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ABSTRACT 

rabbits using drug-loaded Soflenp contact lenses as drug 
delivery systems demonstrated a marked enhancement in the miotic 
activity of the drugs relative to their administration as 
eyedrops. The use of the Soflens@ systems virtually eliminated 
side effects of the drugs attributable to their systemic absorp- 
tion. The lens system effects an efficient transfer of drug to 
the cornea within 15 minutes after which time it can be removed 
from the eye without loss of pharmacological activity. 

The administration of aqueous solutions of ophthalmic 
drugs as eye drops is still the conventional method of dosing. 
Drug solutions, however, are rapidly washed out of the eye by 
tears: thexefore. relatively concentrated solutions are required 
to produce an adequate level of therapeutic effect. The higher 
the concentration, however, the more likely it is that a 
sufficient amount of drug will be lost through lacrimal-nasal 
drainage passages and subsequent absorption to produce undesire- 
able systemic side effects (1); also, frequent dosing is required 
with eye drops to maintain therapy. A variety of substances have 
been added to opthalrnic drug solutions to mitigate these problems 
and to increase the efficiency of this mode of administration ( 2 ) .  

The results of administering three antiglaucoma drugs to 
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&8? SMOLEN ET a. 

?%is rqrrt p resen t s  r e s u l t s  from an i n v e s t i g a t i o n  i n  which 
a commercially a v a i l a b l e  h y d r o p h i l i c  con tac t  l ens ,  t h e  Bausch and 
icmb Sof lens ,  was used a s  an ophthalmic deliver-(  system for t h e  
antiglaucoma drugs: p i loca rp ine ,  carbachol,  and echoth iophate  
!phasphclini@ iodide.  
v i th  these  drugs using drug loaded con tac t  l enses  markedly 
increases  the  drug induced peak mio t i c  response i n t e n s i t y ,  t h e  
du ra t l cn  of rniosis, and t h e  a reas  under t h e  temporal mio t i c  response 
curves fo r  a l l  t h r e e  drugs: t h e  enhancement is g r e a t e s t  for echo- 
th iophate  iodide and l e a s t  for p i loca rp ine .  

n e  r e s u l t s  i n d i c a t e  t h a t  dosing r a b b i t s  

Ma te r i a l s  and Methods 

Mater ia l s  - Carbachol powder was suppl ied  by Alcon Labora tor ies  
and echothiophate iod ide  drug k i t s  w e r e  suppl ied  by Ayerst  
Laboratories.  P i loca rp ine  hydrochlor ide  powder w a s  purchased from 
Mallinckrodt Chemical Company: p i loca rp ine  ophthalmic s o l u t i o n  
( 2 %  Isoptocarpine,  Alcon Labs. Inc.)  was purchased l o c a l l y .  A l l  

o the r  chemicals w e r e  reagent  grade. D i s t i l l e d  water  was used i n  
the  prepara t ion  of t h e  carbachol and p i loca rp ine  so lu t ions .  
Thin and th i ck  Sof lens  con tac t  l enses  w e r e  furn ished  by t h e  Bausch 
and Lomb Company. The l e n s  diameter w a s  approximately 13 m i l l i -  
meters and the  average hydrated weights of t h e  t h i n  and th i ck  
l enses  w e r e  31 2 1 mg and 46 2 1 m g ,  r e spec t ive ly .  
measurements w e r e  made wi th  a whitaker Model 800 pupilometer. An 

American Opt ica l  Company Tonunat a p p l i c a t o r  (Pig.  1) w a s  employed 
t o  apply the  drug-loaded l enses  t o  t h e  r a b b i t  eyes: t h e  lenses 
w e r e  removed wi th  an o p t i c i a n ' s  l e n s  removal s u c t i o n  cup device.  
Male, New Zealand white r a b b i t s .  3-4 monthsold and weighing 3-4 

kilograms, were purchased from t h e  Nicely Farms, Greenf ie ld ,  Indiana. 
Teflon-coated magnetic s t i r r i n g  b a r s  w e r e  used t o  s t i r  the drug 
so lu t ions  dur ing  drug-loading of t h e  lenses .  A Cary Model 17 
spectrophotometer and 2 cm pa th  length  t e f l o n  s toppered ,quar tz  cells 
were used t o  assay  f o r  ma te r i a l  leach& from t h e  con tac t  lenses .  

Pup i l  diameter 

PreDaration of Druq Solu t ions  - 0.10% (W/V) carbachol and 1.0% 
p i loca rp ine  s o l u t i o n s  w e r e  prepared f r e s h  by d i s s o l v i n g  carbachol  
or p i loca rp ine  hydrochlor ide  powder i n  d i s t i l l e d  water.  NaCl w a s  
added t o  produce a f i n a l  0 .3  isoosmolar s o l u t i o n  which was d i l u t e d  
t o  vclume wi th  d i s t i l l e d  water. The commercial ophthalmic p i l o -  
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SOKEHSQ mm LENS 

-1 (27 
/ Etldplate / \  Cornea 

Applicator 
Fig. 1. Appl ica tor  f o r  p lac ing  drug loaded Sof lens  con tac t  

l enses  onto  the  corneas of r a b b i t  eyes. 

carp ine  so lu t ions  were used a s  is; ophthalmic echothiophate iod ide  
so lu t ions  w e r e  prepared f r e s h  by d i s so lv ing  echothiophate iod ide  
powder from the drug k i t  i n  the r e c o n s t i t u t i n g  liquid as d i r e c t e d  
i n  t h e  package i n s e r t  suppl ied  wi th  t h e  product. 

p repa ra t ion  of t h e  Lenses - Each Sof lens  was r in sed  and leached 
f o r  f i v e  days i n  dis t i l led w a t e r .  The w a t e r  w a s  changed every day 
and analyzed spec t rophotometr ica l ly  to  determine how much leaching 
was requi red  to ranove extraneous ma te r i a l s  from t h e  lenses .  

D N a  Loadina of Lens - A Sof lens  w a s  hnersed i n  7 .0  m l  of drug 
soaking so lu t ion  contained i n  a stoppered v i a l .  The l ens  and 
soaking s o l u t i o n  w e r e  stirred a t  room temperature, 23 
with  precaut ions  k i n g  taken t o  avoid f r i c t i o n a l  hea t ing  of t h e  
so lu t ions  dur ing  the s t i r r i n g  by e leva t ing  the v i a l  on a pla t form 
above t h e  stirrer so t h a t  an i n s u l a t i n g  a i r  space w a s  in te rposed  
between t h e  v i a l  and stirrer. Soaking times were as follows: 
p i loca rp ine ,  24 hours: carbachol,  1 hour: and phompholine iodide,  
1 hour. n i c k  l enses  w e r e  used f o r  p i loca rp ine  and t h i n  l enses  f o r  
carbachol and phospholine iodide. 

2 lo c, 

Rabbit Prepara t ion  and Lens ADDlication - To minimize i n t e r s u b j e c t  
va r i a t ions ,  rabbits w e r e  screened for: (1) pup i l a ry  response t o  
drug; ( 2 )  c l a r i t y  of d e f i n i t i o n  of t h e  pupi l :  ( 3 )  genera l  behavior 
and degree o f  cooperation t o  app l i ca t ion  of a lens .  Se lec ted  
r a b b i t s  -re preconditioned t o  wearing a l ens  i n  t h e  t e s t i n g  
environment before  their f i r s t  lens-doaing experiment. Rabbits 
w e r e  f a s t ed  overn ight  p r i o r  t o  each experiment and f o r  t h e  dura t ion  
of t h e  o x p e r h a n t .  A t  t h e  beginning of each experiment a r a b b i t  
was removed from h i s  cage, placed i n  a r e s t r a i n e r ,  weighed, and 
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482 SMOLEN ET At. 

moved to the testing laboratory: it was necessary to immobilize 
the heads of the rabbits in order that their right eye would remain 
in proper alignment with the pupilometer TV camera and infra-red 
illuminator (Fig. 2). After a rabbit had been acclimated for 30 
minutes in the quiet, darkened testing environment, 30 - 60 minutes 
of predrug pupilary measurements were obtained. A drug loaded 
lens was removed from the soaking solution, shaken carefully to 
remove clinging drops of the soaking solution, placed on the right 
eye of the rabbit, and positioned over the cornea. Carbachol and 
echothiophate iodide loaded lenses were removed after 15 minutes: 
pilocarpine loaded lenses were left on the cornea for the entire 
experiment (5-6 hours). Rabbits were allowed a recovery period 
o f  approximately one week between experiments. At the conclusion 
of each experiment the rabbit eye was examined visually and checked 
with freshly prepared fluorescein stain solution to determine 
whether the1ens.s had abraded the cornea. The eye was also examined 
the next day. 

-.We DrOD Dosinq - Following the rabbit acclimation period and pre- 
drug pupilary measurements, 0.01 ml of drug solution was instilled 
into the conjunctival sac of the right eye of the rabbit and the 
eye l i d s  were held together for 30 seconds. 

Pupilometric Measurements - Postdrug pupil diameter measurements 
were begun immediately after lense application. Measurements were 
made at approximately 3-minute intervals during the first hour 
after dosing and then periodically for the remainder of the 
experiment. All measurements were made in a quiet, darkened room. 
A rheostated microscope light was used to adjust the predrug pupil 
diameter to 4.5 -.(Fig. 2). Prolonged exposure of the pupil to 
the microscope light resulted in a gradual change in pupil diameter. 
Tc avoid this problem the pupil was routinely illuminated for a 
standard time of 1 minute before each pupilmetric reading. The 
miotic response intensity, I, was calculated using equation 1, 
where Do is the average predrug pupil diameter and Dt is the pupil 
diameter at any time, t, after dosing (2). 

Do - Dt 
I =  - Eqn. 1 
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484 SMOLEN ET AL. 

The pupil diameter of the left eye of each rabbit was 
measured before and periodically after dosing so that miotic 
activity in this eye, which could be attributed to nonspecific 
systemic absorption of the drugs, could be detected. The times of 
onset and the duration of any systemic side effects including 
salivation, lacrimation, nasal drainage, abnormal respiration and 
urination, were noted wherever these side effects occurred. 

RESULTS 

Figs. 3, 4, and 5, together with Table 1,provide a comparison 
of the miotic effect produced by drug-loaded contact lenses 
versus eyedrop dosing for pilocarpine. carbachol and phospholine 
iodide. The lenses increased the peak miotic response intensity, 
overall miotic effect (as indicated by the areas under the temporal 
miotic response curves), and the duration of miosis of all three 
drugs. Lens administered carbachol (Fig. 4) and particularly 
edvtliophate iodide (Pig. 5) produced a very large enhancement of miosis 
considering the low concentrations of these drugs in the soaking 
solution. The pilocarpine results (Fig. 3 ) .  although significant, 
are less dramatic. Table 2 demonstrates that the wearing of the 
lenses itself does not cause miosis and provides an indication of 
the precision of repeated pupilometric measurements on different 
rabbits. 

There was no evidence of corneal tissue injury; rabbits which 
were repeatedly used in subsequent experiments yielded data which 
were indistinguishable from that obtained using new rabbits, again 
indicating that the application and wearing of these soft contact 
lenses did not appear to damage the cornea. These lenses have 
been approved by the FDA and prescribed €or human use for more than 
two years. No side effects, including miosis in the left (control) 
eyes,were evident following administration of any of the drugs 
using drug loaded lenses even though the miosis induced in the drug 
treated eyes was quite pronounced. Systemic side effects did occur 
following eye drop dosing with the 1% pilocarpine solution. 

A simple qualitative experiment was performed which demon- 
strates the rapidity and efficiency with which therapeutic amounts 
of ophthalmic drug can be transferred to the cornea when a 
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SOFLWS@ CONTACP LWS 405 

TIME IN HOURS 

Fig. 3. Temporal va r i a t ion  of miotic response i n t e n s i t y  follow- 
ing dosing of r abb i t s  with Soflenses impregnated with 
1% ( W D )  pilocarpine,  0, and with 1% Isoptocarpine 
solution,jZ).  Each pDint is an average of da t a  from 
3 experiments: t he  standard e r r o r  is shown. 

s u i t a b l e  Substrate,  impregnated with drug, is placed i n  intimate 
contact with the  cornea f o r  only a sho r t  t i m e .  A t ransparent  
lens,  approximately 13 nun i n  diameter, w a s  c a s t  from a c r y l i c  n a i l  
lacquer onto the  rounded end of an 8-inch test  tube: the 
curvature o f  t h i s  "lens" approximated t h a t  of t he  r a b b i t  

0.22 microns), 5 millimeters i n  diameter, was soaked i n  3% 
carbachol solution, t he  f i l t e r  disk w a s  removed from the soaking 
solut ion,  f reed of adhering l iquid,  and placed inside the 

cornea. A disk o f  cel lulose,mil l ipore f i l t e r  (pore s i z e  = D
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486 SMOLEN ET AL. 

7 

I 

i T I 

TIME ’ IN HOURS 

Fig. 4. Temporal var ia t ion  of miotic response i n t e n s i t y  following 
dosing of rabbi t s  with Soflenses 
(W/V)  carbachol, 3 , and with 0.10% (Wfl) carbachol 
ophthalmic s o l u t i o n , u  . 
from three  experiments; the  standard e r r o r  is shown. 

i q e g n a t e d  with 0.10% 

Each poin t  is an average of data  

a r t i f i c i a l  lens  which had been w e l l  r insed and s tored i n  d i s t i l l e d  
w a t e r  for  two days. The drug loaded f i l t e r  d i s k  -8Ofnbly was 
then placed on the  eye of t h e  rabbit with the  drug loaded disk held 
i n  contact with the cornea by the  -lensa for 15 minutes. A t  the 
time the assembly was removed, t h e  pupi l  diameter, r e l a t i v e  t o  its 
predrug value, had decreased 70% (from 5.0 mm t o  1.5 m): 26 hours 
l a t e r  miosis w a s  s t i l l  evident. Similar r e s u l t s  w e r e  observed 
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Miotic Response Data f o r  Sof lens  Soaked i n  
D i r t  illed Water. 

Miotic Response I n t e n s i t y  Time a f t e r  
l ens  

app 1 i c a  t ion, 
minutes Standard 

Rabbit 1 Rabbit 2 Rabbit 3 Average e r r o r  

4 
6 
8 

10 
12 
20 
25 
30 
35 
40 
45 

60 

0.022 
-0.022 
-0.088 
-0.088 
0.022 
-0.060 

0 
-0.020 
-0.020 
-0.040 
-0.020 
-0.040 

-0.102 
-0.020 

0.041 
-0.122 
-0.141 

-0.061 
0 

0.022 
0.041 

0.020 
0.061 
0.020 

0 

0 

0 

-0.022 
-0.022 
-0.087 
-0.087 
-0.022 
0.087 
0.022 
0 
0 

-0.027 
-0.014 
-0.016 
-0.017 
-0.014 
-0.069 
-0.029 

0.013 
0.036 
0.001 
0.014 
-0.007 

0.066 
0.012 
0.066 
0.051 

0.032 
0.015 
0.050 

0.059 
0.054 

0.035 
0.042 
0.031 

when a c lean ,  unused Sof lens  w a s  used t o  hold a s i m i l a r l y  loaded 

f i l t e r  d i sk  i n  p l ace  on t h e  cornea. 

so lub le  impur i t ies  occurred dur ing  a pre l iminary  attempt t o  develop 

a d i r e c t  spcctrophotometric assay  f o r  t h e  carbachol contained i n  
carbachol impregnated lenses. Fig. 6 is a p l o t  of t h e  absorbance 
a t  210 nm of these  impur i t ies  versus leaching time: t h e  f igu re  shows 
t h a t  most of t h e  ma te r i a l  is e a s i l y  removed from t h e  l enses  by 
soaking them i n  d i s t i l l e d  water. When a l ens  was taken from t h e  
f i n a l  leaching so lu t ion  and placed i n  d i s t i l l e d  water wi th  s t i r r i n g  
a t  94O C f o r  10 minutes, t h e  spectrophotornetric absorbance of t h i s  

The discovery t h a t  new Sof lens  lenses  contained leachable  water- 
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high temperature leaching l i q u i d  was negl igible  suggesting t h a t  
the leachable mater ia l  is not due t o  thermal degradation of t he  
polymeric l ens  mater ia l  during s t e r i l i z a t i o n  of t h e  lenses.  

DISCUSSION 

Echothiophate iodide appears t o  be the drug most benefi ted by 
lens  administration as  judged from a comparison t o  eye drop 
adminsitration. Carbachol appears t o  be the  next drug of choice 
f o r  t h i s  mode of dosing, while pi locarpine is l e a s t  affected.  This 
may be due i n  p a r t  t o  a lower miotic potency of pilocarpine: t h a t  is ,  
the pi locarpine impregnated lenses  may sorb approximately the same 
amount of pi locarpine a s  carbachol or echothiophate iodide, desp i t e  
the lens  soaking solut ion concentration of pi locarpine being much 
higher. O'Brien and Swan have demonstrated t h a t  pi locarpine is 
less e f f e c t i v e  than carbachol i n  lowering intraocular  pressure and 
a s  a miotic agent ( 3 ) .  

It is a l so  conceivable t h a t  pi locarpine is less e f f e c t i v e l y  
t ransferred from the lenses  t o  the cornea r e l a t i v e  t o  carbachol and 
echothiophate iodide. The physiologically ac t ive  carbachol and 
echothiophate quaternary ammonium cat ions a re  not subject  t o  a pH 
dependent extent  of ionizat ion as  is pi locarpine (PKa = 7.1). I n  
the physiological pH 7.4 environment which p reva i l s  a t  the corneal 
surface,  the majority of ca t ion ic  pi locarpine hydrochloride has 
been deprotonated. Smolen, e t  al.,  have demonstrated t h a t  f ixed 
anionic t i s s u e  sites, which a r e  present  on the ne t  negatively 
charged corneal surface,are  involved i n , t h e  binding and transcorneal 
passage of carbachol cat ions (4) and probably other  ca t ion ic  drugs 
a s  w e l l  (4-6).  Unionized pi locarpine cannot i n t e r a c t  e l e c t r o s t a t i c a l l )  
with these si tes and may become bound t o  the corneal t i s s u e  co l lo ids  
t o  a lesser degree and permeate the cornea by a less e f f i c i e n t  
mechanism than s i t e - to - s i t e  migration ( 4 ) .  

del ivery systems f o r  pi locarpine (7-9). Leaders and co-workers 
using rabbi ts ,  examined the miotic enhancement of pi locarpine 
loaded Bioplex lenses r e l a t i v e  t o  eye drop dosing with pi locarpine 
solut ions containing benzalkonium chlor ide ( 9 ) .  The degree of 
miosis was g rea t e r  than was observed with the Soflens: conceivably 
t h i s  was because the more permeable Bioplex lens  polymer matrix 

Other invest igators  have s tudied s o f t  contact lenses  a s  drug 
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sorbs more p i loca rp ine  from a soaking s o l u t i o n  than does t h e  
Soflens.  Podos and co-workers (B) have repor ted  t h a t  Bioni te  
s o f t  l enses  soaked i n  0.5% and 1% pi loca rp ine  e f f e c t i v e l y  lowered 
t h e  in t r aocu la r  p re s su re  in  glaucoma p a t i e n t s .  One disadvantage 
of h ighly  permeable l enses  in drug d e l i v e r y  i s  t h e i r  tendency t o  
pick up and r e t a i n  excess d-rug an2 ?lso unwanted. c a t e r -  
so lub le  ma te r i a l  which makes it more d i f f i c u l t  t n  c l eanse  such 
lenses between success ive  app l i ca t ions .  

The e f f ec t iveness  of t he  b r i e f ,  15 minute, cornea-lens con tac t  
t i m e  f o r  carbachol and echnthiophate iod ide  loaded Sof lenses  
ind ica t e s  t h a t  the  t r a n s f e r  of drug from Sof lens  t o  cornea is rap id  
for t h i s  l ens  and these  drugs.  The l enses  prevent  t e a r s  frcm washing 
away the  drugs (lo), se rve  a s  drug r e s e r v o i r s  ( 9 ) ,  load t h e  cornea 
wi th  drug (4-51, and probably f a c i l i t a t e  cornea l  drug absorp t ion  
by s t imu la t ing  o r  pe r tu rb ing  the  e x t e r n a l  e p i t h e l i a l  l a y e r  of t h e  
ccrnea (11) a s  w e l l  a s  t h e  precornea l  tear f i l m  ( 1 2 ) .  The ease  of 
remeval of leachable  ma te r i a l  from Sof lens  a l s o  suggest t h a t  drugs 
which a re  sorbed by these  l enses  from soaking s o l u t i o n s  a r e  not  
s t rong ly  sorbed onto  t h e  l ens  polymer mat r ix  i n d i c a t i n g  t h a t  drug 
loaded Sof lens  qu ick ly  r e l e a s e  and e f f i c i e n t l y  t r a n s f e r  t h e  drug 
from t h e  l e n s  t o  t h e  cornea. 

The a b i l i t y  of drug loaded Sof lens  t o  produce pronounced 
rniosis and presumably a concomitant decrease  i n  i n t r a o c u l a r  
p re s su re  (IOP), without accompanying s i d e  e f f e c t s ,  is q u i t e  
advantageous from a the rapeu t i c  p o i n t  of view. Presumably a 
glaucoma p a t i e n t  could wear a drug loaded Sof lens  f o r  f i f t e e n  
minutes or less each morning t o  r ece ive  a t he rapeu t i c  dose o f  the 
drug f o r  t he  day and remove t h e  l ens .  Both t h e  systemic side 
e f f e c t s  and f requent  dosing c h a r a c t e r i s t i c s  of eye drops a r e  
obviated.  P i loca rp ine  and carbachol func t ion  a s  antiglaucoma 
drugs because of t h e i r  t r a n s i e n t  cho l ine rg ic  a c t i v i t y :  echothio- 
phate iodide,  however, is an i r r e v e r s i b l e  c h o l i n c s t e r a s e  
i n h i b i t o r  and, although i ts  antiglaucoma ac t ion  is more prolonged, 
it a l s o  produces more s e r i o u s  s i d e  e f f e c t s .  Therefore,  any l e n s  
promoted increase  i n  the rapeu t i c  e f f i c i e n c y  which dces n o t  
concomitantly inc rease  t o x i c i t y  i s  e s p e c i a l l y  advantageous f o r  
echothiophate iodide.  D
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CONCLUSIONS 

Drug loaded Sof lens  con tac t  l enses  a r e  an e f f i c i e n t  drug d e l i v e r y  
system f o r  antiglaucoma drugs,  and probably o t h e r  ophthalmic drugs 
as w e l l .  The magnitude and du ra t ion  of d N g  induced miosis i s  
enhanced markedly, p a r t i c u l a r l y  f o r  echothiophate iod ide  and 
carbachol,  a s  compared t o  ophthalmic so lu t ion  dosing. Moreover, 
s i d e  e f f e c t s  are v i r t u a l l y  eliminated. Apparently, smal l  thera- 
p e u t i c  amounts of l ens  sorbed carbachol and echothiophate iod ide  
a r e  r ap id ly  and e f f i c i e n t l y  t r a n s f e r r e d  d i r e c t l y  from the l enses  
t o  t h e  cornea. 
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