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Abstract: The objectives of the current study were to mazarthein vitro transcorneal release, the 10P-
lowering effect and, the duration of action, of Bidlol Maleate (STM) ophthalmic formulation® ethod.
Thein vitro transcorneal release of STM fromskt of gel formulations containing different conications of
Azone" with a fixed concentration of C-974vere evaluated. Formulation showed highiesiitro releasewith
lowest concentration of Azonewas selected for preparation of & 8et of ophthalmic formulations using
different concentrations of C-974 Then theiin vitro permeabilities were assessed. Therefore, the ideal
concentrations of both C-97& Azone™ required for preparation of the best ophthalmioriaation(s) of STM
gel(s) have been identified. Thereafter, thevivo IOP-lowering efficacy studies for scaled-up forntidas
were determined using TONO-PENAVIA tonometer with rabbits for 4-consecutive daysnally, the most
effective formulations were used for a single-dsisgly to assess the duration of theiracti®esults. Majority

of tested formulations have showed significant bartied escalations in botln vitro andin vivo results.
Formulations STMC-2, (STMC-3/STMAZ-4) & STMC-4 shed the higher therapeutic efficacy than that of
the reference standar@articularly noteworthy with these formulations tt@P base-line didn’t reestablished
after 24 hoursand their durations of action in the single-desely were36+2, 44+3 and 484, respectively.
Conclusion. Thein vitro release, onset, magnitude & duration of actionT¥1$els have been potentiated and
extended for up to up to 2-days with three teshifdations. In other words, the vivo IOP-lowering effects of
these formulations were approximately 3-4-time Emgnd in some cases higher than that of the cdionah
TM eye drops, and 1.5-2-fold longer and with sowrenulations (e.g., STMC-3/STMAZ-4) higher than toét
the reference standard.
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Introduction:

Timolol maleate (TM) exists as two optically actiswmers, S-TM and R-TM. TM has a molecular
weight of 432.50. It is a white, odorless, crjgtal powder which is soluble in water, methanoll ahcohol.
TM is described chemically as (S)-1-[(1,1-dimethigid)amino]-3-[[4-(4-morpholinyl)-1,2,5-thiadiaz@-
ylJoxy]-2-propanol,( Z)-2-butenedioate. TM is atpot non-selectiv@-adrenoreceptor blocking agent has the
action of reducing normal, as well as elevatedaotular pressure which is a major risk factor ie th
pathogenesis of glaucomatous visual field lossapit nerve damage. It is marketed as the maledt®fsthe
levo (S-) isomer and is approved for the treatmeithypertension, myocardial infarction, angina, and
glaucoma?® It was reported that R- TM has only 3% of thegpoly of S- TM in blocking the isoproterenol-
induced synthesis of adenosine 3,3,5-monophospfidte.R-enantiomer of TM is 49 times less poteantB-
enantiomer, with respect f®-adrenoceptor activity in animals, and 13 times Ipstent in constricting the
airways of normal subjects. The R-isomer of TM Hheen found to be effective in lowering elevated
intraocular pressure when applied topically to eyet it is only four-times less potent in reducingraocular
pressure in man Comparison on the basis of potency, selectiwityBi-versusp,- receptor subtypes, partial
agonist properties, and non-specific membranelstimy effects shows that TM has the greatest rexep
binding‘]1 affinity than the other availabfeblockers including propranolol, metoprolol, nadaktenolol, and
timolol™.

It has been reported that TM is about 8 times mumotent than propranolol with respect e
adrenoceptor blockatie When administered orally, TM is well absorbed ibsubjects to extensive first-pass
metabolisth The half-life in plasma is about 4 hours. Plasioacentrations of TM may become sufficiently
high to block pulmonary and cardi@ecadrenergic receptors leading to asthma and cdmgeseart failure.
Hence, for long-term prophylactic use, the mainteeadose should be properly titrated to avoid risks
associated witl,-receptor blockade and recurrence of myocardiaration. The ability of our biological
system to discriminate between two enantiomers obrapound was recognized in 197Enantiomers are
identical in their physical and chemical propertieg behave differently in a chiral environment Isws a
biological system or a chiral medium. Enantiomesually differ in the nature and degree of their
pharmacological and toxicological properfigSor a particular pharmacological action, the magtve isomer
is called the eutomer and the less active is tistomtier. The eudismic ratio (the ratio of activitig, an
indication of the degree of stereoselectivity. Cluatly and biologically, enantiomers must be coasidl as
different compounds often with greater pharmacaialgiactivity than homologous agehtShe effect of
chirality on the pharmacological behavior of a draglecule is an interesting and active area infigld of
drug design and drug delivery. The discovery ttal drug molecules differ in their biologicaltiaities has
been known for over 100 years. Since the initiaerbation of the existence of asparagine in twoéoeric
forms, numerous studies have been reported abeuexistence of stereoselectivity with enantiomelicg
substancéd Molecular chirality originates because of theseice of configurational isomers, termed
enantiomers. The sudden surge in interest in chirality is aoly due to advancement in medical sciences per
se, but also due to rapid progress in the techeigugloyed to separate individual enantiomersadttbecome
feasible to evaluate the biodistribution of enamioic drug molecules using chiral reagents, clstationary
phases, chiral mobile phases, chiral catalystschirdl chromatographic separatiéhsFor up to two- decades,
quite a number of publications have focused oreetdremistry in drug action, metabolism, dispositiand
bioequivalenc®'®* Controversies arose as to whether a racemateiogke enantiomer needs to be exploited
for therapy. Manipulation of enantiomeric ratio ose of only one enantiomer of a drug may allow
minimization of toxicity and efficacy and this mbgad to a significant increase in therapeutic ratid a more
rational approach to therapeutitsThe development of drugs with chiral centers @nés specific challenges
that must be addressed at various stages fromvéiscto clinical evaluation and finally to the mat¥.

In November 2004, WHO demonstrated that glaucomesponsible for approximately 4.5 million
blind; i.e., ~12% of the total burden of world ldimess. It has been reported that glaucoma is ttenddeading
cause of blindness globalfy Briefly, glaucoma is a progressive optic neurbpaaffecting more than 70
million individuals worldwide and it represents ajor cause for irreversible blindnéssOne of the most
important risk factors for progression of such dgeis the increased IOP. High IOP can resuleimal
ganglion cell loss and optic nerve atrophy leadingirreversible blindness. Ocular drugs are usually
administered as aqueous eyedrops. The main olstamieountered with ocular drug delivery in a
therapeutically effective concentration from oplhtiia deliver systems aré), the very short average residence
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time of the administered dose, particularly ophtiialsolutioné®®, ii) the extensive pre-corneal loss because
of the fast tear drainage) solvent evaporation and alteration of the thermedlyics of the drugy) the high
possibility of excessive loss of drug through tlesalacrimal drainage that may cause systemic sfifr
side effects particularly, with potent drdgs/) the very limited accommodation capacity of the honeye;
range of 10-t0-30- | for blinking & neblinking eye respectively, angli) the inherent physiological
involuntary defense mechanism of the eye, e.gkiolgh& tearing. Subsequently, the ocular bioefficad a
topically applied ocular drug drops is dramaticalBry low, only 1-109%%* Therefore, ocular therapy is a
unique challenge when it comes to delivery of agdwith pharmacologically effective level. Studieavh
shown that the outmost layer (i.e., the epithelipenetration) is commonly the rate-limiting step the
transcorneal transport of, particularly with higydiophilic drug molecules. Thus, drug molecules nhes/e
sufficient lipophilicity to be able to penetratasttibarrief® with restricted/little or no difficulties. Apprches
employed to bypass epithelium barrier includg;using of a suitable viscosity improving agent (Yifo
prolong the contact-time of drug with the absorbsngfaces, ant) using of transcorneal penetration enhancer
to expedite the corneal transport. Neverthelesseasing the viscosity of the aqueous ophthalnmipsivehicle

to the lower viscosity range (5—-25 cps) have intnaases limited or insufficient increase in contamie with

the corneal absorbing tissGeSand leads to a measureable decline in the diffusiairug molecules. Anther
formulation-related approaches to maximize the apeutic efficacy of ocular drugs include using a;
extended release dosage form with water-solublgnpef®?® andb) preparation of lipophilic ion-pair from a
drug and additivé&>’. One of the very significant approaches to exgettie absorption of ocular drugs is the
incorporation of an ocular penetration enhanc&i{8)

Regardless of the occasional drawbacks of someneela such as irritation, morphological, and
changes in the corneal membrinen inert, safe, none allergenic non-irritant, ef@ethe onset of action,
physically & chemically compatible with the drugdaother additives, and cosmetically acceptablesriowith
the minimum concentration with both hydrophilic @articular) & lipophilic drugs are essential ragunents
for ideal ocular enhancer. Without going into detaiAzone (laurocapram) meets the aforementioned
requirements of ideal enhancer to varied ext&fitsThe corneal penetration of hydrophilic compounds
(acetazolamide, cimetidine, guanethidine, and settanide) was enhanced by at least 20-fold at B\26H€”.

It has been reported for the first time, presentézone that is apparently not toxic but is effeetiin
delivering immunologically active concentrations ofclosporine following topical application to the
corned®***

Carbopof polymers are very efficient viscosity improvingea (thickeners), suspending agents, and
stabilizers at low concentrations (0.1-3.0 wt%)l @arbopol polymers have high molecular weight, cross-
linked polyacrylic acid polymers. The main diffeoeis amongst these polymers aethe crosslinker typd)
density anct) solvent utilized to prepare the polyrfief. Different Carbop6l grades are generally used as
thickeners and mucoadhesives and bioadhesivegpagation of wide-variety of pharmaceutical dostgms
including solid, semi-solid dosage forms (ophthalamd cutaneous gels), emulsions, suspensiongldiQuith
a wide-range of viscosities and rheological charisatics), nasal, rectal, intestinal, buccal, vagirand in
tablets formulatiof?*® However, C-974certain better mucoadhesiveness of Carbopol C-@74omparison
with the C-972*".

Regardless of pre-discussed technical, physiolbgioal physic-chemical difficulties in emerging
ophthalmic delivery system, the task of having a&peutically effective, extended, safe and stablghaimic
formulations of hydrophilic drugs has been fastwjrm & very-attractive research area. The presardysis
devoted to develop and characterize STM that goedignt with extended and possibly controlled deigase
and improved therapeutic effects. Therefore, it nesessary td) design, prepare and quantitatively determine
the in vitro permeability parameters of wide-varieties of STl dgormulations containing combinations
between various concentrations Azone (as a traneabrpenetration enhancer), and of CO74&s a
mucoadhesive) anid) to evaluate the onset of action of STM ocular faations,in vivo IOP lowering effect
and its magnitude.
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Materials and M ethods:
Animals;

Rabbits and corneas of adult male New Zealand @lkabbits weighing 3.0-4.0 Kg/each were used
throughout this study. The animals were providgdhe King Fahd Medical Research Center, JeddaldiSa
Arabia. Animal use was approved by the local Insthal Review Board for Preclinical & Clinical Reggch
who ensured the care and use of animals conform#tetDeclaration of Helsinki and the Guiding Pipte in
Care and Use of Animals (DHEW publication NIH 80-&3 stick to the “Principles of Laboratory Animal
Caré’ (NIH publication #85-23, revised in 1985). All amals in this study were housed and cared for acugprd
to the guidelines from the Association for Reseamctiision and Ophthalmology (ARVO).

Drug and Chemicals

S-Timolol maleate was kindly a generous gift fronemgk Research Lab., Whitehouse, NJ. Azone
(Laurocaprarn sodium octane sulfate, acetonitrile, acetonitialed benzalkonium chloride sodium hydroxide
and phosphoric acid were obtained from Spectrumnted Co., Gardena, CA. Ethyl acetate, methanol,
isopropyl alcohol, and ethyl alcohol were purchaedh were purchased from Sigma Aldrich Chemical, Co
St. Louis. NJ. Carpobol-974C-974")was obtained Lubrizol Advanced Materials, Inc. D®recksville Road,
Cleveland, Ohio. Sodium chloride and hydrochl@woed and sorbitol were provided by Fisher Scieni@o.,
Fair Lawn, NJ. Analytical grades of disodium etietaihydrate (EDTA) were purchased from Merck
(Germany). TIMOPTIC-XE (timolol maleate ophthalmic gel forming solutiohjgboratories Merck Sharp &
Dohme-Chibret, Clermont-Ferrand, France was pueth&®m the market. All other chemicals used iis th
study were commercially available compounds of gppeeagent or analytical/HPLC-grade and they wesed
as received without further modifications.

Equipment

An PermeGear Flow Type modified Franz diffusiontegs of vertical cells, PermeGear, Inc.,
Hellertown, PA USA. Hewlett Packard autosampler BRlystem with chime-station, variable wave length U
detector was obtained from Agilent Technology, BIL, HPLC chiral column-AGP 100 x 4.0 mm; 5 m, was
obtained from ChromTech, ChromTech International, ARBigersten, Sweden. Thermostatically controlled
water bath, vortex/shaker sonicator, hot-plate/ratigrstirrer, pH meter, positive displacement pige® tips,
were obtained from Fisher Scientific Co., Fair Lawd. P1803. A digital TONO-PEN™ AVIA tonometer
Reichert, Inc., NY, Millipore filter paper, (0.45 rhlA), were purchased from Millipore corporation,diard,
MA.

HPLC Assay of STM

HPLC procedures were employed for analysis of #mepdes using variable wave length UV at 294 nm
wavelength. The column was maintained at 5 °Causirbuilt-in temperature control system. The n®bil
phase consisted of (ethyl acetate: methanol: iggpdcohol: 25% ammonia, in ratios of (80: 2012v/VIviv).
The mobile phase was filtered under vacuum usifg4& m filter ad degassed using a sonicator. Milli-Q
water (ultra-pure de-ionized distilled water) haeib used for preparation of mobile phase and ti@utgthe
assay procedures. The flow rate of the mobile @lad<l-ml/min throughout the analysis procedures theen
maintained. The samples of STM were collectedark diials and analyzed for their drug contents, tred
STM peak has been detected between 10-12-minutes.

Preparation of STM Ophthalmic Gel Formulations

Compositions of two sets of test ophthalmic gehfolations are shown in Tables (1 & 2). Table 1
shows the composition of thé' et of STM ophthalmic gel formulations that haeem prepared with various
concentrations of Azone (0.0, 0.0625, 0.125, 002575 and 0.5%), and with a fixed concentratioB¥d). of C-
974° as a mucoadhesive to identify the lowest concBatraof Azone inducing the highest penetration
enhancement upon through analyses of the resutteedfvitro permeability data. On the other hand, Table 2
shows the composition of thé“&et of STM ophthalmic gel formulations that haeet prepared with a fixed
concentration of Azone (0.25%) of Azone; i.e., aamtcation induced the highest penetration enhanggme
steady and prolonged STM release, and with vaionsentration of C-97®4(0.0, 0.5,0.1,1.5, 2.0, & 3.0%) to
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identify the minimum concentration of C-974that possess pharmaceutically acceptable STM gel
formulation(s). The formulations have been prepapeacessed and mixed in accordance to Lubrizolafded
Materials, Inc.; Technical Data Sh&et The tonicities of the gel formulations were atigd with sorbitol and
the final pH values of all formulations were adggto be ~7 (i.e.,the pH value of the commercialigilable
STM; ophthalmic gel forming solution,Laboratorieseiddk Sharp & Dohme-Chibret, Clermont-Ferrand,
France. All formulations were prepared with steirigredients and mixed under aseptic conditiong ifilvitro
transcorneal permeability parameters for each ftatimn were measured and calculated to pinpoint the
optimum concentration of both, Azone and C974

In Vitro Corneal Permeability Studies

The factors influencing the penetration of a dmi ithe skin include: concentration of the dissdlve
drug, (€. ) in the donor compartment, partition coeﬁicie(rﬁ:} between the skin and the vehicle, and the
diffusion coefficients of the vehicle and the S(k[-h) The flux U) i.e., the amourt{w), of a drug permeated
through a membrane of unit cross-section a{n‘é}in unit timeft} was calculated in accordance to Fick's law:

jll:TKdt

If a membrane of surface areg and thicknes:(h)separates donor and receptor compartments and if

the concentrations in the donor and receptor cotmggats are(C, ) anc( €, ), then Fick's law can be rewritten
as:

dM D(C,— C,)
I:TK _ =

dt =
h

Under steady-state conditioh€ 1 Jis much greater thafC, ) and thus,

_Dpc,
" h

When the cumulative amount of the drug permeatedupi cross-sectional area is plotted with time,
the slope of the linear portion of the graph isadtestate flux, from which permeability coefficiec&in be
determined employing the suitable mathematicatrireat and Fick's law:

] = Psc,

Where(P) is the permeability coefficient, an€ {) is the donor cell concentration. The enhancerfastors

(EF) were calculated by dividing of the steady-state fralue (1g.cm?.hr?), of the test formulation over the
corresponding value for the control. The statédtanalyses were done byest. The animals were sacrificed by
administering an overdose of a sodium pentobaréismution via the marginal ear vein. Then the easwere
meticulously excised, rinsed with normal salined gentlymountedwith its epithelial surface facihg tonor
chamber using a small pinch clip over a receiverdber filled with the receiver fluid and stirredngfg with
appropriate magnetic stirrers (about 600 rpm). péemeation assembly was carried out using an au¢aima

modified Franz transcorneal diffusion system emiplgyfinite dose (5Q4l) technique. Samples from the
receiver compartment were carefully withdrawn a&dgtermined time intervals and replaced immediatety
equal volumes of fresh pre-heated degassed méuturh Thereafter, the STM permeability parameters for
each test formulation were mathematically calcadlatmploying the equation shown below. All the
experiments were conducted in triplicates &(C34All samples were analyzed for STM using HPLC hoes
stated above. The apparent permeability coeffisigpy,;) of the test compounds will be calculated using th
following equation:

AQ

—1
= CHn. sec
PP At xAC, x 60
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Where :\.(_J_f.lat is the steady-state flux across the cornegcfri>hr?), A is the available corneal
surface are[;'f;-n:) for diffusion, andC, is the initial drug concentratiopg.ml™") in the donor compartment at

t = 0. Flux per unit surface arei ffl * (AQ/ At was calculated from the slope of the linear partf the
cumulative amount permeated per unit surface aeesus time plot. During the permeation study, damp
have been analyzed at the first and last time pdontSTM contents and have showed no chiral ineersAll
experiments were performed in triplicate. The ltssaf experiments performed have been presentetkcas +
SD. The significance of any statistical differemdeetween the compounds in the amount permeatedcat
time point and the mean values were calculatedANQVA) using SPSS software, (SPSS Inc., Chicago, IL
USA) and the criterion for statistical significaneas p< 0.05.

In vivo |OP M easur ement

| OP lowering effects of the Scaled up STM-gel formulations

Thein vivo studies were performed on normotensive consciaws Kealand albino rabbits weighing
3.0-4.0 kg. The animals were handled and houseshitalized and acclimatized at controlled tempeeat
with a 12/12-hr light/dark to simulate the norméd-cycle, and fed on a regular diet, with freeesscto water.
The necessary number of the experimental animakaraomly divided into groups (10-rabbits/group)dése

of 504l from each test formulation and the reference dseh (Timoptic-XE®; 0.25 TM ophthalmic gel
forming solution manufactured by MERCK & CO., Ind/hitehouse Station, NJ,) was administered onto the
conjunctival cavity using a positive displacing gt once a day to each individual rabbit/group 4er
successive days. Both right and left eye weredissparately. For IOP measurements, TONO-PEN™ AVIA
tonometer (Reichert Inc., Depew, NY, USA), was ugeaneasure the baseline (23+2) as well asinthévo

IOP lowering effects after predetermined time s after of dosage instillation; i.e., after 18,.
Thereafter, the IOP measurements were recorded4eholr till next dosage (24-hr). Acute eye iritatand
ocular irritation potential of the gel formulatiomsere examined in accordance to the Draize Teahiacute
toxicity test™.

Extended In vivo | OP lowering effects of promising STM-gel formulations

As it has been indicated in the previous experimetine IOP-lowering effects of each formula were
recorded at the end of each day. Formulationshiclwthe IOP base-line were not reestablished walbgected
for further single-dose study to identify their mi#tgde and extent of actions; i.e., from the tinie@asing till
reestablishing the IOP base-line. The experimea@nals were randomly divided into equal groups- (10
rabbits/group). The animals were handled and lthusespitalized exactly as stated above. Theratimals
were treated as described above with a single-dbsach of the test formulation. The IOP lowereftects
have been recorded at appropriate time intervais neestablishing the I0P base-line irrespectit/édawv long
it might take.

Results and Discussion

In Vitro Corneal Permeability of STM-Gel Formulations

The first set of STM gel formulations containingfetent concentration of Azone as transcorneal
penetration enhancer and fixed concentration (1&06)-974 as a mucoadhesive & viscosity improving agent
(crosslinkage thickener) were prepared (Table-igurié-1 shows the mean + SD cumulative amountsTéfd S

(Mg/ml) released from the test formulations into theeiver compartment of the diffusion cell as acfion of
time(n=3). Table 3 shows the calculated permegbp@rameters for the first set of STM formulations

including, mean steady-state flukJ; pg.cm?.sec', lop P, @and the enhancement factor (EF) calculated as
Papp-test BPappcontror RESUItS in Table 3 revealed that the transpaatastteristics of STM through excised fresh

corneal membrane significantly (p<0.01) increaseidh whe increased concentration of Azoneup to

concentration 0.5%. Figure 2 reveals a relatively-lfnear (R= 0.7821) and direct relationship begw the
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apparent permeability coefficier, cm.sed) for this set of STM ophthalmic gel formulationsdathe % of
the added permeation enhancer (Azone). In othedsydhe temporal pattern of STM release from s t
formulations appears to be a single-valued funabiotine concentration of Azone; i.e.,concentratiependent.
Moreover, the enhancements factor (EF) of wasfalsod to be a function in the concentration of Azomhis
could be related but not limited to the assumptiost the enhancement of drug permeation by Azone is
basically due to its ability to reversibly increagithe fluidity of the intercellular lipid bilayersf the corneal
membrane. Thereby, it diminishes the diffusionadigiance of the corneal epithelial layer to drug;,i
increasing the drug diffusivity and partitioninBifferent but related scenario is that, Azone ewoike effect as
permeation enhancer via increasing the drug sdaiulak well as the thermodynamic activity of thesteyn
and/or changing the ratio between ionized and uméoh drug molecules in favor of the Idfef*
Accordingly formulations STMAZ-3, STMAZ-4, STMAZ-8long with the reference standard (Timoptic-XE®;
0.25 TM ophthalmic gel forming solution) were sééetfor additionain vivo IOP lowering effect experiments.

In preparation of a pharmaceutical drug produds highly recommended to use the lowest possible
number of additives with the lowest effective cartcation. Therefore, a"2set of STM gel formulations
containing a fixed concentration (0.25%) of Azolmvest concentration that induced the highest pahitigy
parameters in the®Iset of STM ophthalmic gel formulation) as transeal penetration enhancer along with
different concentrations of C-974is a mucoadhesive & viscosity improving agentgsiinker/thickener) were
carefully prepared. Formulation STMG# Was void of C-974 (a simple eye drops) to serve as a negative

control (Table-2). Figure-3 shows the mean + SD wative amounts of STMg/ml) of total STM released
from the test formulations into the receiver conpant of the diffusion cell as a function of timre=g). Table

4 shows the calculated permeability parametershier?® set of STM formulations. The data in Table 4 also
revealed that the transport characteristics of Sthkbugh excised fresh corneal membrane signifigantl
(p<0.01) decreased with the increased concentrafi@974. Figure 4 reveals almost-linear (R= 0.8223) but
reversible relationship between the apparent pdrititgacoefficient Papp cm.set) for this set of STM
ophthalmic gel formulations and the % of the ad@e@74” as a mucoadhesive. In other terms, the viscosity o
the formulation adversely affected the drug reled#éusivity and partitioning. Even though, thisrmot be
generalized because the exact correlation betwémosity of the vehicle and transcorneal penetnatg
difficult to be established as it is generally aatate-limiting step in the corneal absorption pssc In addition

to the fact that release of a penetrant from thecle of formulation is governed by numerous fastalated to
the physicochemical properties of the drug, vehiebetent of their mutual affinity (if exists) and the
portioning of the drug from that vehicle to the atiing surfac¥. Formulations STMC-3 (which is identical in
composition with formulation STMAZ-4) and STMC-4vusashown significantly (p>0.01) higher permeability
parameters than formulation STMC-5. Meanwhile,itheitro corneal permeability parameters of formulations
STMC-Qcontror (void of C-974: eye drops), STMC-1 (containing 0.5% C-8y4nd STMC-2 (containing 1.0%
C-974%) have shown STM release faster than those ofetteof all test formulations of thé“xet, particularly
during the first 8 hr, depending upon the C®&éncentration. Moreover, formulations designs8@#C-1,
STMC-2, STMC-3 & STMC-4 have shown measureable dinopic phenomena; i.e., Non-Newtonian
fluids/semisolid feature in which viscosity decreagth the time of shearing, and the subsequemivezg of
viscosity after cessation of shearthtj, hysteresis loop, the best rheological charadiesigor ophthalmic gels
including physical appearance, flowability, sprdaliky, texture, uniformity, elegancy, and recovetiyne
(unpublished data). Therefore, these formulatiomgehbeen scaled up for further timevivo IOP lowering
effects.
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Table (1): Composition of the 21 Set of STM Test Ophthalmic Gel Formulations Caritaj Different
Concentrations of Azone as Transcorneal Enhancexrdiided Concentration (1.5%) of C-974
as Mucoadhesive & Thickener

STM (mg/ml)
0.25%

Formulation Code Azone Cc-974 EDTA BENZz-Cl

(%) (%) (%) (%)
"STMAZ-Ocontrol 0.0 0.0 15 0.1 0.03
'STMAZ-1 25 0.0625 15 0.1 0.03
'STMAZ-2 2.5 0.125 1.5 0.1 0.03
'STMAZ-3 2.5 0.25 1.5 0.1 0.03
'STMAZ-4 25 0.375 15 0.1 0.03
'STMAZ-5 2.5 0.5 1.5 0.1 0.03

"Isotonic test gel formulations were first prepaaad the isotonicity was maintained using sorbitbew

necessary.
ATimolol maleate 3.4 mg/m# Timolol 2.5 mg/ml.

300
180 —1-0%STMAZ-0Control —&—STMAZ-1
— ;('U —A—STMAZ-2 —-STMAZ-3
g =P ——SMTAZ-4 —O—STMAZ-5
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5
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Figure (1): Cumulative amounts of STM@/ml) delivered across fresh excised rabbit's cainéo the receiver
chamber of a modified Franz diffusion system froiMSophthalmic gel formulations designated
STMAZ-Ocontroy STMAZ-1, STMAZ-2,STMAZ-3,STMAZ-4,&STMAZ-5,containg different
concentrations; 0.0, 0.0625, 0.125, 0.375, and @bA&zone (penetration enhancer),respectively
with a fixed concentration (1.5%) of C-974s a mucoadhesive & thickener (n=3).
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Table (2): Composition of the™ set of STM Test Ophthalmic Gel Formulations Catitaj Different
Concentrations of C-9?4as Mucoadhesive & Thickener and a Fixed Conceotrg0.25%of
Azone as Transcorneal Enhancer

STM (mg/ml)
0.25%

lati d Azon€ c-974 EDTA BENZ-CI
Formulation Code (%) (%) (%) (%)
*g',\\"/lg'cl’cm' 0.0 0.25 0.0 01 0.03
*STMC:Z 2.5 0.25 0.5 0.1 0.03
SSTM e 2.5 0.25 1.0 0.1 0.03
A—(STMAZ-3 2.5 0.25 1.5 0.1 0.03
*S_'ﬁ'MC-4 -3) 2.5 0.25 2.0 0.1 0.03
STMOE 2.5 0.25 3.0 0.1 0.03

“Isotonic test gel formulations were first prepaaed the isotonicity was maintained using sorbitoew
necessary.
°lsotonic negative control solution (0.0% C-8%8vas first prepared and the isotonicity was maéieiz using
0.9% saline.
ATimolol maleate 3.4 mg/m# Timolol 2.5 mg/ml.
%It is the lowest concentration of Azone that indittee highesin vitro permeability parameters.
*Composition of formulations designated STMAZ-3 &\BCT-3 are identical (i.e.; One Formulation).

Table (3): Effects of Different Concentrations of Azone ugba Permeability Parameters of STM
Formulations Containing Fixed Concentration 1.5%7@° as Mucoadhesive & Thickener across
Freshly Excised Rabbits Corneal Membrane

<= (e}
E £5 g
FP
58 ETW . 4
n 2 s E 8 =
Formulation Code Azone (%) > o o 3
g S == 0 F
QD (ST - a°
nh 3 c O &
c 25 5
8 < O ~
2 O
"STMAZ-Ocontol 0.000 9.12¢1.12 731 -4.14 1
STMAZ-1 0.0625 43.10:3.68 41.45 -3.38 5.67
"'STMAZ-2 0.125 118.345.37 73.29 -3.20 10.03
"'STMAZ-3 0.250 187.8@4.64 89.93 -3.14 12.30
STMAZ-4 0.375 17953455 88.95 -3.05 12.17

‘STMAZ-5 0.500 172.175.07 86.15 -3.07 11.78
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Table (4): Effects of Different Concentrations of C-§7dpon the Permeability Parameters of STM
Formulations Containing Fixed Concentration (0.25%#Azone as Penetration Enhancer across
Freshly Excised Rabbits Corneal Membrane

= 2% _

=] S - £

s 5 g X

~~ <}

5 E°Z g o

- ) () © =

Formulation Code C(f?/?;t@ EN = as =) g
° 3 o 55 g 3

23 T O —

0n = © =2 —

o = LL

c o o L

; 28 =

=

STMC-Ceoniol 0.0 179.124.49 98.26 -3.01 1.00
o 05  166.18:7.65 87.32 -3.06 0.89
S OTM O 3=(STMAZ- 1.0 168.324.87 88.63 -3.05 0.90
5 = 1.5 187.80:4.64 89.93 3.14 1.00
Y e 20  1231@7.81 73.59 3.13 0.75
‘STMC-5 3.0 105.3%11.09 66.11 -3.18 0.67

100 ~

Vo]
(=]
1
T

80 T+

70 T

y=140.0x+33.87

50 R:=0.651

Apparent Permeability Coefficient (P,); cm. sec Ix 106

0 0.125 0.25 0.375 0.5

Concentration of AzoneTM

Figure (2): Relationship between the concentration of Azones™ @anscorneal permeation enhancer and
thein vitro apparent permeability coefficient of STM ophthalrgel formulations across freshly
excised rabbit's cornea (n=3xSD).
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Figure (3): Cumulative amounts of STMug/ml) delivered across fresh excised rabbit’s carinéo the receiver
chamber of a modified Franz diffusion system frohiMSophthalmic gel formulations designated
STMC-Qontrop STMC-1, STMC-2,STMC-3,STMC-4,&STMC-5,containindfdrent
concentrations; 0.0, 0.5, 1.0, 1.5, 2.0 and 3.0%-9174@(mucoadhesive), respectively with a fixed
concentration (0.25%)of Azone as a penetration medra(n=3).
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Figure (4): Relationship between the concentration of Carlfopsla mucoadhesive and thevitro apparent
permeability coefficient of STM ophthalmic gel foumations across freshly excised rabbit’s
cornea (n=3£SD).
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In vivo |OP M easur ements.

Invivo |OP Lowering Effectsof STM Ophthalmic Gels.

As it has been illustrated the current study wasdacted to examine the interplay between different
concentration of very essential formulation-relatectors; i.e.a) Azone as a corneal penetration enhancer,and
b) C-974 as a mucoadhesive that already have shown theediroadly varied of permeability parameters
(Tables 3 & 4 respectively) upon threvivo IOP in management of glaucoma. The average 10® lbesof the
normotensive rabbit (23+2) was measured and redgpder to administration of each dose. FigureqByws
the AIOP for the scaled up ophthalmic gel formulatiofghe first set; i.e., STMC-3, STMC-4 and STMC-5
along withAIOP for the reference standard (Timoptic-XE®; 0TA8 ophthalmic gel forming solution) applied
topically once/day for four successive days. Thimam AIOP measurements for the tested formulations;
STMC-3, STMC-4, STMC-5 &Timoptic-XB 0.25 TM ophthalmic gel forming solution were #25%5),
(6.5+1.5), (5.8+2.0), and (7.0£2.5) mmHg, respedtiv The assumption that more compact gel network
assembly and/or fusion complex could be formed Wither concentrations of the mucoadhesive, crdsslj
(C-974") could be a reasonable explanation for thesetsesthis assumption may in turn lead to the extdnde
duration of action and possibly reduced STM reldasm and diffusion though such compacted®ferhe
meanAlOP £SD values and the onset of actions have belsie\aed within the time range of 1.5-3.5 hours, in
direct relation with the concentrations of cornganetration enhancer (Azone). The higher of Azone
concentration the shorter of the onset time up.5800 Nonetheless, formulation STMAZ-3 and STMAZ-4
containing 0.25% and 0.375% of Azone has shown eoafye onset, duration of action axiP with these of
formulation STMAZ-5 containing 0.5% and the refarerstandard.

'X r——=smazs
---&--STMAZ-4
-1 4 | =X—=STMAZ-3
—X— Reference Standard
-2
~ 73 1
%n
E
A T -
S+ — >L
L J |
@ - +
a ] e — \|
K- y 4
. S S |
S R froeh

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Time (hr)

Figure (5): The IOP lowering effects expressed as the diffedrom the base line (23+0.2 mmHg) for STM
ophthalmic gels containing different concentratiézone™ as a transcorneal permeation
enhancer compared to that of the reference standard
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Figure (6) shows thdn vivoAIOP measurements for the scaled up ophthalmic flations
designatedSTMC &0 (eye drops), STMC-1, STMC-2, (STMC-3/STMAZ-4), STM: of the 2 set, and the
reference standard (Timoptic-XE®; 0.25 TM ophthalngel forming solution). The maximumIOP
measurements for the formulations of this set wér6+2.0), (7.0£2.5), (8.5+2.5), (5.5+1.8), (4.581Land
(7.0£2.5) mmHg, respectively. The onset of actiange for these formulations was 0.5-4.5 hrs. Sude-
range of the onset of action is likely because seisof formulations encompasses formulations toatain
wide-variety of C-97%4 mucoadhesive (0-3.0%). Formulations with loweraznirations of C-974exhibited
shorter onset of action than those containing higloecentration.The duration of action was foundéoa
function of the mucoadhesive concentration. Ireotlerms, the higher the concentration of CfHe longer
the duration of action. Furthermore, the obtainé@P results proves that concentrations of CZ9greater
than (1.5%) significantly (p>0.05) extended theatimn of action, but reduced the efficacy with geldthe
onset of action. Taking into account, the role o added penetration enhancer (0.25%) in increasiag
bioefficacy, presence of C-974s mucoadhesive is naturally functioning to inseethe contact period with
ocular absorbing surfaces; i.e., providing moreetifor the drug to be delivered, which in turn wilkrther
increase the duration aiOP. Evidently, then vitro release and thie vivo pharmacodynamics for both sets of
STM ophthalmic gel formulations is largely depemng®n the combined effect of two of the vital addis to
an ocular drug delivery system; i.e., mucoadhesitieiskener and enhancers, because of their en@mou
positive/competitive and in some cases could besitime impacts for different extents to the phacotherapy
as well as to the overall outcomes in developing@nar drug delivery system.

0 —{— STMC-Ocontrol =-0=STMC-1
—O— STMC-2 - B STMC-3
=== STMC-4 —=—Reference Standard

Delta IOP (mmHg)

-10

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Time (hr)

Figure (6): The IOP lowering effects expressed as the difierdrom the base line (23+0.2 mmHg) for STM
ophthalmic gels containing different concentraiéiC-974’ as a mucoadhesive compared to that
of the reference standard.
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Figure (7): Prolonged duration of action of STMC-2, STMC-3/STEIA, and STMC-4.gel formulations

Extended I n vivo | OP lowering effects of scaled up STM-gel formulations

The IOP for each animal has been recorded at thit ofneach day throughout the previoirs vivo
experiments.Formulations STMC-2, (STMC-3/STMAZ-&nd STMC-4 have showed very promising IOP
lowering efficaciesparticularly noteworthy treatment with these foratidns, the IOP base-line didn't re-
establish after 24 hoursTherefore, the goal of this study was to exantime hypothesis that the ocular
administration of these formulations would be afiger duration of action than those of the restested
formulations. Obviously, Figure (7) shows that fotations designated STMC-2, (STMC-3/STMAZ-4), and
STMC-4have, have shown significantly comparableepoy but significantly longer duration of action
therapeutic IOP lowering effects than that of teerence standard (Timoptic-XE®; 0.25 TM ophthalmet
forming solution. In figure (7) thim vivaAlOP lowering effects that have been recorded #fieffirst 3 & 24-
hr, then each 8-hours till the @r, and finally every 4-hour until the IOP re-ésishing the base line (23 +2)
to determine the duration of actions of the eacddt fermulation. The average durations of action for
formulations STMC-2, (STMC-3/STMAZ-4), and STMC-4wm 3612, 44+3 and 48x4, respectively. In other
words, thein vivo IOP-lowering effects of these formulations wer@ragimately 3-4-time longer and in some
cases higher than that of the regular TM eye drapd,1.5-2-fold longer and with some formulatio83 ¥C-
3/STMAZ-4) higher than that of the reference stadd@imoptic-XE®; 0.25 TM ophthalmic gel forming
solution)The IOP lowering effects for the test ophthalmid figmulations remained eventually unchanged
during the duration of actions.This relatively higteady level of the IOP lowering effects and magias
could be partially explained by the relatively dgnature of the channels of C-§74el micro-matrix
characterized by a very high macro-viscosity amores of water-thin micro-viscosities. The preseatthese
channels could help increasing the initial relede as well as thim vivo IOP lowering effects of STM-C-
974° containing gefS™>**% Moreover, the complex net outcomes of the intsrjletween the variables in tested
ophthalmic gel formulations; i.e., enhancementdict(EF), Azone (enhancer), C-§74mucoadhesive and
thickener) andAIOP measurements should be taken into accountubecthein vitro release experiments
usually designed to maintain the drug formulationmmanent direct contact with corneal epithelitagelr
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throughout its entire pre-designed experimentaktioourse.However, this is not the case in ithevivo
experiment or in management of patient with glaueowmhere the ocular therapeutic efficacy of an iegpl
dose affected (negatively or positively) by suchiatdes in addition to the physiological, physiceaotical
properties of the drug and the formulations velicRegardless of all kinds of co-/lack of--relatiand its
extent between variables scrutinized in this stullg, results unambiguously revealed that, for acdtag
delivery system, the correlation betwanrvitro release data and tle vivo efficacy is evidently complex and
controlled by massive number of disputed, overldppembined, integrated, competitive and in sonmsesa
contradictive factors that should be taken into calculus prior to developing an ocular drug delveystem,

as well as, extrapolating or generalizing thevitro studies outcomes to the clinical situati§i$®: The
likelihood of ocular irritation due to administrati of the test gel formulation or one of its ingesds was
assessed in New Zealand albino rabbits. Upon itispecno signs of ophthalmic irritation (i.e., teway,
redness, inflammation, and/or swelling) have bemwonded after with used test gel formulation or ahyts
constituents at the used concentration during ithe tourse of the experiments. These results argreazit
importance and in further substantiate the previingings of XU et al®? where they have pointed out no
clinical and histopathological evidence of oculaxitity occurred in all Azone-treated and contrgeg The
concentration of Azone used in their report wasau.9% (i.e., 4-times higher than that at whioh thaximum

in vitro transcorneal permeation as well as the highegtarid vivo efficacieshave been achievedin the current
study) Therefore, Azone can be used as a unique oculargation enhancer in ophthalmic delivery systems to
increase therapeutic effic&éy”

In conclusion, than vitro corneal drug transport, onset of action, prologdi®P lowering effect,
increasing the magnitude and/or intensity of theutip efficacy and the overall success in developnoé
ocular delivery systems essentially depend uponn#iteoutcomes of the interplay betweéjthe sustained
residence time of STM in conjunctival sac causedHeymucoadhesive/crosslinker (C-8Y£) the enhanced
drug transport induced by the penetration enhai8eone), and3) the bargain diffusivity of the drug
throughout the vehicles of gel formulations resgtirom the increased viscosity caused by the émek 4)
The rheological and physicochemical characteristicshe formulation and drug, and/or ¥ the inherent
unique physiological and anatomical constraintthefeye. It is clear from the foregoing complexcdssions
that extra efforts should continue to be devotedatd improving delivery of drugs into the differemtular
layers/tissues.
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