow sources, Depending on the

: |
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Fig. 1%  Finite clement modeling of steady-state concentration profiles in the humin eye’™! lrom i hypothetical device that releases
from one side only. (1) Device rebeuses towueds the front; (b) deviee releases fowards the back. Arbatrary concenlralion onits {scake,
inset a): highest concentration marked «  Contours are shown Tor -2 plane and For -y plane throogh the center, x-2portion of finita
chement miesh displaved (inset bY; devics (opaque Lo diffusion) represeated by voided region, (Adapted from Rel. 244.)

product need and funds available, some aseptic phar-
miaceutical environmenty have been designed to class
100 lpmminar-8ow specifications throughout the manu-
facturing area. However, during sotun] product man-
ufacture the generation of particulate maller by
equipment, product, and {most importantly) people
mity ciuse these enmvironments: Lo demonstrite parti-
culate mutar levels two or more orders of magnitude
greater than design. It is for this reason that specialists
in the design of pharmaceutical manufacturing and
hospital operating room environmenis are beginning
to view these environments not only from the stnd-
point of total particles per cubic foot of spiace dlong,
but ulse from the stindpoint of the types of particles,
for example. the ralio of discase-transmitting bio-
contaminants to inert particulates [254].

Such environmental concepts Bs mmass mr transfer
may lead 1o meaningful specifications for the spaee in
which a nonterminally sterilived product Gin be manu-
Factured with n high level of confidence [255].

When dealing with the environment in which a stenile
product 15 manufactured, the matenals wsed for
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construction of the facility, as well ns personnel attire,
training, conduct in the space, the entrance and egress of
personnel, equipment. and packaging, and the product,
ill bear heavily on the sssurance of product sterility and
mimmizdtion of extruneous particulate matter.

The impartance of personnel training and behavior
cannot be overemphasized in the maintenance of an
acceptable environment for the manufactun: of steribe
ophthatmic products or sterile pharmacentical agentsin
general, Personnel must he trained in the proper mode of
powning with sterile, nonshedding garments and i (he
proper techmigues and comduct for asephic mumu-
facturing. The Parenteral Drug Association can be
contacted at their offices in Bethesda, Maryland., for o
listing of available training films on this subject. To
miasimize personnel comfort and 1o minmize sloughing
of epidermal cells-and hair, a cool working environment
shoold be maintamed, with relative humidities con-
trofled to between A0 wnd &%,

Additional puidelines on pharmaceutical cleanroom
classificnlions (which became effective on January 1.
I'W7, for Eurepe) are confained in Bel. 263
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B. Manufacturing Technigues

In general, aqueous ophithalmic solutions are manu-
factured by methods that call for the dissolution of the
active ingredient and all or a portion of the excipients
mtoall ora portion of the water and the sterilization of
this solution by hent or by sterilizing filtration through
sterile depth or membrane filier media into & sterile
receptacle. IT incomplete at this point, this sterile so-
lution is then mixed with the sdditional required sterile
components, such as previously sterilized solutions of
viscosity-imparting agents, preservatives, and so on,
apd the batch iz brought o final voluome with addi-
fiemal sterle wator

Aqueous suspensions are prepared o omuch the
same manner, except that before bringing the batch
to final volume with additional steribe water,; the
sabid that is to be suspended is previously rendered
sterile by heat. by exposure 1o cthylene oxide or io-
nizing radiation (gamma or clectrons), or by dis-
solution in sn appropriate solvent, sterile filiration,
end aseptic crysiallization. The sterile solid is then
pdded o the baich. either directly or by ficst dis-
persing the solid m a small portion o the batch
After adequate dispersion. the batch is brought 1o
final volume with sterile wauter. Because the eye is

Page 37 of 66

semsitive 1o particles larger than 25 pm in dismeter,
proper rew matenal specifications for particle size of
any dispersed solids musl be established and verified
on ¢ach lot of raw material and fingl product. The
control of particle size of the final suspended mate-
rial 15 very importani, not only for comfort of the
product but alse for improving physical stability and
resuspendability of the suspension throughout the
shell life and the in-use life by patients. Manu-
fucturing of some suspension products [256] may
require modified processes in order to control parti-
cle mize and obtwin a sterile product,

When an ophthalmic ointment is manufictured, ull
raw material components must be rendered sterile: be-
[ore compounding unless the cintment containg an
agueous fraction that can be sterilized by heat, filtra-
tton, or iomizing radiation. The ointment base is ster-
tlized by heat und sppropriately filtered while malten
Loy remove extraneous foreign particulate matter. It is
then placed into a stenile steam-jacketed ketile to
mainiain the cintment in o molten stite under aseplic
condittons, and the previously sterlized active in-
gredient{s) and excipients are sdded aseptically. While
still molten, the entire omtment may be passed through
& previously sterilized colloid mill for adequate dis-
persion of the msoluble components.
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After the product s compounded in an aseptic
mannet, it i3 filled into previously stenfized contaimers,
Commonly employed methods of sterilization  of
packaging components include exposure to hess,
ethylene oxide gas, and "Co (gamma) irradiation.
When a product is 1o be used in conjunction with
ophthalmic surgical procedures and must enter the
dseplic operating area, the exterior of the primary
contuiner must be rendered sterite by the manufacturer
and mantained sterle with appropriate packaging
This may be accomplished by pseplc packaging or by
exposure of the completely packaged product Lo
ethylene oxide gas, onizing radiation, or heat, When-
ever ethylene oxide is used ns g sterilant Tor either the
raw malerial or packaging components, strict proces-
sing controls and validated aeration cycles are required
o gssure fower residus] Bmats permitted by the reg-
ulatory agencies.

With the need of, and the preference for, un-
preserved (ormulations of setive drug(s) by ophthal-
mologists and patients, the blow (Rl /seal concept. also
termed the form fill/seal method, hns gamed pecep-
tince for manoficture of unpreserved  ophthabmic
producis, especially for ortificial tear products. In this
process, the first step is to extrude polyethelens resin at
high temperature and pressure and to form the con-
tainer by blowing the resin mto & mold with com-
pressed air. The product is filled as wir 15 vented out,
and finally the container is sealed on the top. There are
several published articles describing and validating this
technology [257-262]. Automatic Liguid Packaging,
Incorporated {Woodstock, [L} designs and Fabricales
Blow /Fill /Sen]l machines and provides contract man-
ufacture in the United States. Hollopack (BottlePack-
&) provides similar equipment in Furope.

C. Raw Muterials

All gaw materials wsed in the compounding of
ophthalmic pharmaceutical products must be of the
highest quality available, Complete row material spe-
cifications for each component must be estublished and
verified Tor each lot purchased. As many pharmaceu-
tical companies mmprove efficiency and increase pro-
duct distribution by qualifying a single plant to
provide prodect globally, it becomes necessary Lo
gualify excipients lor global distribution. Excipients
wsed in the product meed to be tested [or multiple
pharmacopeial specifications to meet plobal require-
ments (USP, Pharma Europe, Japanese Pharmaco-
pocial. When raw materials are rendered sterile before
compounding, the reactivity of the raw matersal with
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the sterilizing medium must be completely evaluated,
and the sterilization must be validated to demonstrate
its capability to sterilize raw materials contaminated
with large numbers (10°-107) of microorganisms that
have been demonstrated 1o be most Tesistanl 1o the
mode of sterilization appropriate for that raw material
A5 mentioned previously, for ruow material components
that will enter the eye as 4 Suspension in an appropoate
vehicle, particle size must be carefully controlled both
before use in the product and as a finished product
specification.

As Tor most sterile (and nonsterile) aqueons phar-
maceuiiculs, the lurgest portion of the composition is
witler, Al present, USP 24 allows the use of “purified
witer” s a pharmaceutical aid for all official aqueous
products, with the exception of preparations intended
for parenteral administration [264]. For preparations
intended. (or parenteral adminmistration, USSP 24 re-
guires the use of water for mjection (WFI), sterile
water injection, or bacteriostatic waier Tor injection as
i pharmaceutical aid. Because some pharmaceuotical
manufacturers produce a line of parenteral ophthalmic
drogs nnd devices (large-volume ond small-volume ir-
rigating and “tissue-sparing” solutions) as well as (o=
pical ophihalmic drugs, the provision of WF1
manufacluring capahbility is being designed into new
and caisting acilities to meet this requirement. Some
marutacturers have made the decision to compound
all ophthalmic drugs from WEIL thus employving the
highest grade of this ruw materi] economically avail-
able to the pharmaccutical industry. In dotng so, sys-
tems must be designed to meet all the requirements for
WFI currently histed n the USP [264] and the guide-
lines listed for such systems by FDA in s Good
Manufacturing Practices guidelings for large- and
small-valume parenterals [265]. Briefly, these proposals
call for the generation of water by distillation or by
reverse osmosis and its storage and crculation ol re-
lutively high temperntures of up to #0°C {or, aller-
natively, its disposal every 24 hoursh in dll stainless
steel equipment of the highest sttainable corrosion-
resistant gquality,

D. Equipment

The design ol equmpment for use in controlled en-
vironment areas follows similar principles, whether for
penerai injectable manufacturing or for the manu-
fuclurer of stenle ophthalmic pharmaceuticals. All
tanks, vilves, pumps, and piping must be of the best
availahle grade of corrosion-resistant stainless steel.
In general, stainbess stee] type 304 or 316 is preferable.
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All product-contact surfaces should be finished either
mechanically or by electropolishing to provide a sur-
luce s free as possible from scratches or defects that
conbd serve as o nidus for the commencement of cor-
rosion [2166]. Care should be taken in the design of such
equipment to provide adequate means of cleaning and
sanitization, For equipment that will reside in aseptic-
fitling areas, such us filling and capping machines, care
should be taken in their design to vicld equipment as
free as possible from particle-generating mechanisms,
Wherever possible. bell- or chain-dnve concepts
shoutld be avorded in faver of sealed gear or hydraulic
mechanisms. Additionally, eguipment bulk located
directly over open contuners should be held 1o an
absolute munimum during filling-and-capping opera-
tions in order 10 minimize introduction of equipment-
generated particulate mutter or creation of air turbuy-
lence. This precaution is particularly mportant when
lamimar flow s used 10 control the immediate
environment arcund the Alling-capping operation.

In the design of equipment for the manufacture of
sterile ophthalmic {and nonophthalmic) pharmaceu-
ticals, manufacturers and equipment suppliers are
turning 1o the advanced technology in use in the dairy
and aerospace (ndustries, where such concepts as CIP
iclean-in-place), COP {clesn-out-of-place), nutomatic
heliare welding, and electropolishing have been in use
for several vears. Az a guide here, the reader is referred
to the so-called 3A Standards of the dairy industry
issued by the UL.S. Public Health Service [267].

Somie of the newer and more potent drugs, like the
prostaglanding, which are produced at very low con-
centrutions in the finished formulation, may reguire
special precautions: during compounding snd proces-
sing in order to prevent loss of actives due o adsorp-
tion/absorption to the walls of fill lines and/or storage
tunks,

VIII. CLASSES OF OPHTHALMIC
PRODUCTS

A. Topical Eyedrops
Administration and Dosage

Although muny alternute experimental methods have
been tried, the use of eyedrops remaing the major
method of administration for the topical ocular route
The usual method of self-administration 15 to place the
eyedrop from & dropper or dropper bottle into the
lower cul-de-sac by pulling down the eyelid, tilting the
head backward, and looking at the ceiling after the tp
5 pointed close to the suc, and applying & sligh
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pressere to the rubber bulk or plastic bottie to allow g
singlo drop 1o form and fall nto the eve. Most people
become quite adept at this method with some praciice
and may develop their own moedifications. However.
elderly, arthritic, low-vision, apd glaucomo patients
often have difficulty in self-administration and may
require anather person to instill the drops,

The pharmacist should instruct patients to keep in
mind the Following considerations in sdministering
drops 1o help improve the accuracy and consistency of
dosage and to prevent contumination: be sure that the
hands are clean: do not touch the dropper tip to the
eve, surrounding tissue, or any surisce; prevent
squeezing or fluttering of lids which causes blinking;
place the drop in the conjunctival sac, not on the globe;
close the lids for several moments afier mstillation. The
administration of eyedrops 1o young chiliren can be a
difficult task. A way to simplify the task involves the
parent’s sitling on the floor or a flat surface and pla-
cing the child's head firm|y between the parent’s thighs
and crossing legs over the child’s lower truck and legs,
The parent's hands are then free 1o lower the evelid
nnd administer the drops

In addition to the proper technique 1o administer
cyedrops, the pharmucist may need 1o explain to the
patienl the correct technigue for temporary puncial
occlusion. Punctal ocelusion is usually reserved for
use with potent drugs which can have adverse sys-
temic effects from topical oculiar adminssiration such
as with ocular f-blockers. Tear fuid drains inle the
nasolacrimal duct vis the puncta located om the
medial portion of the evelid and Auid is directed into
the puncia by the blinking action of the lids. The
nisal mentus s a highly vascular area within the nuss]
cavity which réceives the fluid of the nasolacrimal
duct, and drugs contained in fears can be ghsorbed
into the systemic circulation from this area as well as
from gastrointestinal absorption. Punctal occlusion
can be performed immediately alter instillation of an
eyedrop by closing the eye and placing a finger be-
twieen the eyeball and the nose and applying pressure
for several minutes,

Eyedrops are one of the lew dosage forms not ad-
ministered by exact volume or weight dosage, vet this
seemingly imprecise method of dosing is guite well
established and accepted by ophthalmalogisis. The
volume of & drop is dependent on the physiochemical
properties of the formuiation, particolardy surface
tension; the design and geometry of the dispensing
office; und the angle al which the dispenser is held in
relation (o the receiving surface. The manufucturer of
ophthalmic products controls the tolerances necessary
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for the desage form and dispensing container 1o pro-
vide 4 uniform drop size. How precise does the actual
dose have to be? As noted earlier, the normal tear
volume is shout 7 ul, and with blinking about 10 puL
can be retained in the eye. Approximately [.2 uL of
tears is produced per minute, for about a 16% valume
replacement per minute. Commercial ophthalmic
droppers deliver drops of about 30-50 ul. Therefore,
the volumes delivered normally are more than three-
fold larger than the eve can hold, and the Auid ihat
does remain in the eye is continuously being removed
until the normal tear volume is sttained. It can be seen,
then, that the use of more than 1 drop/dose must take
mto account the Auid volume and dyoumics of the
lacrimal system of the eve. If the effect of muliiple
drops is desired, they should be administered | drop &t
a time with a 3- 10 $-minute interval in between dos-
ings, Some doclors may prescribe more (han |
drop/dose to ensure that the patients retains at beast |
drop in the eyve.

Dasage Forms

Solutions,  The two major physical forms of Eye-
drops are agqueons solutions and suapensions. Nearly
all the major ophthalmic therapeutic agents are waler
saluble or can be formulated s water-soluble salts. A
homogenesus solution offers the assurance of aTERleEr
uniformity of dosage and bigavailability and sim-
plifies large-scale manufacture. The selection of the
appropridte salt form depends on its solubility, ther-
apeutic concentritions required, ocular toaicity, the
effect of pH, tonicity, and buffer capacity, |15 com-
patibility with the total formulation, and the intensity
of any possible stinging or burning sensations li.e.,
discomlont reactions), The most common salt forms
used wre the hydrochloride, sulfute, mitrate. and
phosphate. Salicylate, hydrobromide, and bitartrate
salts are also used. For drugs that are acidic. such as
the sulfonamides, sodium and diethanolamine salts
are used, The effect that cholce of salt form can have
an resulting product properties is exemplified by the
epinephrine solutions available, as shown in Table 3,
The bitartrate form is a -1 salt. and the free carboxyl

Table 3 Effects of Salt Form on Product Properties

Lang e al.

EFOUp acts 45 4 strong buffer, resisting newtralization
by the tears. and may cavse considerabie slinging.
The borate form results in o solution with Jower
buffer capacity, a more nearly phyvsiological pH, and
better patient tolerance; however, it is less stable than
the other two salts. The hydrochloride salt combines
better stability than the borate with acceptable patient
toleranee,

Gol-Farming  Salutfons. One disadvantage of
solutions is their relatively shon residence time in the
eye. This has been overcome to some degree by the
development of solutions that are liquid in the con-
tainer and thus can be instilled as eyed rops but gel on
contact with the tear fluid and provide increased con-
lact time with the possibility of improved drug ah-
sorption and increased durntion of therupeutic effect

A number of liquid-gel phase transition-dependent
delivery systems have been researched and patented.
They vary according 1o the particular polymer(s) ems-
ployed and their mechanism(s) for triggering  the
transition 1o & gel phase in the eve. The mechanisms
that make them useful for the eve tuke advantage of
changes in temperature. pH, ion sensifivity, or fonic
strength upon contact with tear fluid or due to the
presence of proteins such as lyvsozyme in the tear fluid,
Thermally sensitive systems. which are transformed 1o
d gel phase by the change in temperature sssociated
with reaching body temperature, have the dis-
advantage of possibly gelling in the container when
subjected to warmer climatic conditions. The pH-sen-
sitive systems may have mited use for drugs that re-
quire @ neutral o slightly ailkaline environment for
stability, sofubility, ete,

Gel-forming ophthalmic solutions have been devel-
oped and approved by FDA for timolol maleate, which
is used 1o reduce elevated intraocular pressure (10F) in
the: mandgement of glaucoma. Timolol maleate oph-
thelmic solutions, as initially developed, require twice-
a-day dosage for most patients. With the zel-lorming
solutions, 1OP-lowering efficacy was extended from 12
1o 24 hours and thus required only once-a-day dosing.
This extended duration of efficacy was demonstrated
for both gel-forming products in controlled clinical

Salt form Discomir reactio pH runge Buffer capucity
Epinephrine hydrochloride Mild 1o moderute stinging 2545 Mediom
Epinephrine hiturtraee Maoderite to severe stinging 3 High
Epsnephrine hormie Craly ocousional mild stinging 55-7.5 Livw
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trials. The first gel-forming product, Timolol™ XE,
ses the polveaccharide pelian gum and is reported 1o

gel in situ in response to the higher jonic strengih of

tear fhaed (L1LS, Patemt 4.861,7600. Alernative ion-
sensitive pelling systems have been patented [3-5], The
sccond product, (timolol maleate), uses the poly-
saccharide xanthan gum as the gelling agent and is
reported Lo gel upon contact with the tear flud, st least
in part due o the presence of tear protein lysozyme
(LLS. Patent 6,174,524),

Suspension, 11 the drag 18 not sufficiently soluble, it
can be formulated as 4 suspension. A suspension may
also be desired o mmprove stability, bicavailuhility, or
efficacy. The major topical ophihalmic suspensions are
the steroid anti-inflammatory agents prednisolone
acetate, dexamethasone, Auorometholone, and rimex-
olone. Water-soluble salts of prednisolone phosphate
and dexamethasone phosphite are available; however,
they have o lower steroid potency and are poorly ab-
sorbed.

An ophthalmic suspension should wse the drug in a
microfine form; usually 95% or more of the particles
have a dinmeter af 10 pm or less, This is to ensure that
the particles do not cause frritation of the sensitive
ocular tissues and that a uniform dosage is delivered to
the eve. Since a suspension 15 made up of solid parti-
cles. 11 is ut least theoretically possible that they may
provide a reservoir in the cul-de-sac for slightly pro-
lomged activity, However. it appears that this is not so,
fince the drug particles are extremely small, and with
the rapid tear turnover rate they are washed out of the
eve relatively quickly

Pharmaceutical scientists have developed improved
suspension dosage forms to overcome problems of poor
physical stability and patient-perceived discomfort at.
tributed 1o some active ingredients. An fmportant de-
velopment aspect of any suspension is the ability to
resuspend casily any settled particles prior to instillation
im the eye and ensure that & uniform dose is delivered. It
would be ideal o formulote msuspension that does not
gettle since the patient may not always follow the labeled
mstructions to shake well before using. However, this is
wsuilly not feasible or desirnble since the viscosity re-
quired to retard settling of the insoluble particles com-
pletely would likely be excessive [or a liquid eyedrop.
The opposite extreme, of allowing complete settling
between doses, usually leads to & dense laver of ag-
glomerated particles that are difficult to resuspend.

An improved suspénsion has been developed, which
contrals the flocculation of the insoluble active m-
predient  particles, such that they will remain sub-
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stuntially resuspended (95%) lor many months and
wny settled porticles can be easily resuspended with
only a few seconds of gentle hand shaking. This im-
proved vehicle utilizes a charged waler-soluble poly-
mer and oppositely charged electrolvie such as
negatively charged carbomer polvmer of very high
molecular weight and laree dimension and a cation
such as sodium or potassium, The negatively charged
carboxy vinyl polymer is involved m controlling the
flocculation of the insoluble particles, such as the
steroid rdmexolone, and the cation assists in contrelling
the viscosity of the vehicle such that the seitling is
substantially retarded, vet can be easily and uniformly
resuspended and can be dispensed from u conventional
plustic evedrop container (U5, Patent 5,461,081},

In some eases it may be advantageous to convert a
witter-soluble active ingredient to an msoluble form for
development #s sn ophthalmic suspension dosage
form. This could be the case when it i bencficial 1o
extend the practical shelfl lile of the water-soluble form,
lo improve the compatibility with other necessary
compositional ingredients, or to improve its ocular
tolerability. Such an example is the f-blocker betaxolol
HCL, which is an effective [OP-lowering agent with
clinically significant safety advantages for many asth-
malic patients. With the ophthalmic solution dosage
form some patients experienced discomfort character-
ized a8 a transient stinging or burmning wpon instilis-
tion, Although this did not interfere with the safety or
efficacy of the produet. it was desirable to improve the
patient wolerability, Many solution-based formulations
wene Iritd but with linited sooecess, Tt was discovered
that an insoluble form of betuxolol {Betoptic 'S} could
be produced in situ with the wse of 0 combination of a
high molecular weight polyanionic polymer such as
carbomer and a sulfonic acid cation exchange resin.
The resultant optimized suspension increased the
ocular bicavulability of betaxolol such that the drug
comcentraion required to achieve equivalent efficacy ta
the solution dosage form was reduced by one half and
the ocular tolerance was improved significantly. It
would appear that the sustained release of the active
betaxolol occurs through exchange with cations such
as sodium and potassiom motear fuid resulting in
prolonged tear levels of the drug and substuntisl in-
crease in ocular boavailability (U5, Patent 4,%1 1,820}

Powders for Reconstitution,  Drugs that hive only
limited stability in liquid form are prepared s sterile
powders for reconstitution by the pharmacist prior 1o
dizpensing 1o the patient. In ophthalmology, these
drugs include a-chymotrypsin, echothiophate iodide

R —————
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(Phospholme  Todide™), dapiprazole HUl  (Rew-
Eyes™), and acetylcholing (Miochol™). The sterile
powder is usualty manufactured by Ivophiligation in
individual alass viale, In powder form these drugs
have a much longer shell® ife than in solution. Man-
nital |5 uswally osed as o bulking agent and lyophili-
zation aid and is dissolved in the solubon with the
drug prior to drying. In the case of echothiophate
indide, it was [ound that potassium adelale used in
place of mannitol as o drying aid produced a more
stuble product. Appatently the presence of potassium
acctnie with the drug allows freere-dryving o a lower
residual mosture comient (LS. Patent 3.681,493) A
stable echothiophite product has also besn produced
by frecre-drying from an aleoholic solution without a
co-drying or bulking agent, but the product is no
longer marketed

A separately packaped sierile diluent and sterile
dropper assembly 15 provided with the stenle powder
and requires aseplic technique o reconstitule, The
pharmacist should only use the diluent supplied by the
manufacturer since it has been developed to maintan
the optimum potency and preservation ol the recon-
stituted solution, The storage conditions and expira-
tion dating for the final solution should be emphasized
1o the paticm

Inactive Ingredients in Tapival Drops

The therapeutically inactive ingredients in ophilialmic
solufion and suspension dosage forms are necessary to
perform one of more of the following functions: adyust
concentration and tomicity, buffer and adjust pH. sta-
bilize the active ingredients against decomposiion,
increase solubility, mpart viscosity, and &cf as solvenl.
The use of unpecessary ingredients is 10 be avoided,
and the use of ingredients solely to impart a color,
adar, or flaver s prombatel,

The choice of a particular inactive ingrediont and jts
concenteation 8 based not only on physical and che-
mical compatibility, but alse on hocompatibility with
the sensitive and deheate ocular tssucs. Because of the
latrer requirement, the use of mactive mgredients is
greatly restricted in ophthalmic dosage forms.

The possibility of svstemic elfects dee 1o nasolacri-
mal drainiee as previously discussed should also be
kept in mind. FDA has catalogued all inactive in-
gredients in approved drog products and provides this
information at www fda.gov/cder/drug/ug. The lst-
imits pre plphabetical by inactive ingredien! and provide
the routes of sdmmistration, dosage forms. and
I;]II.'I.'I'!HII.:lil'n.'I:: WEAEE Finges
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Tomicity and Toniciiv-Adiwsring Agenrs,  Inthe post
a great deal of emphasis was pliced on teaching the
pharmacist to adjust the tonicity of an ophibalmic
solution correctly (L€, exert an osmotic pressure equil
io that of tear fluids, generally agreed (o be equal to
0.49% MNaCl). In compounding an eve solution, il is
more important to-consider the sterility,. stubility, and
preservitive aspects and not jeopardize these aspects 1o
obtain @ precisely isotonic solution. A range of 0.5
2.0% MaCl equivalency docs not cause o marked pain
response, and o ronge of about 0.7-1.5% should be
scoeptable to most persons. Manufacturers: are imoa
much betier position to make a precise adjustment,
und thus their products will be close 1o isotonic, since
they are in a competitive situation ond areinterestod m
a high percentage of patient acceptunce for their pro-
ducts, In cerlain instances, the therapeutic concenira-
tion of the drug will necessitate using what might
atherwise be considered an unacceptable tonicity, This
is the case for sodium sulfacetarmde, for which the
isotonie concentration is ahoul 3.5%. but the drug is
used in 1-30% concentrations. Fortunately, the eye
seefns to tplerate hypertonic solutions betler than hy-
potonic ones. Various textbooks deal with the subject
of precise tomeity caleulations and determination.
Several articles [268] have recommendad practical
methods of oblaining an acceptable tonialy in ex-
temporaneous compounding Common  fonicity-ad-
justing ingrechents mchude NaCl, KCL bulfer salts,
dextrose, glycerin, propyvlene glycol, and mannitol,

pH Adiustmens and Buffers. The pH and buffering
of an ophthalmic solution 15 probably of equal im-
portance 1o proper preservation, since the stability of
most commonly used ophthalmic drugs 1s largely
controlled by the pH of their environmeni. Manu-
facturers place particular emphasis on this aspect, since
econemics mdicate that they produce products with
lomg shell lives that will retain their lnbefed potency
and product characteristics under the many and viried
storage conditions outside the makers’ control. The
pharmacist and wholesaler must become familiar with
labeled storage directions for cach product and assure
that it is properly stored. Particular attention should be
paid 1o products requinng refrigeration. The stability
of mearly all products can be enhomced by refrigenition
excepl for those few in which a decrease in solubility
and precipitation might occur. Frecsng of ophthalmic
products, particularty suspensions, should be gvouded,
A freeze-thaw cyele can induce particle growth or
crystallization of 4 suspension und increase the chance
of ocular arritation and loss of dosage uniformity
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Crlass-packaped Dgwd products may break owing to
the volume expansion of the solution when it freezes. Tt
15 especially important that the pharmacizt fully advise
the patient on proper storage and use of ophthalmic
products to ensure ther integrity and their safe and
efficacious use,

[n addition o stability eMects, pH odjustment can
infiuence comfort, safety, and sctivity of the product.
Comfort can be described as the subjective response of
the patient alter mstillation of the product in the cul-de-
sac (e, whether it may cause a pain response such as
stinging or burning). Eye irritation i notmally aceom-
panied by an merease in ear fued secretion (& defense
mechanism) 1o aid m the restoration of normal physios
logical conditions. Accordingly in addition o the dis-
combort encountered. products that produce irntation
will tend to be Aushed from the eye, and hence o more
rapid loss of medication may oceur with a probable re-
duction in the therapeutic response [ 5]

[deally, every product would be buffered tooa pH of
7.4, congidered the normal physiological pH of tear
fund. The argument for this concept is that the produoct
wolld be comforiable and have optimum therapeutic
activity, Varous experiments, primarily in rabhits,
have shown an enhanced effect when the pH was in-
creased, owing (o the solution containing u higher
concentration of the noniomged lipid-soluble drug
hase, the species that can penetrate the corneal epithe-
Ll bartier more rapedly, This would oot be troe if the
drug were an acidic meoiety. The tears have some huffer
capacity of their own, and it is believed that they can
neutralize the pH of an instilled solution il the quantty
of salutions 15 nol excessive and of the sofution does ot
have a strong resistance to neutralization. Pilocarpine
petivity 15 apparently the same whether applied (rom
vehicles with nearly physiological pH values or rom
more acidic vehicles, provided the latter are not
strongly butfered [269). A pH difference of 6.6 versus
4.2 produced a statistically insignificant difference in
pilocorping miosis [270]. The pH values of ophthalmic
solutions are adjusted within a range to provide an
gcceptable shelfl life. When neceszary, they are bullered
udieguately to muintam stability within this range for at
least 2 vears. If buffers are required, their capacity is
controlled to be as fow as possible, thus enabling the
tears to bring the pH of the éye buck to the physiolo-
gical range. Since the buffer capacity is determined by
buffer concentration, the effect of buffers on 1onicily
st also be taken mio aocount —another reason that
ophthalmic products are usually only lightly buffered,

The pH valoe 15 not the sole contnbuting factor (o
discomfort with use of some ophthalmic solutions, It s
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possible o have a product with a low pH and brtle
buffer capacity that 18 more comfortuble than i similar
product with a higher pH and a stronger buffer copa-
city. Epinephrine hydrochloride and dipivefrin hyvdro-
chloride solutions, used for treatment of glancoma,
have 8 pH of abowt 3, vel they have sufficiently ac
cepiable comlort 1o be wsed daidly for many yvears, The
same pH solution of epinephnne Bitarirate has an in-
trinsically higher buffer capacity and will produce
much more discomfort.

The pcidic nonsteroidal anti-inflammatory agents
produce significant stinging and burning wpon topical
ocolar instillation, and this limits the concentration of
drug that can be developed. Cuffeine, a xanthine de-
rivitive, has been found to improve significantly the
comfort of drugs such as suprofen (Profennl™) by
formung in site weak complexss with the NSATL (15,
Patent 4,559 343).

Stabfizers.  Stabilizers are ingredients added to a
formula to decrease the rate of decomposition of the
active ingredients: Antioxidants are the principal sta-
bileers added 1o some ophthalmic salutions, primarily
those containing epinephrne and other oxidizable
drugs. Sodium bisulfite or meiabisulfite are used n
comcentration up to 3% in epimephrine hyvdro-
chlonde and bitarirate solutions. Epinephrine horate
golutions have a pH range of 5.5-7.5 and offer 2 more
difficult challenge to formulators whi seek lo prevent
oxidation. Several patented antondant systems have
been developed specifically for this compound. These
congist of ascorbic acid and scetvleysteine, and sodium
bisullite pnd S-hyvdroxvguinoline, Soascorbic acid 15
also an effective anbioxidant for this drog. Sodium
thiceulfate 5 used with sodium sulfacetumide solw-
tions.

Swurfachnts,  The use of surfactants s greatly re-
stricted in Formulating ophthalmic solutions. The or-
der of ‘surfactanl {oxcily 35 anionic > cationic >>
nonionic. Several nonionic surfactants are used in re-
fatively low concentrations 1o aid in dispessing steroads
in suspensions and o achieve or o mprove splution
clurity. Those principally used are the sorbitan ether
esters of oleic acid (Polysorbate or Tween 20 and 80),
polynrers of oxyethylated octy] phenol (Tyloxapol),
ard polyoxyl 40 stearate. The lowest concentration
possible 15 nsed to perform the desired function, Their
eifect on preservative efficicy and their possible bind-
ing by mactomalecules must be taken into account, as
well #s their effect on ocular frritation. The use of
surfactanis as cosolvenis for an ophibalmic solution of
chlormmphenical has been deseribed [271), This com-
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position includes polyoxyl 4 stearite and polyethylens
glveol to solubilize (.5% chloramphenicol. These sur-
factants-cosolvents provide a clear agueous solution of
chlorumphenical and a stabilization of the antibiotic in
aquenus solution, Polvethoxylated ethers of castor ol
are used reportedly for solubilization in Volaren®
(ictofenac sodium) ophihalmic solution (L5, Patent
o Sl TR )

Fiscositv-fmparting  Agewts.  Polyvinyl  alcohol,
methyleellulose, hydroxypropyl methyleeliulose, hy-
droxyerhyiceliulose, and one of the several high mo-
lecular weight cross-linked polymers of acrylic acid,
known ss Carbomers [270], are commonly wsed to in-
cregse the viscosity of ophthalmic solutions and sus-
pensions.  Although they reduce surface tension
significantly, their primary benefit is to Increase the
poular contace time, therehy decreasing the drainage
rate and increasing drug bioavailahility, A secondary
benefit of the polymer solutions is a lubricating effect
that is largely subjective, bul noticeable 1o many pa-
tients: One disadvantage to the ose of the polymers is
their tendency to dry to a film on the eyelids and
eyelashes; however., this can be easily remowved hy
wiping with a damp tissuc.

MWumerons studies have shown that increasing the
viscosily of ophthalmic products increases contict time
and pharmacological effect. but a platean is reached
after which further increases in viscosity produce only
slight or no increase in effect. The location of the
plateau 18 drug- and formulation-dependent. Biaugh
and Camada [271] uwsing methyicellulose solutions
found increased contict time in rabbits up o 25 ¢P
jeentipoise) and & leveling off at 55 ¢, Linn and Jones
[272} studied the rate of lncrimal excretion in humans
using o dye solution in methylcellulose concentration
from (.25 tp 2.3%, corresponding to viscosities of O
1,00 ¢P, the latter being o thick gel. The results are
shown in Table 4,

Chrai and Robinson [273] conducted studies in
rabbits and found that, over 4 mnge of [0-12.5¢P

Tabbe 4  Effect of Viscosity on Peoduct Contact Time

Timse to dyie appearance
threugh nasalacrymial duct {5)

Mathyloellulose
concentration (%l

LA fill
0,25 Lo
LHR ) L
L.AK} 20

2:50 253
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viscosity, there s a threcfold dectease in the draunage
rate constant and a [orther threefold decrease over
the viscosity ramge of 12.5-100 ¢P. This decrease in
drainage rate increased the concentration of drug in
the precorneal tear film at zero time amd sebsequent
time pericds, which resulted (n a higher squeous hu-
mor drug concentration. The magnitude of the in-
crease i drug concentration o the sgueous humor
was smaller thon the: increase in viscosity, about 1.7
times, for the range 1.0-12.5 ¢P, and only a further
1.2-fold increase at 10 cP, Since direct determination
of ophthalmic bioavailability in humans is not pos-
sihle without endanpenng the eve, investigators have
wscd fluorescen 1o study factors affectmg bioavail-
ability in the eve, because its penetration can be
guantified in humans through the use of slit-lamp
fluorophotometer, Adler et al [274], uwsang this tech-
nology, found only small increases i dye penétration
over o wide range of viscosities: The use of Alueresoein
data to extrapolite vehicle effects 1o ophthalmic drugs
in general would be questionable owing to the large
differences in chemical structure, properties, and
permeability existing between fluorescein and most
ophthalmic drogs.

The major commercial viscous vehicles are hydro-
wypropyl methyleellulose (Isopto™) and polyvinyl ul-
cohol (Liguifilm™). lsopto prodects most often wse
1.3% of the cellulosic and range from 10 1o 30 cP in
vizcosity, Liguifilm products have viscosities of aboul
&6 P and use 1. 4% polymer.

Although wsually considered to be nactive in-
gredients in ophthalmic formutations sdded because
they impart viscosity, many of these polymers function
as ocular lubricanis. They are markeled as the active
ingredients in OTC ocular lubricants used Lo provide
relief from dry eye conditions. The regulatory require-
ments for these OTC products are found i the FDA
Code of Federal Regulations (21CFR34%.12), and their
formuldtions are preseited in the Twelfth Edition of
the APh4 Handbpek of Nenprescription Drugs

In summary, there are numerous variables o be
adjusted and many choices of excipients required when
tailoring & formulanon of a particular therapeutio
agent for ophthalmic application. But wliimately the
choice resis on finding an economically vighle for-
mulation that climeally enhances the therapeutic index
for that drug

Fehicles, Ophthalmic drops are, with few excep-
tons, aguecus Auids vsing purified water LISP as the
solvent. Water for injection is nol required as it is in
parenterals. Purified water meeting LISP standands may
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be obtamed by distillation, deionization, or reverse
osmosis, All ophthalmic drops must be rendered sterile.

Oils have been used as vehicles for several topical
evedrop products that are extremely sensitive o
moisture. Tetracycline HC| s an nntibiotic that is
stuble for only a few days in agueous solution. It is
supplied s & 1% sterile suspension with Plustibase
S0W and light liquid petrolatum. White petrolatum
and its combination with liquid petrolatem to obtain a
proper consistency is routinely used as the vehicle for
ophthalmic eintments.

When oils are used as vehicles in ophthalmic fluids,
they must be of the highest purity. Vegetable oils such
8 olive oil, castor oil. and sesame 0il have been used
far extemporanecus compounding, These oils are
subject 10 rancidity and, therefore, must be used
carefully. Some commercial oils, such as peanut oil.
contain stabilizers that could be irritating. The purest
gradle of pil. such as that used for parenteral products,
would be sdvisable for ophihalmies,

Packasing

Eyedrops huve been packaged almost entirely in plastic
dropper bottles since the introduction of the Drop-
Tainer™ plastic dispenser in the 19505, A few products
still remuin 0 glass dropper bottles because of special
stuhility considerutions. The main advantage of the
Drop-Trainer and similarly designed plastic dropper
bottles are conventence of use by the patient, decreased
contamination potential, lower weight, and lower cost.
The plastic botile has the dispensing tip a5 an inteiral
part of the package. The patient simply removes the
cap and turns the bottle upside down and squeezes
gently to form u single drop that falls into the eve. The
dispensing tip will deliver only one drop or a stream of
fiuid for fmgation, depending on the tip design and
pressure applied. When used properlv. the solution
rematning in the bottle is only minimally exposed to
girborne contaminants during admmistration: thus, it
will maintain very low Lo nonexisient microbisl con-
tent as compared with the old-stvle glass bottle with its
separate dropper assembly.

The plastic bottle and dispensing tip is made of low-
density polyethylene (LDPE) resin, which provides the
necessary Rexibility and inertness. Because these com-
ponénts are in contact with Lhe produet during its shelf
life, they must be carefully chosen and tested (or their
suitability for ophthalmic use. In addition to stubility
studies on the product in the container over u runge of
normal and accelerated temperatures, the plastic resing
must pass the USP biological and chemical tests for
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suitahility. The LDPE resins used are compatible with
a very wide runge of drugs and formulation compo-
nents. Their one disadvantage is their sorption and
permeability characteristics. Volatile ingredients such
as the preservatives chlorobutanol and phenylethy)
aleohol can migrate into the plastic and eventually
permeate through the walls of the container, The
sorption and permeation can be detected by stability
studies if they are sipnificant, 17 the pErmestmg com-
ponent is @ preservative, a repeat 1est of the pre-
servative effectiveness with time will determine if the
loss @5 sipnificand. 11 necedsary, a safe and ressonghle
excess of the permeable component may be added Lo
balance the less during the product’s shelf life. Another
misins of overcoming permeation effecty is 1o em ploy a
secondary packapge. such as a peel-apurt blister or
pouch composed of nonpermeable materials (e,
aluminum foil or vinyl), The plastic dropper bottles are
also permeable 1o water, but weight loss by water va-
por transmission has a decreasing sigmificance as the
size of the bottle increases. The consequences of waler
vapor ransmission must be taken inte considerastion
when assessing the stability of a product.

The LDPE resins ure translucent, and if the drug
15 light-sensitive, additional package protection may
be required. This can be achieved by using n resin
containing an opacifving agent such s titanium di-
oxide, by placing an opaque sleeve over the exterior
of the container, or by placing the bottle 0 a card-
bourd carton. Extremely light-sensitive drugs, such as
epinephrine and proparacaine, muay require 4 combi-
nation of these protective mensures. Colocants, other
than titanium dioxide, wre rarely used i plastic
containers; however, the use of coloranis is common
for the cap. Red has historically been used for my-
driatics such as atropine and green for miotics such
a5 pilocarpine. FDA und the ophthalmic industry
have extended the cap color scheme to differentinte
different classes of newer prescription drugs for the
benetit of the patient who may be using more than
one product. The intent is 1o help prevent errors in
medicalion and improve patient compliance. [t is
important for the pharmacist to expluin this color
coding to the patient and /or Giregiver since it can be
deteated i the cap is not returned o the proper
container after each wse. Colors used for certain
medications are s follows:

fi-Blockers:
PMotsteroids:  Grey
Anti-infectives:  Brown, Tan
Carbonic anhydrous inhibinors:

Yellow ar hlye

Crange
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The pharmacist should dispense the sterile, oph-
thalmic product only in the onginal unopened con-
tainer. A tamper-evident feature such as a cellulosic or
metal band around the cap and boitlensck is provided
by the manufacturer, and the container should not be
dispensed il these are missing or there is evidence of
prior removal and reapplication. The LDPE resin
used for the bottle and the dispensing tip cannot be
gutockaved, and they are sterilized either by "Ca
gamma irradiation or ethylene oxide. The cap is de-
signed such that when it is screwed tightly onto the
bottle, it mates with the dispensing tip and forms a
seal. The cap is usually made of a harder resin than
the bottle. such as polystyrene or polypropylene, and
is also sterilized by gamma radiation or ethylene oxide
gas exposure. A plastic ophihalmic package has been
introduced that usés & special grade of polypropylene
that is resistunt to deformation sl autoclive tem-
peratures. With this specialized packaging, the bottle
can he filled, the dispensing tip and cap applied, and
the entire product sterilized by steam under pressure
w1210,

The glass dropper bottle is still used for products
that are extremely sensifive to oxygen or conlain
permeable components that are not sufficiently stable
in plistic. Powders for reconstitution alse use glass
containers, owing to their heat-transfer characteristics,
which are necessary during the reeze-drving process.
The glass used should be USP type | For maximum
compatiblity with the sterilization process and the
product, The glass container is made sterile by dry heat
or steam autoclave sterilization. Amber glass 15 used
for Gight resistance and is superior to green glass.
A sterile dropper assembly is usually supplied sepa-
rately. It is usually gas-sterilized in o blister composed
of vinyl and Tyvek, u fused, porous polypropylene
material. The dropper assembly is made of a glass o1
LDPE plastic pipeite and a rubber dropper bulb. The
manufacturer carefully tests the approprinte plastic
and rubber materials suitable for use with the product;
therefore, they should be dispensed with the product.
The pharmacist should place the dropper assembly
aseptically into the product before dispensing and in-
struel the patient on precautions to be used io prevent
contamination,

Mudtidose  Packaging of Unpreserved  Topical
Drops.  In some cases it may be desirable 1o provide &
product without an antimicrobial preservative for pa-
fients who exhibit semsitivity to various preservilives
This can be accomplished with the use of unit dose
containers, hut these vsunlly contain more than thit

Lang et al.

needed for a single use, so if the patient ignores the
labeling and makes multiple use of the contents there i
increased risk for conlamination,

FDA regulations for ophthalmic liquids allow the
use of unpreserved multidose packaging il the product
is packaged and labeled in such a manner as to afford
adequate protection and mimimize the hazards result-
ing from contamination during wse (2LCFR 200.30).
Thus. the same unit dose containers can be modified to
use i resealable cap, the labeling modified to limit the
usage to o minimum number of doses such a5 to dis-
card after 12 hours from initial wse and lmit the con-
tent volume 1o the expected number of doses with only
a small overfill if necessary. It muy be necessary o use
a secondary package to retard moisture vapor trans-
mission significantly, depending on the surface-1o-vo-
lume ratio of the primary package.

B. Semisolid Dosage Forms: Ophthalmic
Orintments and Gels

Farmmdarion

The principle semisolid dosage form used in ophthal-
mology is an anhydrous ointment with a petrolatum
base. The ointment vehicle is vsually s mixture of
mineral o1l and white petrolatum. The mineral vil is
added to reduce the melting point and modify the
consistency, The principal advantages ol the petrola-
tum-based ointments are their blandness and their
anhvdrous and inert nature, which make them suitable
vehicles for moisture-sensitive drogs.  Ophthalove
ointments containing antiblotics are used guite [re-
quently following operative procedures, and their
safety is supported by the expenence of a noted cye
surgeon [275) who, in over 20,000 postsurgical pa-
tients, saw no side effects secondary to ointmentl use.
Mo impediment to epithelial or stromal wound healing
was exhibited by currently used ophthalmic ointments
tested by Hanna et al. [276]. The same investigators
reported that, even if these ointments were entrapped
in the anterior chamber and did not exceed 5% of the
volume, lttdle or no reaction was caused [277]), Gran-
ulomatous resctions requiring surgical excision have
been reported secondary to therapeutic injection of
gintment into the lacnmal ssc [278]

The chief disadvantages of the use of ophthalmic
pintments are their greasy nature and the blurring of
vision produced. They are most often used as
adjunctive nighttime therapy. with eyedrops sdminis-
tered during the day, The nighttime use obviates the
difficulties produced by blurring of vision and 1= stated
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o prolong ocalar retention when compured with
drops. Ohntmeénts are used almost exclusively as ve-
hicles for antibiofics, sulfonamides, antifungels, ond
anti-inflammatories. The petrolatum vehicle 1 also
used as un ocular lubncant following surgery or o
freat warious dry eve svodromes. Anesthesiologists
may prescribe the omtment wvelicle for the non-
ophthalmic surgical patients 10 prevenl severe and
painful dry eve conditions that could develop during
prolonged surgeries, A petrolatum omtmenl is re-
cognized as i sale and effective OTC emellent (21CFR
349.14), and marketed OTC emollicnt products nre
discussed in the twelfth edition of the APkA4 Handbook
ol Nanprescrintion Drugs.

The anhydrous petrolatum base may be made more
miseible with water through the wse of an anhvdrous
liquid lamolin derivative. Drugs can be incorporated
inte such a base in agueous solution if desired. Poly-
oyl 40 stearate and polyethylene ghyeal 300 are used in
an anti-infective ointment 1o solubilize the sctive
prnciple in the base so that the ointment can be ster-
ilized by aseptic filtration. The cosmetic-type bases,
such as the oil-in-water {o/w) emulsion bases popular
in dermatology. should not be osed in the eve, nor
should biguid emulsions, owing to the ocular irritation
produced by the spaps and surfactants used Lo form
the emulsion.

[n an attempt o formulate an anhydrous, but wa-
ler-saluble, semisolid base for potential ophthalmae
use, five bases were studied [279]. The nonaqueous
portion of the base was either glveenn or polyethvlene
plyeals im high concentrations, The matrix used 1o
fiorm the phases included silica, Gantrez™ AN-135,
and Carbopol® 940, Eve irritation results were mod
reported, but the authors studied nepresentative bases
from that rescarch report and found them o be guite
irritating in rabbit eves. The writation s beheved to be
primarily dug (o the high concentration of the polvols
used as vehicles.

An agqueous semisolid gel base has been developed
that provides significuntly longer residence time in
the cul-de-ssc and incresses drug bioavailability ‘and,
thereby, may prolong the therapeutic level in the eye,
The gel contains a high molecular weight cross-
linked polvmer to provide the high viscosity and
optimum rhealogical properties for prolonged ocular
retention, Only a relatively low concentrabon  of
palymer is required, so that the gel base is more
than #3% watier,

Schoenwald @1 al. [2B0] demonstraled the unigque
ooular retention of this palymeric gel base in rabbits, in
which the miotic effect of pilocarpine was significantly
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prolonged. The wse of other polymers, such as cellu-
losic gums, polyvinyl alcohol, and polvacryvlamides at
comparable apparent viscosities, did nol provide a
significantly prolonged effect. The prolonged effect of
pillocarpine has also been demonsteated in human
climecal trials, in which a single application of 4% pi-
locarping HCl-containing Girbomer gel at bedtime,
provided o 24-hour durnfion of reduced intraocular
pressure (IOP), compared with the usually required
gid. desing for pilocarpine solution [281], As a result,
bome plaucomi patients can now use pilocarpine in
this agueons gel base (Pilopme™ HS Gel), dosing only
once & day @l bediime to control their IOP without the
significant vision disturbance experenced during the
day for the use of conventional pilocarping evedrops.
The gel is applied in 8 small strip in the lower con-
Junctivil zac from an ophthalmic oimiment tube

The carbomer polymeric gel base itsell has been
used successfully 1o treat moderate 1o severe coses of
dry eye (keratoconfunctivitls steca) [282]. The dry eve
syndrome 1= usually charactenzed by deficiency of tear
production and, therefore, requires frequent instilla-
tion of squeous arificial tear evedrops to keep the
corneal epithelium moist. The gel buse applied in a
small amount provides 4 prolonged lubrication to the
external ocular tasucs, and some patients have redooed
the frequency of dosing to contrel their symptoms to
three times a day or lewer.

Krevifity and Preservation

Since October 1973, FDA regulations require that all
U5, ophthalmic cintments be sterile. This legal re-
gquirement was a result of several surveys on microbral
contanination of ophthalmic ointments, and followed
reports in Sweden and the United Kingdom of severe
gye infections resulting from wse of nonsterile oint-
ments. [n s survey published i [973, FDA found thae
of 82 batches of ophthalmic cintments tested from 27
munufucturers, 16 batches were contaminated, inclod-
ing ® antibiotic-conlaining sintments, The cenlamind-
tiom levels were low and were principally molds and
weasts [283), The ume lag i imposition of a legal re-
guirement for sterility of cintments compared with
splutions and suspensions was due (o the absence of a
rehable stenlity test for the petrolatum-based ointments
until izopropyl myTistate was employved (o dissolve
these ointments and allow impreved recovery of viable
microorganisms by membrane  filiration.  Manu-
facturers found that, in fact, mamy of their ointments
wiere sterile, but they revised their manuftcturing pro-
cadures (o increase the assurance of sterility,

_
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A suitable substance or mixture of substances to
prevent prowth of, or destroy, microorganisms noci-
dentally mtroduced durmg wse must be added to
cphthalmic cintments that are packaged m multinse
contaners, regardless of the method of stenlization
employed, unless otherwise directed in the individual
monegraph, or unless the formula itself 5 bactero-
atatic (LUSP 24), Schwartz [284] commented that a
sterile  omtment cannol  become  excessively  con-
taminated by ordinary use because of its consistency
amd the fact that in & nonagueovs medivm  micro-
ogramsms merely survive but do not multiply. Anti-
microhial preservative effectiveness is evaluated by wse
of the USP 24 testing methodology and criterin for
cintments with agoecus bases (Categary 1) or non-
agueaus bases (Cntegory 2}, The test eriterin for an
anhydrous petrolstum ointment arc met if there is no
increase in the inilial concentration of viable bacteris,
yeust, or molds ot 14 and 28 days of the tesy

Packaging

Crphthalmic ointments are pockaged in small collap-
sible tin fubes, usually holding 3.5 g of product, The
pure tin tube i compatible with o wide range of drugs
in potrolatom-based sintments. Aluminum tubes have
heen considered and may eventually be used because of
their lower cost and as an alternative should the supply
of tim become a problem. Until internal codting tech-
nology for these tmbes advances, the aluminuem fube
will be o secondary packaging choce. Plastic tubes
made from fexible LDPE resing have also been con-
sidered a5 an alternative matenal, but they do aor
eollapse and tend to suck back the ointment. Plastic
tubes recently introduced as containers for toothpaste
hiave been investignbed and may offer the best alter-
native to tin, These tabes are lnminates of plastic and
virions materials, such as paper or foil. A tube can he
destpned by selection of the lominate materials and
their arrangement and thickness to provide the neces-
sary compatibility, stability, and barrier properiics.
The varous types of metal tubes are sealed wsing an
fidhesive coating covering only the inner edges of e
bottom of the epen tube 1o form the erimp, which does
ool contact the product. Laminated tubes are usually
heat-sealed, The crimp usnally conlains the ot code
and expiration date. Filled tubes may be tested for
leakers by storing them in a honzontal position 1noan
aven at G0FC Tar ak least ¥ hours, No leakage should be
evidenced except for o minute quantity that could onky
cormg from within the crimp of the tube or the end of
(e cap. The screw cap 15 made ol polvethylene or
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polypropylens, Polypropyvlens must be used for auto-
ciave sterilization. but esither material may be used
when the tubes are pas sterilised. A amper-evident
fenture is required for sterile ophthalmic ointments and
miiy be accomplished by szaling the tube or the carton
holding the tube such that the contents cannol be used
withont providing visible evidence of destruction of the
seitl. The Teledyme Wirz toube used by most manu-
facturers has a Aunge on the cap that is visible only
after the tube hos been opened the brst time.

The tube can be i source of metal particles and must
be cleaned carefully before sterilization. The LISP
contains o test procedice and mats the level of metl
particles in ophthalmic ointments. The lotal number of
meatal partictes detected under 30 = magnification thay
e 50 pm or lirger in any dimension is counted, The
reguiremienty are met if the total number of such par-
ticles counted in 10 tubes is nol more than 50 and i not
more thit one tube & found to contaid more than 8
such purticles.

C. Saolid Dosage Forms: Ocular Inseris

Im earlier times lamellae or disks of ghveerinated gelatin
were wsed to supply drogs to the eve by insertion be-
neath the evelid. The agoeous tear Amds dissolved the
famelli and released the drug for ahsorption, The
medecal lhiterature alzo describes o stenle paper stnp
mpregnated with drog for insertion 16 the eve. These
appear ti have been the first-attcenpis at desigming &
sustained-release ocular dosage form,

Nonevodible Ocular Inseris

In 1975, the first controlled-relegse ropical dosage [orm
was marketgd in the United States by the Alza Cor-
poration. Fafaroni [285] describes the Alza ther-
apeutic svstem as o drug-contmimnge device or dosage
form that administers a drug or drugs at programmed
rates, 81 a specific body Site, for & prescribed time
peritd b provide continuous control of drog therapy
and to maintain this control over extended periods.
Therapeutic systems {or utering delivery of progester-
one, Iransdermal delvery of scopoluming, and ol
delivery of systemic drugs have niso heen developed.
The Ocusert" Pilo-20 and Pilowdd Ocular Ther-
wpeutic System is an elliptcal membrone that is soft and
fiexible and designed to be placed in the inferior oul-de-
sac between the sclera and the evelid and to release
pilocurpine contmuounsly ol & slendy rate for 7 days
The design of the dosage form is described by Al in
werms of an  open-leoped therapeutic  svstom,
having three mojor components: (8] the drug, (b a

e
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drug-delivery module, and () a platform. In the Ocu-
sert Pilo-20 and Pilo-40 systems, the drug-delivery
module consists of (a) a drug reservoir, pilocarping (free
base}, and a carrier material, alginic acid; (h) a rate
controller. ethylene vinyl acetate (EVA) copolymer
membrane: (o) un encrgy source. the concentration of
pilocarping in the reservoir; and (d) a delivery portal,
the copolymer membrane. The platform component for
the pilocarpine Ocusert consists of the EVA copolvmer
membranes, which serve as the housing, and an annular
rmg of the membrane mpregnated with titnnium di-
oxide that forms a white border for visibility, The la-
munale siructure of the Couseri is seen in Fig. 19, The
free-base form of pilocarmpine is used, since it exhibits
both hyvdrophilic and lipophilic characteristics. Use of
the extremely water-soluble salts of pilocarpine would
have necessitated the use of a hydrophilic membrane,
which, if it osmaotically mmhibed an excessive amount of
water, would cause s sipnificant decline in the release
rate with time. Use of the free base allowed w choice of
more hydrophobic membranes that are relatively im-
permeable to water; accordingly the relepse tate is in-
dependent of the environment in which it is placed,
EV A, the hydrophobic copolymer chosen, was found 1o

il

be verv compatible with the sensitive ocular tissues
[286]), an important fewion

The pilocarpine Ocuosert is seen by Alza to offer a
number of theoretical advantages over drop therapy
for the glivcoma patient. The Ocusert exposes a pa-
tient to only. one-fourth @0 one-eighth the amount of
pilocurpine, compared with drop therapy. This could
lead to reduced local side effects and toxicity, [t pro-
vides continuous  ground-theclock control of [OP,
whereas drops used four times o day can permit peri-
ods where the IOP might nse. Additionally, the Ocu-
sert provides for more patient  convenience  and
improved compliance, as the dose needs to be ad-
mumistered only once per week. However, clinical ex-
perience seems Lo indicate that the Ocusert has a
compliance problem of s own (e, retention i the
eye for the full 7 days). The patient must check peri-
odically to see that the unit s still in place, particularly
n the morning on srising, Replacement of o con-
tarminated wnit with a fresh one can increase the price
differential of the ulready expensive Ocusert therapy
compared wilh the inexpensive drop or once-a-day gel
therapy. In addition, some patients find positioning the
Ocusert in the eye to be challenging

Pito-20 Ocuser®1Ld mm x 5.7 mm 2 0.dmm, weight = ¥mg

Fig. 19  Elements and dimensions of pilocarpine Ocusert system
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Soft contact lenses, made of the same hydrophilic
plastic materials used for vision correction, are ulso
used us corneal bandages 1o protect the cornea during
the healing process lollowing surgery. They cun be
fitted to the eye and inserted and removed by the
ophthalmologist. They are usually used without cor-
rection (plano lens) and removed by the ophthalmol-
ogist, Since they are used in & compromised cormea,
graqt care must be tuken to prevent microbial con-
tamination.

Eradlible Oewlar Inserts

Since polymers have been added 1o solutions to merease
viscosity and ocular relention, |t is not surprising that
similar solutions have been dried o form films of the
polymer-drug system. These films inserted nto the
lower cul-de-sac of the eve have been reported to in-
crease retention time, increase drug ioavailability, and
prolong therapeutic effect. Ocular mserts made with
water-soluble palymers imbibe the tear fluid and stowly
digzolve and erode, releasing their drug content, The
erodible inserts have the potentinl advantages of not
having to be removed at the end of their usefol dosing
interval, providing a more precise dosage to the eye
[rom a unit dosage form, and regquiring no preservaiive,
thus reducing the risk of inducing sensitivity. Also, il
may be possible to reduce the applied dose compared to
conventional eyedrops and redoce the risk of logal or
systemic adverse effects. Potential disadvantages in-
glude the difficulty of achieving constant pero-order
drug delivery as the mutnx i eroding, and in some cases
they may be squeezad oul of the éye due (0 movement
of the evelids befare their delivery cycle is complete.
They may require terminal sterilization, and this may
adversely nffect stability and could produece unwanted
degradation products. Considerable drug-delivery re-
search has been conducted and reported for variouns
erodible ocular inserts [287-291].

An erodible insért developed as a potential oculur
drug-delivery systom 15 marketed as a prescription drug
for the lubricant propertics of the polymer  base,
Lacrserl™ is a sterle ophthaimic insert used in the
treatment of moderate to severe dry eve syndrome and
is usually recommended (or patients unable 1o oblain
symptomatic reliel with artificial tear solutions. The
insert 15 compesed of § mg of hyvdroxypropyleellulose
in @ rod-shaped form about 127 mm diameter D
phout 3.5 mm long. Mo preservative is used, since it is
essentially anhydrous. The guite rgid cellulose rod
placed in the lower conjunctival sue and first imbibes
wiler from the téars and after several howurs forms @
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gellike mass; which gradually erodes as the polymer
dissolves. This action thickens the tear film and pro-
vides increased lubrication, which can provide symp-
tomutic refiel for dry eve states. It is usually used onoe
or twice daily.

Corneal shields are medical devices used as ban-
dages for protection of the cornea and to allow healing
following surgery. Initially, hydrophilic soft comtict
lenses wsed for vision correction were employed as
corneal shields. Collagen was then miroduced as a
substitute for the plastic noneroding bandage lens,
Thev are widely used today ns lemporary protective
devices for healing corneas. In addition to ther ap-
proved use of corneal bandages. they have been in-
vestigated  as  drug-delivery  vehicles 1o provide
sustained delivery of drugs 1o the comea by the aph-
thalmologist [292)

Collagen is widely used for biomedical applications,
It accounts for about 25% of the total body protein in
mammals and is the mugor protein of conmective Dasne,
cartilage, and bone. Importantly, the secondary and
tertiary structures of human, porgine, and bovine col-
lagen are very similar, making it possible to use am-
mal-sourced collagen in the human body. Collagen
shields are designed to be sterile, disposable. tempor-
ary bandage lenses that conform to the shape of the eye
and protect the cornes, They are not optically clear
wnd redice vissal acuity to the 20/80-20,/200 range.
They differ mainly in the source of collagen, usually
bovine or porcine, and their dissolution time on the
cornea, ranging from 12 to 72 hours. The dissolution
time is contralled during manufacture by varving the
degree of cross-linking usually by exposure to ultra-
violet light,

D. Intraocular Dosage Forms

Opthalmic products, which are introduced into the
interior structures of the eye primarily during ocular
surgery, are a special class that require the application
of technology from parenteral dosage forms in ther
design, packaging, and manufacture. The development
of cvtomegalovirus (CMY) retinigis as o common op-
portunistic infection in patients with AIDS has re-
sulted in expansion of this class of oculur product to
include solid inserts and injections of antiviral neents
wdministered directly 1o the vitreous cavity. As dis-
cussed previousty, topical and systemic adminisration
often fails 1o achieve therapeutic congentrations m the
vitreous cavily,

Ophthalmic surgery has rapedly advanced in the
last three decades, partoulariy with the ability of



Oplithabmie Pharmacentien] Prodocis

the suegeon (o operste in the posterior segment. The
aphthalmologist can perform vitreoretinal surpery and
restore significant visual function in patients with
digbetic complications, endophthalmitis, and retinal
lears and detachments, Also, significanl advances have
been made in anterior scgment surgery, especially for
cataract surgery, where replacement of & cloudy or
opague natural crystalline lens with a plastic or silicone
intraccular lens can restore visdal acuity and allow the
patient to achieve a significunt improvement in his or
her quality of life, These technological advances have
placed greater emiphisis on the development of pro-
ducts specifically formulaled and packaged for in-
traocular wse. This has led o the development of
improved irmigating solutions, intraccular injections,
viscoelastics, vitreows inseets, and intravitreal injec-
Hons.

Intraocular Trrigating Solutions

An essential component of ocular surgery 5 the use of
& simulated physiological solution to mesten and -
rigite ocular tissue on the external surface as well as
intrascular anterior and posterior segments of the eve.
Externally, the solution maintains a moeist surface
preventmg cefiular desiccation, which can inhibit the
aurgecn’s ability o see inside the eve, The solution also
icts ns a substitute for the natural agueous introocular
Auid and aids in the removal of blood and cellular
diebris. Mormal saline and etated Ringer's solution
were uwsed initially since they were available in par-
enteral dosage form, but they lacked key componenis
of ocular fuids, In the 19605 a balanced salt solution
was developed specifically for ocular surgical use and
hecame widely used. It contains the five essential jons:
sodium, potassiom, calcium, magnesium, and chloride,
It also contuins citrate ond acetate jons, which provide
some buffer capacity and o potential source of bi-
carbomate. It is formulated o be isoosmotic with
aquesus humor (about 305 mOsm} and has a nentral
Lo slightly alkaline physiological pH [293-295],
Balanced salt solution (BSS™) provided an im-
proved ocular wmgabing solubion; however, as the
surgical techniques for cataract surgery evelved pnd
new vitreoretingl surgicl procedures were introduced,
harger volumes al irrgiting selutions were wsed, and
surgical operating times for the very delicate vitreo-
retinal procedures can now exceed several hours, This
has placed additional physiolomical demands on the
irrigating solution, and an enriched balanced salt so-
lution (BSS™ Plus) was developed. The ennched pro-
duet continns the essential electrolyte components of
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BSS with the addinon of glutathione (oxidized) and
dextrose as energy sources, bicarbonale as 4 physio-
logreal buffer. and o phosphate buffer system o
maimtan the products storage pH in the physiological
range [2%6,297)

The enriched BSS formulation presented. chemical
aml physical stability 1sspes not present in the original
BSS product. [t wias necessary to use a two-part for-
mulation 1 order o develop o commercially viahle
product with several years of storage stability; the two
parts are aseptically combined just prior Lo surgery.
The two-part formulation consists of a large volume
part contwmng sodmm, potassium, chlonde, phos-
phate, and bicarbonate components at physiolagical
pH and osmolakity. The second part contains the eal-
cium and magnesium divalent ions and the oxidized
glutathione and dextrose in an acidic environment for
long-term storage stability. The smaller-volume second
purt has a mmimal buffer copacity and, when added 1o
the larger-volume first part, does nol significantly
change the final product’s physiological pH. Once
ageptically combned, 1t 15 stable for at least 24 hours,
although it is labeled to be wsed within 6 howrs as a
sterility precaution,

Providing the product as a two-part system was
fnecessary 1o overcome the physical and chemical in-
compatibilities inherent in the final composition. Bi-
carbonate 13 stable only m an alkalme environment,
while glutathione and dextrose are stable in o pH range
of ahout 3-3. Conpsideration was also given to which of
the two parts should be the larger volume m the irn-
gation bolile, since inadvertent failure to mix the two
parts prior o use could occur. The large-volume
component contains & hcarbonate aaline solution ag
physiological pH and esmaolafity and thus would be
more lissue compatible than irrigating with a hypo-
asmotic acidic pH solution

The large-volume part 1s packapged m Tyvpe | glass
IV bottle and as soch can be sutoclaved sterilized. The
quality aof the plass is important o prevent leaching of
silicates, which can Increase pH during autocluving
and storage. IV purenteral grade rubber stoppers must
be used to mimimize conng and extraction, Twpe |
glass is also used For the additive part vial with &
parenters] grade rubber stopper. The smalfer-volume
part is added sseptically to the larger-volume container
vizl @ sterile transfer needle

Intraocular irmgating solutions are required to be
preservative-free 1o prevent foxigity to the internal
tissues of the eve, particularly the cormenl endotheliom,
lens, and retina [298 299]. These products are intended
for single use only to prevent intraccular infections,
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which can be difficult to trenl and seriously threaten
sight. In addition o being sterile, they must be
non-pyrogenic, therefore requiring sterile water for
injection {WFT) as the vehicle.

These irripating solutions have been developed and
are labeled to be vsed withowt the addition of any
drugs, re., aot a8 g delivery vehicle, However, some
drugs sikch as cpmephrine aré added (o the irmigating
solution prior toosurgery - and used extensively by cit-
argct surgeons o achieve and mountsn pupilliry di-
fation, facilitating removal of the natwral leas and
imsertion of the prosthetic intraocular lens. Use of
some commercial epinephrine injections that contain
sodium hisulfite in sddition (o their acidic pH a3 the
source for the epinephrine addinve have been reported
to be the cause of intraocular toxicity, even though it s
difuted os much as 300-fold before irrgation [300],

FIDA has approved a generic version of the ennched
BSS product. The generic product is equivalent only in
the fina! composition after mining the two parts. To
avoid the orginator’s patents, the genenc uses different
compositions in the two-part formulations. The Barger
volume part is an acidic solution, and the second part
15 a Ivophilized product for stability of the destrose
and glutathiene components. I the larger volume part
i used withoul the nddition of the second part, the
eve will be irmigated with an acidic nonphysiological
solution,

Intraocular Injections

Yery few injectable dosage forms have been specifically
developed and approved by FDA for intraceular use
However, the ophthalmologist wses available por-
enters] dosage forms o deliver sntunfectives, corti-
costertonds, and anesthetic products to achieve higher
thergpeutic concentrations introcularly than can or-
dimarily be achieved by topica]l or systemic adminis-
tration. These unapproved or off-label uses have
developed over time as part of the physician’s praciice
of medicine. However, these drugs are usually ad-
ministered by subcomunctival or retrobulbar injection
and rarely are they injected directly in the eye [3010].
FDA approved introocular injections include mio-
tics, viscoelpstics, and viscopdherents and an antiviral
agent for intravitreal injection. The approved (n-
traocular miotics, carbachol {(Miostat™) dnd seet-
vlcholing {Miochol®), nre mjected into the anterior
chamber ul the end of cataract surgery 1o constrict the
pupil and allow the irds to cover the implanted in-
traocular lens, Carbachol 15 formulated m s BSS ves
hicte in sterile water for injection at a physiological pH
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and packaged in a rubber-stoppered glass vial, Aget-
yichaline has very imited stability and so i3 Ivophilized
with manmitol in o two-chambered vial with g modified
BSS vehicle in sterile water for injection in the upper
chamber, The product is reconstituted just proor to use.
Both products are introduced mio the stertle surgcal
field, und therefore the primary package vial must have
A sterile exterior., This 15 wccomplished by ethylene
oxide sterilization of the vial in o specinl secondary
puckige that is permeable to the sterilang gas but
protective 1o contemination of the vial prior to e,

Fiveoedaxstey

Highly purified fractions of sodium hyaluronate have
become an important ocular surgcal adjunct because
of their lubricant and viscoelastic properties. They are
imjected nto the anterior segment of the cve during
surgery for removal of cataracts and implantation ol
an TOL, trabeculectomy. and comeal transplantation.
They are also used a6 a surgical aid in the vitroous
cavity during retinal surgery, Their viscoelasticiiy
provides o mechanical borrier between tissues and al-
lows the surgeos more space for munipulation with less
lrauma 1o surrounding tissues, particularly the corneal
endothelium, It is also used (O coat the IOL prior (o
insertion - &nd fessen the potential lor tissue demage
upon mplantation. In postenior segment surgery, {1 is
used 1o scparate tissie nway from the réting and as a
mmponade 0 maneuver bEsoe, such as g detached
relini, back mto place for reattachment. The viscoe-
lastic material is usially removed a1 the end of the
surgery simce it mav fake several davs to be cleared
from the eve und has the potential 1o elevate 1OP

Sodium hyslurcnate is & high molecular weight
polysaccharide which is widely distributed throughout
the tissues of the body of animals and humans, The
vistoelastic materials wied as ocular surgical aids are
specific fractions from animal tssue, which are highly
purified to remove foreian proteins and are ested o be
nongntigenic and nonimflammiatory in the eye. The
punficd fraction is formulated to yield a high viscoe-
lasticity determuned by the interplay of melecular
wiight and concentration. The solution: is packaged i
disposable glass syringes, which are terminally ster-
iled and aseprically packaged so that they can be used
in the sterile surgical feld (Healon®, ProWisc®,
Amvise ™),

Chondroitin sulfite [(Viscoat", DueVisc™) s also
sed in combination with sodium hyaluronate as 4
viscoelastic surgical mid 1o provide higher viscosities,
which may provide additiomal tssue  protection
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during the imigation and wspiralion Gocompanying
phacoemulsification, n common means of removing
the cleudy crystalline tens prior to IOL mmplantation,

Monpyrogenic solutions of sterde hydrogypropyl
methyleellulese nre #lse wsed as ocular surgical aids
gmilar 1o the viscoelastics o caiaract  surgery
(GeuCoat™), These lubrncants wre sometimes classified
ns viscoadherents because they are used 1o coal the
IOL pror o smplantation and the tips of surgieal in-
struments pior to deplovment inside the eye. This is
the same cellulosic material but in & highly purified
form, serving as a viscosifving agent in topleal eye-
drops and as an OTC ocular lubricant, Since 108 not &
natural produet, it does not have the antigenic poten-
tial of the other viscoelastics. [t cun be stored at room
temperature, wheress the sodium hyaluronate solu-
tions must be stored in the refngerator.

Intravitreal Ijection and fmplant

Antivirals are used to treat the ocular sequelae of
AIDS such as CMY retinitis. They are treated with
systemic administration. but with the need for higher
localized ocular therapeutic concentrations, products
have been developed and approved for direct admin-
istration into the vitreous cavily.

An intravitreal implant contuimng ganeiclovie was
the first such ophthalmic product developed and ap-
proved for CMV retinitis (Vitrasert" . ¢f. Section 6 and
Fig. 13). The sterile mplant is o tablet of ganciclovie
with magnesium stearate and 15 coated 1o reterd drog
release with polyvinyl akechol and ethylene viny
geetate polymers such that the dewvice when suegically
implanied in the vitreous cavity teleases drop over o 3-
to B-month pericd. When the implant is visually ob-
served (o be depleted, and based on clinical observa-
fion of the progression of the disesse, it 88 surgpcally
removed and replaced with s new implant. The implant
15 provided in a sterile Tyvek package and contains a
suture tab for handling prior o and durnng implanta-
tion o that the polymer release rate controlling coat-
ing 15 not damaged. Also, precautions for handhng and
disposi] of antineopiastic agenis should be observed.

A new antiviral agent, developed For treatment of
CMY retinitis. can be administered by intravitreal in-
jection, Formivirsen sodium is a phosphorethioate ob-
ponucteotide that inhibits CMY replication through on
anhsense mechanism. 1t is formulated as a sterile and
preservative-free solution and supplied o singhe-se
vidds (Vitravene™ ), The product 1s sdmmstered directly
into the viteeous cavity posterior to the limbus through a
-gauge needle. This procedure can be performed on an
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pulpatient basis—an advantage over an intravitresl
device, which must be surgically implanted and re-
moved. The frequency ol injection, based on the climcal
progression of the disease, is overy 24 weeks,

IX. CONTACT LENS CARE PRODUCTS

Contact lensgs are optical devices that are either fab-
ricated From preformed polymers or polymerized dur-
ing lens manufacture. The main purpose of coniact
lenses is to correct defective vimon. For this apphc:-
tion, they arfe called cosmetic fonses, Contact lenscs
wscd medically for the treaiment of certain corneul
diseases are called hondape lenses.

A.  Evolution of Contact Lenses

In 1508 Leonardo da Vinei conceived the concept of
the coniact lens: It was not wntil (887 that scleral
contact lenses were fabncated by D, AL E Fick, o
physician in Furich; F. A, Mueller, n maker of pros-
thetic eyes in Germany; and Dr. E. Kalt, & physician in
France, Muller, Obrig, and Gyorry fabricatad contict
lenses made from polvmethyl methacrylate (PMMA)
in the late 1930s. K. Tuohy filed the patent for contact
lens design in 1948, the lenses were made of PMMA
material [302], Although they were safe and elfective,
these lenses were uniformly uncomfortuble, thus sup-
pressing their potential use for contact lens wear.
Lenses made from  polyhydroxyethyl methicrylate
(HEMA, so-called soft lenses or hydrophilic lenses,
were introduced in 1970, Since then, significsnt tech-
nological advances have been made in lens materials,
lems fabrication, and lens desiens: [303]. Consegquently,
a phénomennl growth in fens wearers necessitwled the
need for, and development of, lens care products,
Today, ripd lenses made from materials palyvierized
with PMMA and in combination with various silos-
anes snd udrocarbons are available 1o meet ihe
broadest needs of lens wisarers,

B. Composition of Contact Lenses

Contect lenses are broadly classified as PMMA, rigid
gas-permeable (RGP), and soft hydrogel (HEMA)
lenscs. Dwves may be added during polymerization or
after fabrication to improve lens handling or (o change
the color of the lens wearer’s eves. Lenses made from
numerous polymers are available today [304], In soft
hydrogel lenses, HEMA 15 4 commonly wsad mono-
mer, However, to avoid infringemeént of existing pa-
leney, Ny comonomerss, ¢.g., methyl methacrylic acd
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or a blend of comonomers, are wsed. Comonomers
produce changes in the water content or ionic nature of
lenses thit is significantly different from HEMA lenses,
For example. addition of acrylic acid in HEMA in-
cresses the water content and fonie nature of lenses.
some lenses are made from s-vinylpyrrolidone and
have high water contents. Such lenses have pore sizes
that ure much larger than low water content lenses.
Cross-linkers, such as ethyleneglveol dimethacrylate,
and initiators such as benzyl peroxide in appropriate
amounts are added for polymerization und to achieve
desirable physical and chemical properties. Recently.
contact lenses made from HEMA and silicone were
made available. These lenses combine the properties of
hydrogel and gas-permeable polymers [305]. Table 5
gives a list of monomers, comonomers, ond cross-
linkers along with their effects on pelymer properties
In 1985, FDA published a classification for soft hy-
drophilic lenses bused on their water content and ionie
nature. Groupings for soft lenses and their generic
names are listed in Table 6. Adeguate levels of oxypen
are necessary o maintan normal corngal metabolism
[306]. Lenses thut are poorly desipned and waorn
overnight deprive the cornes of oxygen, causing edema
[307)

Grenerally, oxygen permeability for soft lenses is
acceplable when worn on o daily basis. Hypoxia re-
luted side effects such as corneal swelling, epithelial
microcysts, limbal redness, neovascularization, epi-
thelial polvmegathism and blebs are well known and
mainly observed with extended contact lens wear,
Recent development of hydrophilic silicone hydrogel
matenals combines the high oxygen permeability of
silicone with the pood water und ion permeability of
hydrogels resulting in acceptable extended wear lenses.
The oxygen (gas) transmissibilty of these lenses is
greater than all other available lenses.

Contact lenses made rom PMMA materials are
virtually impermeable to gases [308]. The PMMA
lenses are also inflexible, causing discomfort in a large
percentage of individuals while the lens is worn. Dur-
g the 1980s, lenses were made from either cellulose
acetale butyrate (CAB) or silicone elastomer. Al
though comfortable and fexible, such lenses accumu-
lated lipids, were nonwettable, and adhered 1o 1he
corned. Several reports detailing difficulty in removing
CAB and silicone lenses appearcd in the published
literature [309]. Lenses made from flucrocarbons and
in various combinations of fluorocarbon, ‘silicone,
methyl methacylate, and acryhe acid are currently
available, Desirable properties of these lenses include
flexibility, wettability, and gas  (ransmissibility
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Grouping for rigid gus-permeable lenses was published
by FDA in 1989, The generic names and oxvgen pet-
meahilities of rigid gas-permeable (RGP) lens materials
are provided in Tahle 7 [310]

C. Complications of Contact Lens Wear and the
Meed for Care Products

Lens design, user compliance with manufacturer's in-
structions, hygiene, environmental conditions, peor fit,
lens materials, and tear chemistry are the major causes
of lens wear compheations. Complications owing
to lens desipn, compliance, hygiens, environmental
conditions, and poor fit are beyond the scope of this
chapter and are not critical to an understanding of the
concepts required for the development ol cure pro-
ducts, However, knowledge of tear chemistry is fm-
portent  in understending  the complex  chemical
interactions between tear components and contact
lenses. The tear film can be broadly divided inta three
distinet layers: lipids, aqueous, and mucin [311]. Each
layer of the tear film performs a specific function. The
mucin layer spreads and coats the hydrophobic corneal
cells und extends into the squeous layer, The agueous
iayer contains 8% water and 2% solids. Dissolved
golids in this layer are predominately the electrolytes
(Na®, K, C™*, Mg**, €I, and HCO;), none-
lectrolytes (ures and plucose), dand proteins. Major
proteins in the tear film are presented in Table .

The lipid layer, which consists of cholesterol esters,
phospholipids, and triglycenides, prevents and ree-
ulates aqueouns evaporation from the tear film.

Components of the tear attach to contact lenses by
electrostutic and vin der Waals forces and build up o
form deposits. Deposits on the surface and in the lens
matrix may result in reduced visaal acuity, irmtation,
and m some instances serious ocular ¢omplications.
The composition of deposits vary because of
the eomplexity of an individual’s ocular physiology-
pathology, Lysozyme is o major component of soft
lens deposits, especially found on high-water-conlent
lonic lenses [312], Calcium [313] and lipids [314] are
infrequent components of deposits, ocourring as in-
organic salts, orgenic salts; or as an lemenl of mixed
deposits, or a8 a combination thereof [315,316),

Lenses are exposed to a broad spectrum of microbes
during normal wear and handling and become con-
taminated relatively quickly. Failure to remove mi-
croorganisms effectively from lenses can cause ocular
infections, Ocular infections, particularly those caused
by pathogenic mictobes, such as P aeruginosa, can
lead to the loss of the infected eye il lefl untreated.
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Table & Commonly Used Monomers, Comonomers, and Cross-Linkers in Contiaet Lens Palvmers

Mame Abbrevinlion Lens propertics

Ayl acid AA I lexibalily

Hydrophilcty

pH sensitivity —acidic

Reactivity —ionmeally immberaety

with positively charged 1ear

COMmpanenis

Wetlnbility
Butyl methacrylate BAA Soflness

Flexibiliny

Hydrophaohicity — atirocts lpids

Wettabality

(s transmassiblicy
Cellulose acetate butyrate CAH Clarily

Wettability

Gas trunsmissibility

Physical stabality
Dimethyl sloxane D5 Hydrophobicity

Wettalility

Cras transmissibiliny

Physical stabality
Eiphenvl siloxane DPS Hydrophobicity

Wertnhility

Cias transnigsibility

Phyaecal stability
Ethonyviethy] methacrylate EQEMA FFlexibility

Hoftmess

Hydrophohbicity

Wettahality

Ciaas tramsimissability
Ethyiene glyeol dimethacrylate EGIN A Hydrophobity

Wettnbality
Glveeryl methacrylale G A Wettsbality

Cias transmissability

Hydrophalicity

Mchine hiliny
Hydroxvethivl methacrylae HEMA Flexibality

Wetkabality

Cras trinsmissibilicy

Soltnass

Melnchineability
.'1.-1|.'1|'|;|.|.'|_'\.'-5|-:: acid A Hurdness

Mlachinenhihty

Wettahility

Cris transnrissibility

|1}'|,|r-:'-|'|1!|_|hil:i|:..
Methyl meathacrylate M VEA Hurdmness

Machinenbality

Wettahaliry

Cems transuisstbality

Hydraphohicity

Muethylpheny] siloxane MP5 Hyvdrophohicity
(s, transmmazsability
Methyl vinyl siloxane MYS Hydrophobicity
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Fable 5 (Continued)

Mumie Abbreviation Lens properties

Cia tramsmissibilicy
Hydrophilicity
Wettnbality
Muchineability
Corlor, clarity
Hardness
Wettahility

Cras transmissibiliny

N-Yinyl pyrrolidone NP

Siloxanyl methucrylote BMA

Table 8 FDA Grouping for 5ol HMydrophilic Lenses and Generic Mames

Cirgsugp | Grroup 2 Giriap 3
Low wiler (< 530% H.0) High wuter {= 7.50%H0) Law water (= 50%H:0
nonionic polymers nowignic polymers wme polymers

Croup 4
High wiiter {= 301% H1(h
ionde polyimers

Tefiboon {15%) Ladafibeon (7%

Lidofikcon B (T9%)

Eiafilcon {43%%) Bufileon & (5559

Tetrafibeon A (43%:)
Grodilcon {30%]
Dimefilcon A {38%)
Hefilcon A (41%)

Hefibeon B (43%)

Surfiloon [74%%)
¥ililtlcon A (55%)
Seafileon A (T1%)
Kubofikon A (67%)

Bufllocon A (45%)
Dreltalileon A (43%)
Dromifilcon A (47%:)
Phemifilcon A (3%
Creufiloon (@4%)
Mualtleon (33%:)

Perfikcon (71%)
Etafilcon A (58%)
Ocufilcon C (55%)
Phenfilcon A (35%)
Tetealtleon B (58%)
Methafilcon {55%)

Plhenifileon A (30%)
[sofilcon (36%%]

4 Polymacon [ 35%:)
Mufilcom (3395)

Vifillcon A (55%%)

D. Types of Lens Care Products

Contact lens care products can be divided into three
categories: cleaners, distnfectants, and lubricants, Im-
properly cleaned lenses can cause discomfort, irrilation,
decrease in viswal acuity, and gant papillary con-
Junctivitis (GPC). This latter condition often requires
discontinuation of lens wear, at least until the symptoms
clear. Deposits can also accumulate preservatives fraom
lens care products and produce toxicity and can act as a
mtrix for microorganism attachment to the lens [317].
Thus, cleanimg with the removal of surface debris, tear
components. dnd contaminating microergmsms is one
of the most important sieps contributing 1o the safery
and efficacy of successful lens wear [118],

Dualy cleaners and weekly cleaners are employed 1o
clean deposits that acoumulate on lenses during normal
wear. A list of ¢leaning agents commonly used in daily
cleaners is provided m Table %. Single cleaning agents
or combinations of cleaning agents may be used in a
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cleaner.  Surfactant(s), surface-active polymens),
solventi(s). and complexing agentis) chosen for cleaner
formulations must be capable of solubilizing lens de-
posits and must have low wmtation potential. They
must be ninsed easily, leaving very low or non-
detectable residue levels on the lens. Many problems
thal contact lens wearers experience with their lenses
are the resulis of mcomplete removal of deposit(s)
[31%]. Nonionic and amphoteric surfactants are com-
monly used in daily cleaner products. Because of their
toxicity to the cornea and hinding to the lenses, anionic
and cationic surfactants are avoided. Sobvents capable
of solubilizing lens deposits without altering the lens
polymer properties should be selected carefully. Com-
plexing agents; such as citrates, are included in daily
cleaner formulatiens [320]. They retard the hinding of
positively charged proteins to the lenses and by jon
pairing o salt formation render the proteins more
soluble in the media,




l"_tphlhnlmfc Plirrmacentical Produscis 465

Table 7 FDA Grouping of Hydrophobic Hard and Bigad Mechanicsl force £ kﬁ_'e' aspect the Cil:Hl'lil'IE Pro-

Cias-Permeable Lenses cess. For daily cleaning, mechanical force 15 generally

- . provided through the rubbing action of the fingers over

it rolerinle KRR MAT0E A the lens during the actual cleaning process. Rubbing

Cellulose avetale buiyraie Cubufocon A > isb  typically removes 1.7+ 0.5 log of microorganisms, rin-

Povwdocon A = & sing the lens removes L9+ L5 lop of microorganisms,

Powlocon B = 150 and cleaning and rinsing the lens removes 3.7 £ (.53 log of

{-Burylstyrene Aufocon A = 150 microorzanisms of a typical challenge by 10" colony-

Sihcone Elastafileon A =150 forming units (cfu)/mL [320]. Abrasive particles are

Dimofocon = 150 included in products 1o enhance the mechanical foroe

Dilafileon A > 130 applied to the lens during the cleaning process [321], The

i-Butylatyrenc-silicon acrylsie mesll.cun F L2 abrasive properties ure evaluated by testing the hardness

Flaoracrylate Faubcolhooa. A L of the included abrasive particles. Typically particles
Fluoro silicone acrylate Itafluorofocon A &0 ) -

Porflufocon A W02 that have Bockwell hardness 1fw.=mr than the h*l.rdues:s_ﬂf

Sl asits Basifocin. A 14 the lens polymers are used_ IT the hardness of abrasive

' Pasifoion B ih particles is higher than the hardness of the lens polymer,

Pasifocon C 45 it is possible that the lens would be damapged. Some

ftalocon A b4 contact lenses are reported (o require special treatment.

afocon B i Abrasive particles may alter surface freatment effects

Mefoson A 20 even when their hardness is lower than that of the lens

Telelocon A, 15-45 polymer. Development of potent preservative systems

Amefocon A 40 and the use of complesing agents like citrates have led 1o

the availability of multi-purpose solutions, These single-

solution products are carefully designed to meet the

Table 8 Major Proteins of the Tear Film cleaning and microbiological regquirements withoul o

lems rubbing step.

Mame Total protein (%) Funation Enzymatic cleaners contain enzymes derived from

TR 40 A ntirtlicrabial nnima.LE. plants, or microorganisms. Plant and micro-

‘ collagenase regulator organism-derived cnzymes may cause sensitization in

Eactatasin 3.3 Racteriostatic many lens wearers [122]. A list of commonly used en-

pnb-nflammetory rymes is provided i Table 10, All of these eneymes are

Albutin 3040 Anti-inflammatory effective in removing deposits from the contact lens

Immunoghobins i, Immunolegical, surface [323]. They are hiochemicnl catalysts that are

anti-inflamimstory specific for catalyzing certain chemical reactions. Those

Tabde @ Cleaning Agents Commaonly Used in Dhaily Cleancrs

Class Trade name Chemical pame
Abrasive particles Mylon 11 | l-Aminoundecanomn acid
Salica Silicon dioxide
Complexing agents Citrie acid L-Hydroxy-L2.3-propane tri-carboxylic wcid
Saolvents [sopropy] aleohol LPropanol
Propylene glycol 1, 2-Propanediol
Hexamethyvlene glveo L6-Hexunediol
Surfuctants {nonion} Tween 21 Polysorhate 21
Tween Hik Polveorbaie S0
Tyloxapol 4[], 3, 3-Terramathyibaryl)-phensl  polymer
with formialbebvde and oxieene
Pluranse Poloxamer
Tetronic Polomamine
Surfactants (fomic) Mirncare Cotoamphocarboxy-glycinale
Page 57 of 66




470

Table 10 Enzymes Commonly Used In Weekly Cleaners

Acive Active
Nume Origin againsi at pH
Pancreatin Animal
{ Poreme)
Proteases Provtesins 1.0
Lipase Lipels 50
Admylaze Carbohydrates 6.7-7
Papain Plant Proteing 50
| papievnd
Subtilisin A Microorgenisms  Protems 810
Subtilizin B Mucroorgenisms  Proteins A1)

that wid in removing debris from contacl lenses dre
pritease (protein-specific enzymel, lpase (liprd-specific
enzyme), and amylase (polysaccharide-specific en-
zyme). Such enzymes catalvee breakdown of substrite
molecules -—protein, lipid, and mucin—inte smaller
molecufar units. This process vields fragments that are
readily removed by mechanical force and ringing.

In the past, only tablet dosage forms of enzymatic
cleaners were available. They required soaking lenses
in solutions prepared from & tablet for a period of 15
minutes to more than 2 hours before disinfecting the
lesises. Although this process provided sufficient time
for cleaning, it was a cumbersome process and required
multiple steps. Complicated or cumbersome processes

__——
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mevitably lead 10 poor user complinnce. Ensymes in
aqueous liquid compaositions are inherently unstable.
New technological advances have led to the stabiliza-
tion of enzyvmes in liquid vehicles which ire compatible
with soft and RGP contact lenses [324]. The newer
products are either in a tablet or o solution product
form. Simultaneous cleaning and disinfection can he
achieved, which reduces care time und the need for
multiple steps [325]

Contact lenses are conturmnated with microorgun-
isms during lens handling and lens wear. They must be
disimfected to prevent ocular infections, especially from
pithogénic microorganisms. The iwo  disinfection
methods used are thermal and chemical. In thermal
dismfection systems, lenses ate placed in preserved or
unpreserved solution in a lens case and then heated
sulficiently by a device to kil the microorganisms. The
current FDA requirement for thermal disinfection re-
quires heating at 0 minimum of 30°C for 10 minutes.
The unpreserved salines are sither packaged in o unit-
dose or #n derosol container, and they do have some
animacrobial activity [326]. Preservatives must he usad
in salines packpged in nonaerosol mueltidose containers.
The types and names of preservatives and antimicrobial
disinfectants commonly used in Jens care products are
listed in Table 11, Thimerosal and sorbic acid are
commanly used preservatives in these products; how-
gver, comcerns of sensitizition potentind snd  dis-
coloration of kenses hove led 1o the introduction of new

Table 11 Antimicrobial Agents Commonly Used in Lens Care Products

Lised In kens type

Clasi Creneric Maobecular waighi Soll RGP, PFMMA
Acids Benzoic noid 122 No Yes
Boric acid 2 Yies Tes
Sorkdic aend [} e Vs Yis
Aleohoks Benzyl aleohol 108 M Yes
Phenyl ethyl aleohol 22 Mo Yo
Biguamdes Chlorhexiding a5 Yiea Y
Polyaminopropyl higuanide ~ 1200 Yes Yies
Mercurial Thimerosul A0 Yes Yios
Phenvimercuric nitran fHid Yes Yis
Oxidiang Hyidrogen peroxide 34 Y Mo
Sodium dichlorsisocvanumie 220 Yes Mo
Lhusternary Trisg2-hydroxvethyl) tallow =424 ¥ Mo
amimorum chioride
Benealkonrium chloride 22 363 Mo Yen
Henzethoniwn chiomde 4 M Yaos
== (D0 Y es Yes

Polviunierninm-|
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ind safer molecules like Polyquad (8 polymeric qua-
ternary ammonium compound) and Dymed. Specifi-
cally, Polvguad 5 resistant to absocplion into the
lemses; thus, there s litile to diffuse oot of the lens into
the eye, hending to corneal toxicity, an inherent problem
associnted with nenpolvmens quaternory smmonilm
compounds, FDA and the USP have specific standards
for preservative effectiveness thal these producis must
meet, The FDA standacds detimling the method were
published in 1985 [327], Oxidizing agents and non-
oxidizing chemical disinfectanis that are nontoxic s
product concentrutions are wsed to disinfect lenses
chemically, Hydrogen peroxide 1 used primanly as an
oxidizing agent [328). It is wsed in concentrations of
(h6-3,0% . Peroxides are very toxie to the comea of the
eve. Alter the disinfection cycle, and before plucing the
fens in the eve, hvdrogen peroxsde musi be completely
newtralized by reducing agents, catalase, or transition
metils, such as platinuem.

A ideal chemecal-disinfecting agent would have the
followms properties: {a) it should be nonirritating,
nonsensitizing, and nonloxc in lests [or eyloleadaty;
{b) it should have an adeguate antimicrobial spectrum
amd be able o kill ocular pathogens during a short
leng-soaking period; (c) il should not bind o the lens
surface:; and (d) it should be compatible with the lens
and not canse. lens discoloration or alter the ting of
colored contact lenses, Polvquad and Dyvmed have
mose of these characterstics. They have been in-
troluced recently imio the marketplice and are per-
forming o expectations [329,330]

Contact lens” wedrers muy experignce increasing
awareness of their lenses during the day owing to ocolar
dryness [331]. With some lens materinls, this merease in
awareness may arise [rom a decrease in the wettability
of the lems surface, Dehvdration of the lens or acceu-
mukation of debris on the lens surface can cavse simalar
symptoms [332] The lens wearer may achieve relief
from these symptoms with periodic ndministration af
lubricating reweiting drops [333], These solutions con-
tnin pifymers or surfoctenis thit enbance the weit-
ahility of the surfuce, facilitale the sprending of lears,
and improve the stability of the tear film, They may also
provule cushioning: and lubrication actions, thereby
reducing the frotional foree between the eyelids and the
fens, Some products are specifically designed 1o reky-
drate the Jens, These products arg: unpreserved and
packaged in 4 unit-dose. However, o preservabyve is
required for a multidose produgct,

The emphasis that patients place on conveniencs
has led to the development of single-bottle care pro-
ducts referred to 52 “mult-purpose solutions.” Such
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products do not require & separale clesner and in some
instances can be wsed as a rewetting drop. However,
they require rubbing and nnsing lepses in order 1o
achiove adequate clenmmg. Recent advances m tech-
nology along with careful selection of formulation
compirnents have resulted in a product thit does not
require & rubbing step [334]. This product has met all
the microbiologeal and cleaning efficacy requirements,
meluding those proposed m the 150 Gudehnes.

Table 12 Types of Tesis and Requirements Proposed by
FIxA for Prodeet Development

I, Cheimistry  manufacturing
AL Solution/eontpiner descrplions
B, Solution dability testing
C. Lens group selection lor solubion festing

1. Toxicology
A, Splution testing
I. Acale orol texcity asscssment
2. Acule systemic toxicity sssessmeit
1, Acureocular istitation snd evtodoxeity
iessesster|
4. Senstration/allergic respanse psssssmen|
a. Preservative uptake and release tesi
b, Guinen pig maximization testing
] ['_'411I.IiI.Ir'u:r,"'.u:r_t-:hlrr}- lestiny
Lo In ovitro festing
2. Systemic toxicity leshing
3. Prmary ocular irriintion testing

L1 Microbiologs
A Sterilization of the sofution by the monuiacturer
I, Walidation of the sterilization oycle
2. USF sterility 1ests
3, USE ivpe preservative effectiveness tes)
4. USE microbial Imits test
B. Shelfl life testing reginrements
1. Shell lile stenlity
2. Shell life preservative elfectiveness
5. Exteniaon of shall’ hife protocol
¢ Disinfection of the lens
1. Chemicsl disinfection sysiems
& Contribution of elements fes
b, [Devalue determinations
e, Multi-item microbial challenge ess

V. Clinicul
Y Patient charactersis
B. Number of eves durntion and number of
investigators
€. Inatial patient wisit parammeless

O
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v Summary

Cienerally, contact lens products are sterile salutions or
suspensions. Formulators for these products must hove
training in technologies practiced during development
of sterile pharmaceutical produects, such as injectable
and large-volume intravenous fluids, The products
must be effective and compatible with a wide range of
lens materials. Components of the formulations should
mol accumulate in the lens or change the lens proper-
ties. They must be preserved adequately and be well
telerated by the sensitive ocular tissues, The producis
should also be simple to use in order to assure good
compliance on the pari of lens wearers. Additionally,
they should be developed following the guidelines
enumersted in Table 12
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