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Summary 

By virtue of the biocompatibility of their constituent phospholipids and of their 
ability to influence cell membrane permeability, liposomes are an attractive system 
for topical ocular drug delivery. The objective of this study was to Avestigate 
whether the ocular disposition of epinephrine and inulin in the albino rabbit was 
similarly affected following their encapsulation in multilamellar liposomes. Drug 
concentrations in tears, conjunctiva, cornea. iris plus ciliary body and aqueous 
humor were monitored at 30 min post-instillation of various preparations of each 
drug using radiotracer techniques. Liposomal drug entrapment was found to have 
opposite effects on the cornea1 and conjunctival absorption of epinephrine and 
inulin, epinephrine absorption was reduced by 50% whereas inulin absorption was 
increased 10 times. Quite unexpectedly, although inulin was detected in the uveal 
tract. none of it was detected in the aqueous humor when presented in liposomal 
form. These preliminary data suggest that whiie the cornea1 and conjunctival 
absorption of a drug can be modified by its entrapment in liposomes, its disposition 
in the intraocular tissues is unlikely to be controlled entirely by liposomes, since few, 
if any, of the liposomes that may be absorbed are expected to maintain their 
integrity while permeating the cornea. 

Introduction 

The eye possesses a number of rather efficient barriers which protect it from the 
influence of drugs. The cornea skillfully limits the access of most drugs found in the 
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(ear pool. polar water-soluble drugs in particular. to the internal eye. But its ahilit! 

to do so can be compromised by increasing the lipophiliclty of the compc~~ld 

through prodrug derivatization. as is the case ivith epinephrine (Wci et al.. 19%). 

While this prodrug approach shows premise in promoting uptake of hv I~I~~xu~~~I 

weight compounds by the cornea, it may not be as successful with higher mo~ecuk~r 

weight substances such as substance P antagonists, epidermal growth factor and 

interferon. In this instance, liposomes may be an alternative mode for deli~~erinp 

these potential therapeutic agents. 

Liposomes are membrane-like vesicles consisting of one or more concentric lipid 

bilayers alternating with aqueous compartments (Kimelberg and Mayhe~v. 1973). 

They have been investigated for their ability to enhance the bioavailahilitv of drugs 

from the oral (Pate1 and Ryman, 1977). intramuscular (Arakawa et al.. 1975). and. 

more recently. the dermal (Mezei and Gulasekharam. 1980) and ocular (Snlolin CI 

al.. 1981: Schaeffer and Krohn. 1982) routes of administration. Their p,jtcntial in 

topical ocular drug delivery has been brought to the forefront of medical attt‘nt~cw 

by two recent studies. Smoiin et al. (1981) reported that in the trt’iitmcnt of ilClltc 

and chronic herpetic keratitis in albino rabbits. idoxuridine entrapped in lipc~s~~me.\ 

was more effective than a comparable therapeutic regimen of unrntrapped idosuri- 

dine. Schaeffer et ai. (1982) reported that the transcclrno.ll flux of penicillin-G ;LII~ 

indoxole doubled when these drugs were presented to the corneal surfaces in 

liposomat form. These promising results notwithsrllnding. it is necessary ta assess the 

potentia) as well as limitations of liposomes in OClllil~ drug delivery by dcfininy ttrc 

conditions under which lip&ines \vould e~~hanw ocular drug :ths~~rptil~n and h\ 

elucidating the mechanisms by which liposumes interact \\ith the t\~n m;tjor ahscjrp- 

1ii.c surfaces of the eye-ccclrnca and colijunctiva. 
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iiposames. These controls v~ere net-c>sary to evaluate whether complete or partial 

obstruction of the drainage apparatus by iiposomes, or alteration of the epitheiial 

surfaces of the cornea and conjunctiva by iiposomes. was responsible for alteration 
in drug concentration as a result of iiposomai entrapment of the drug. The second 

control (free drug mixed with empty iiposomes) served an additional purpose of 
ensuring that enhancement in drug uptake by iiposomes was not due solely to drug 
adsorbed on the exterior surfaces of iiposomes. Likewise, the third control was 
designed to determine if the effect that iiposomes might have on the cornea] surfaces 
was time-dependent thereby altering drug uptake. The data of the present study 
suggested that neither of these mechanisms was responsible for the alteration in 
ocular uptake of iiposome-entrapped epinephrine and inuiin. However. the influence 
of charge and size of iiposomes on the disposition of epinephrine and inuiin. as 
reported for penicillin-G (Schacffer and Krohn. 1982). was not evaluated in the 

prwnt study. 

Type VE t-a-phosphatidyichoiine. cholesterol and epinephrine-HCI were ob- 
tained from Sigma Chemicals (St. Louis. MO). lnuiin was obtained from Pfaitz and 
Bauer. (Stamford. CT). [ “‘C]Choiesteroi. spec. act. 59.4 mCi - mmol- ‘: [‘H]epi- 
nephrine-HCI. spec. act. i 3.5 Ci - mmci ‘: [ ‘Hlinuiin. spec. act. 225.2 mCi . g ‘. 
were obtained from New England Nuclear (Boston. MA). Except for [3H]epineph- 
rine-HCI. ail compounds were used as receiv.ed. 

A 0.55 epinrphrine-HCI solution was prepared fresh in 0.01 N acetate buffer at 
pH 4 containing O., 7% NaHSO,. hereafter to be I& ‘erred to as acetate buffer, which 

\vi\s fc)und IO prevent oxidation of epinephrinc-t-ICI over the time course of the 
cxperimrnt. To this solution was added [ ‘Hlepinephrine-HCI, prepurified by vacuum 
e\‘;tpnrattcjn to remove the tritiated solvent in which the radioactive epinephrine was 

deprived (C’hr,ti and Robinson, 1973). such that each milliliter of the final solution 
CiWtiIinCri 0.25 mC’i Of r;tdi~wcliW material. 

In thw chpcrinwnts in\vivinp the concurrent administration of free drug and 

empty iipcbsonies. a 1.25% solution of epinephrine-HCI was prepared. The solution 

was mixed with a iiposomal preparation containing [ “C]choiesteroi. prepared as 
outlined in a subsequent section, in a ratio of 2 : 3 prior to topical instillation onto 
ra hbi t eyes. 
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inulin solutions 

A 0.5% solution containing both non-radioactive and tritiated inulin was prepared 
fresh in acetate buffer, such that each milliliter of the final solution contained 0.25 
mCi of [“Hlinulin. The tritiated inulin was supplied as a powder. and as such was 
not purified. The molecular weight distribution of inulin (5000-5500) was verified 
by the supplier (New England Nuclear, Boston, MA) using gel permeation chro- 
matography on Sephadex LH-20 with 0.3% NaCl solution as the mobile phase. In 
addition, there was no evidence of tritium exchange over the duration of elution. 
Mixtures containing inulin and empty liposomes were prepared as for epinephrine- 
HCI. 

Liposomal suspemions 
Liposomes were prepared usin g a modified sonication method (Kimelberg and 

Mayhew. 1978). L-a-Phosphatidylcholine (7.50 mg). cholesterol ( 1.1 1 mg) and 
[ ‘“C]cholesterol (1.5675 p.Ci) were dissolved in 500 ~1 of chloroform contained in a 
5 ml round-bottomed flask, and the solution was evaporated to form a thin film on 
the walls of the flask using a flash evaporator (Buchler Instruments. Fort Lee. NJ). A 
5%’ solution of epinephrine-HCI or inulin in acetate buffer, 750 pt. was added to the 
round-bottomed flask together with 20 solid glass beads (3 mm in diameter). This 
step was followed by dispersing the thin film of phosphatidylcholine and cholesterol 
into the aqueous solution b;< vortesing at low speed for 10 min. The suspension that 
resulted was quantitatively transferred to another 5 ml round-bottomed flask. al- 
lowed to equilibrate ai room temperature for 1 h. and subjected to sonication for 5 
min. under nitrogen, in a Bransonic 52 sonicating bath (Branson Instruments. 
Shelton. CT) partially filled with an ice-water mixture. These conditions tend to 
favor multilamellar liposomes. The crude liposomal prep;rration \vas immediat& 
transferred to a polyallomer centrifuge tube (Curtin Mathesan Scientific, Fount;~in 
Valley. CA). After equilibration at room temperature for 30 min the preparation \vas 
centrifuged at 15.000 rpm for I5 min in a Sorvall RC2-B centrifuge (DuPont 
instruments. Neivton. CT). The supernate. which contained unentrappcd drug.was 
decanted and saved for counting for radioactivity. The pellet was rcsuspcndcd. with 

vortexing. in 1 ml of acetate buffer followed bv centrifugation to remo\‘r addition:rl 
unentrapped material. This resuspension--centrifugatic,n procedure \vas repeated fol 
iI total of 3 times. with the supernate saved at the end of each cbcle for c*ounring for 
radioactivity. The final pellet bras resuspended, with vortexing. in 550 /LI of acctatt‘ 

buffer to yield a liposomal preparation which then was instilled to the rabbit eye. 
Each milliliter of rhis preparation contained 0.25 mCi of tritiuted epin~~‘tlriI~~-HC‘l 
or inulin. Control. empty IipOSOIlliLl prepnraticm \c’t‘rc UlSCl inade acc\ording to the 
procedure just outlined. 

In preliminary experiments the gel fillration procedure (Huang. 1969) commonly 
used to separate unentrapped drug from liposomes was found to be unsatisfact~>ry. 
Consequently, the resuspension-cerltrifugatioll procedure was employed. It ~vas 
found that repeating this procedure beyond 3 times did not significantly increase the 
removal of unentrapped material. as judged by constancy in radioactive ccunts in 
t tie supermites. Mass balance of total radiOactivity \v;ls achie\~ed, and from the 
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counts due to tritiated drug. the apparetu entrapment efficiency was calculated to be 
5.48 :k 2.62 in = 6) for epinephrine-HCI and 2.93 + 0.44 (n = 9) for inulin. These 

values were within the typical range of entrapment efficiency reported for IGW 
molecular weight compounds (Fendler and Romero. 1976; Forssen and Tokes. 1979; 

Schaeffer and Krohn, 1982). 

1.?) Drug conc’etmrtiott in tcwrs. conjunctica. corneu, uqurous iwtmr uttd iris-ciiiog* 

hot!,* al 30 mitt post-itisriikrfiot~ of prepurutions cotitcrining epinephrine-HCI or inuliti 

Male. albino rabbits (ABC Rabbitry. Pomona, CA), weighing 2.3-2.6 kg, were 
1. -ed throughout the study. During the experiments, all rabbits were kept in 
restraining boxes in a normal upright posture. Both eyes of the rabbits were used. 
Twenty-five microliters of a dosing preparation containing either epinephrine-HCI 
or inulin were instilled directly onto the cornea of the rabbit, collecting in the 
cul-de-sac. During instillation. the upper lid was slightly raised and the lower lid was 
pulled slightly away from the globe. The lids were immediately returned to their 
normal position after instillation. During one of the experiments. the rabbit eye was 

predosed with 25 ~1 of empty liposomal suspension 15 min prior to instillation of 
solutions of either epinephrine-HCI or inulin. 

Approximately 5 s prior to sacrificing the rabbit, I ~1 of tears was collected using 

il disposable glass capillary pipet (Curtin Matheson Scientific, Fountain Valley. CA). 
Pipets containing tear samples were transferred to vials (BioVials. Beckman. Irvine. 
CA) containing 4 ml of prerefrigerated scintillation cocktail (Aquasol-2. New Eng- 

land Nuclear. Boston. MA). and counted in a liquid scintillation spectrometer 
(Beckman Model 7500, Irvine. CA) after 24 h of storage in the dark. The presence of 
glass capillaries in the scintillation cocktail was found not to alter the counting 
efficient) or affect the results in a significant way. 

At 30 min post-dosing. the rabbit was sacrificed by marginal ear vein injection of 
a 309 sodium phenobarbital solution. Its conjunctival and cornea1 surfaces were 
thoroughly rinsed with normal saline and blotted dry to remove residual radioactiv- 
ity. Between I50 and 200 ~1 of aqueous humor were aspirated using a 27-gauge X 0.5 
in. needle attached to a 1 ml tuberculin syringe. and the conjunctiva, cornea, iris plus 
ciliary hody ’ were removed sequentially using a surgical scalpel. 

The ;~qucous hb.rmor samples were transferred to vials (BioVials. Beckman, Irvine. 

CA) containing 4 ml of prerefrigerated scintillation cocktail (Aquasol-2, New Eng- 
land Nuclear. Boston, MA), Each of tht: tissue samples was digested at 55°C for IX h 
in I.5 ml of a tissue solubilizer (Proto,ol. New England Nuclear, Boston, MA) 
contained in a glass scintillation vial (Curtin Matheson Scientific, Fountain Valley. 
CA) follo\vcd by decolorization in 100 ~1 of hydrogen peroxide and addition of IO 
ml of scintillation cocktail (Econofluor, New England Nuclear, Boston, MA). All 
samples \vere stored in the dark for 24 h prior to counting irz the liquid scintillation 
spectrometer (Beckman Model 7500, Irvine. CA). After correcting for background 

’ The iris and cilinry body were rernnved as one structure ant-J herertfter wil! be referred to ;IS iris-ciliary 

body 
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and quenching, the data in counts per minute (cpm) due to tritiated epinephrine-HCI 
or inulin were convertd to pg of drug per g of tissue or per ml of fluid through the 
use of standards, and normalized to amount of drug ins&led. The counts due to [ 14C 
Icholesterol were not converted to pg of cholesterol, however. 

Throughout the study the surgical procedures were performed and completed 
within 5 min of sacrificing the rabbit so that errors due to redistribution of drug 
during the time required to obtain ocular tissue samples were minimized. 

Results 

Fig. 1 shows the concentration of epinephrine and inulin achievcld in tears. 
conjunctiva, cornea, iris-ciliary body and aqueous humor at 30 min following 
instillation of various preparations of these compounds. Regardless of the prepara- 
tion instilled. the concentration of epinephrine and inulin is the highest in tears, 
followed by the conjunctiva, cornea. iris-ciliary body and aqueous humor in that 
order. IIowever, liposomal entrapment has the opposite effect of increasing the 
concei.tration of inulin in the conjunctiva, cornea and iris-ciliary body by 5-&fold 
while decreasing that of epinephrine by 50%. indicating that liposomal entrapment 
of a drug may not necessarily yield the desired result of enhancing its absorption 
into the eye. in addition, Fig. 1 shows the vehicle effect liposomes can exert on the 
rank order of absorption efficiency of topically applied ophthalmic drugs. Consistent 
vvith the magnitude of their molecular weights, the lower molecular weight epineph- 
rine is absorbed from an aqueous solution into the eye to a larger extent than the 
higher molecular weight inulin. Indeed. it is surprising to find that inulin can 

overcome the cornea1 barrier at all to gain entry to the internal eye despite its 
molecular size. However, this finding is consistent with that of Keller et al. (1980) 
who used [“Cl-labeled inulin in their study. It is equally surprising to find that the 
rank order just listed is reversed when both compounds are presented in liposomal 
form. Now more inulin than epinephrine is detected in the ocular tissues sampled. 
except for aqueous humor. A possible explanation for this finding is presented in the 

Discussion section. 

The manner by which liposomes alter the behavior ou” topically applied drugs in 
the eye cannot yet be predicted with certainty. Nevertheless, it is expected to be 

Fig. I. Concentrations of epinephrine and inulin in (A) tears, (B) conjunctiva, (C) cornea. (D) iris-ciliary 

body. and (E) q~wux humor at 30 min following instillation of various preparations containing 

epinephrine or inulin. All concentrations were normalized to an instilled concentration of 0.59,. An 
average of 16 eyes was used for each preparation. Error bars. where shown, represent standard error of 

the mean. Key: 1 = free drug solution: 2 = mixture of free drug plus *empty liposomes: 3 = free drug 

solution instilled I5 min after dosing with empty liposomes; 4 = liposome-entrapped drug. 



influenced by 3 factors: affinity of the drug for the liposomes, alteration oI 

membrane permeability by the phospholipids in liposomes, and structural integrity 

of the liposomes in tears, about the absorptive surfaces, and during and after transit 

across the cornea. 
If a drug shows little affinity for the liposome. 1~ or if the liposomes lose their 

integrity in the tear pool as a result of interaction with tear proteins (Tall et al.. 

I%%), liposomal entrapment of this drug would not be expected to improve its 
absorption characteristics when compared to its aqueous solution. From Fig. 1 it can 

be deduced that epinephrine effluxed readily from liposomes whereas inrrlin did not. 
an observation which was consistent with the fact that the efflux rate of compounds 
from liposomes can be affected by their water solubility characteristics (Juliano and 
Stamp. 197X). This was subsequently confirmed in experiments which evaluated the 
release of epinephrine and inulin from liposomes exposed to tear proteins (unpuh- 
lished data). Consequently. the uptake of epinephrine by the ocular tissues/fluids 
sampled was not improved upon its encapsulation in liposomes. III fact. the 

concentration of epinephrine attained in the te;u pool. the absorption site. wm 

statistically the same (P -c 0.05 by an F-test) whether epinephrine was entrapped in 
liposomes. Moreover, the rapid efflux of epinephrine from liposomes into the tear 
pool indirectly allowed its ,&adrenergic action on the lacrimal gland (Diaz et al.. 
19X0) to manifest. leading to an increase in tear production thus accelerating the 
r~:mova~ of liposomes and drug alike from the tear chamber. It is for this reason that 
the radioactivity due to [ ‘“Clcholesterol. our marker for liposomes. ~vas 5- 10 times 
lower in experiments involving epinephrine than in experiments involving inulin or 

no drug. i.e. empty liposomes (data not shown). 

Since most of the inulin remained in association \\ith liposumes. its clearance 

from the tear chamber would be controlled by that of lipnwmes. Fig 1 A shows that 

when presented in liposomal form the. concentration of inulin in tears LV;IS 10 times 

higher when compared to its aqueous solution suggesting that lipnson~e-e~~ci~ps~l~~~ted 

inulin disappeared at a slower rate ram t hc war pool. L-1 nfortunatrl~. the precise 

mechanism by which this prolonged retention of inulin in the tear pool \vas effected 

ih unknown. However, it is unlikely to arise from physical blockage crf the dr,iinuge 
rrpparatus by liposomes. in the light of the finding that neither the ins:illation of ;I 
mixture of free drug and empty liposomeh nor prednsing the rabbit e\c‘ \\,ith empt> 

lipcwvnes prior to solution instillation significant1y illCrCilSCr1 the c~wccl~tr:lticw 0f 

illulin (or epinephrine) in tears (Fig. 1A). Noncthcless. this elevated clrnccntration of 
inulin in the tear pool tlli3~. in part. pr<WlOtC the uptake ~jf inulin t5> the C~~~IlCil and 

cc~lIJLJnctiva obscrvcd in the present study. 

Another iiposome-related factor that may lead t<j a higher c‘cwcentr;ltion of inulin 

in the cornea and co~l_~uncti~‘a is a~tcratiwi of memhr;tnt’ pc‘rm~;tbilit\, b! lipc\sc,mcs. 
Ac~~w_ling to pre\.ailing theories (Kimelbcrp and ILiayhc\\,. 107s) this can bc iicc(bIll- 

. . 

plishcd through ci ther adsorption of liposomes to ccl I surf;iccs. endc,cyt~~~i~ of 

lipoxomes by CXI~S. or fusion of liposome bilayer Lvith plastna membrane. Ho\ve\,cr, it 

is not known which one of these possibilities applies to the absorption of lipclsomc- 
encapsulated inulin. This is currently being investigated in our Ii\oclratorv. For the 
time being. while [ lJC]cholesterol MU detected in the conjuncti\.a. cornea ;111d 



iris-ciiiary body foiiow~ng topical instillation of iiposomes. this cannot be construed 
as evidence for endocytosis or fusion. because cholesterol, like other phospholipid 
constituents, readily exchanges with its counterpart in cell membranes upon contact 
with the respective ceil (Poznanskp and Lange. 1978). On the basis of our present 
findings. a plausible explanation for the increased uptake of’ inuIin by the cornea 
and conjunctiva is physical adsorption of iiposomes onto conjunctival and cornea1 
surfaces followed by partitioning of the entrapped drug into the milieu surrounding 
the iiposomes with the simultaneous establishment of a high local concentration of 
inuiin about the absorptive surfaces. This possibility was also invoked by Schaeffer 
and Krohn (1982) to account for the enhancement in cornea1 absorption of penicil- 
lin-G and indoxole by liposomes. 

According to this mechanism. the eventual improvement in drug uptake by ocular 
tissus would depend largely on the relative affinity of the drug for the tiposomes. the 
tear fluid and extraocutar tissues like the cornea and conjunct&. Thus. if a drug 
readily partitions out of the iiposome into the tear fluid, which seems to be the case 
for epinephrine. there may not be any improvement in its upta.ke by iiposomes. In 
this case. the extent of uptake kvould he comparable to that achieved from an 
aqueous soiution of the drug at best, Interestingly, the concentr~~tion of epinephrine 
in the ocular tissues (fluids) assayed following liposomal entrapment were actually 
lower than that achieved from aqueous soIutions of the drug (Fig. 1). This suggests 
that the phospholipids in the liposomes may have partially restored the structural 
integrity and therefore barrier properties of the cornea1 and conjunctival epithelia. 
ivhich were breached as a result of their exposure to the acidic solution instilled 
(pH = 4) (Keller et al., 1980). This speculation is supported by the parallel findings 
that the concentration of epinephrine achieved in the conjunctiva, cornea, iris-ciliary 
body and ayueous humor was also reduced when administered either in combination 
with empty liposotnes or 15 min f~~llowii~g instillation of empty liposomes (Fig. 1). 

In the case of inulin. this possiblu negative effect of phospholipids on the 

permeability properties of the cornea and conjunctiva was more than offset by the 
high local concentration of inuiin attained near the absorptive surfaces. as proposed 
earlier. As is the cnse with penicillin-G (Schaeffer and Cohn. 1982), liposomal 
elltri~ptl~ent of inuiin is requisite to the 5-8-fold en~lancem~nt in permeaticm, which 
\vas not observed when inulin was administered in conjunction with empty lipo- 
sontcs (Fig, 1). oddly enough. no inulin was detected in the aqueous humor when 
prcsentcd in lip(jsonlal form. despite its higher concentration in the cornea and 
iris-ciliary body. the latter tissue deriving their inulin from the aqueous humor. 
There is nt) f(~rtilconiil~g expi~~~li~ti{~tl for this finding at this time. 

In su~llnli~r~. given these preliminary data. it tvould be premature to prognosticate 
the tl~eri~peutic usefulness of tiposames in topical ocular drug delivery. There is 
circumSti~ntii~] cvidwce, however, th:lt through its influence on the local conc~iltra- 

tion of drug established at the absorbing surface, the affinity of a drug for the 
tiposome is a sig~lifica~~t factor in detern:ining whether iiposomai entrapment ~~x,dd 
ttnIliincc its cornea1 absorption. Work is in progress to investigate the role of 
molecular size and tipophilic characteristics of drugs in affecting their kinetics of 
disposition in the tear film and intraocular tissues following iiposomal entrapment, 
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and to elucidate the interaction of liposomes with the component layers of the 
cornea. 
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