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Controlled drug delivery devices which can be easily tailored and conveniently prepared to release ocular drugs at specified 
controlled rates Can be useful in studies of ocular drug delivery and drug response. The devices were fabricated by injecting 6.0.9.0 or 
12.5 gl of aqueous borate buffered solutions of timolol(2.5-20.0 mg/ml) into end-plugged pieces of silicone tubing and the release of 
timolol was studied in vitro. An initial lag in timolol release was avoided by storing the devices for an appropriate time (3-9 h) after 
filling the devices. The appropriate storage time was dependent on the steady-state flu of timolol, indicating that timolol was 
binding to the silica filler in the silicone tubing. Tim0101 was released at a constant rate (0.7-7.2 pg/h) for 8 h from the devices when 
the initial core pH was 8.64 and when the devices were stored for an appropriate time before an experiment. The steady-state release 
rate of timolol was increased 2.4fold when the pH inside the device was increased from 8.34 to 9.24. As expected, the observed 
release rate increased with increased drug concentration in the device core and with increased length of the device. The permeability 
of timolol in the silicone membrane walls was 2.48-6.03 x 10m9 cm2 s-i depending on the composition of the inner core solution. 
Thickness of the end-plugs (0.5 or 3.5 mm) did not affect timolol release from the devices, when the volume of timolol solution in the 
devices was 12.5 pl. 

Introduction 

Ocular drugs are usually applied as aqueous eye 
drops. In many cases less than 1% of the dose is 
absorbed in the eye. Most of the dose entering the 
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anterior chamber is absorbed transcomeally 
(Maurice and Mishima, 1984). The poor bioavaila- 
bility is caused partly by the rapid decrease (tl,Z 
= 30-90 s) of drug concentration in precomeal 
tear fluid (Lee and Robinson, 1979). The rapid 
precomeal elimination of drugs given in eye drops 
is mainly due to conjunctival absorption and solu- 
tion drainage by gravity, induced lacrimation and 
normal tear turnover (Lee and Robinson, 1979). 
Because of poor ocular bioavailability, many oc- 
ular drugs are applied in high concentrations. This 
causes both ocular and systemic side-effects, which 
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are often related to high peak drug ~ncentrations 
in the eye and in systemic circulation (Havener, 
1983). 

Ocular bioavailability of many topically ap- 
plied drugs has been increased by using vehicles 
that retard precorneal drug loss (Chrai and Robin- 
son, 1974; Grass and Robinson, 1984). These 
vehicles include ointments, gels, latex systems, 
liposomes, nanoparticles, polymer matrices and 
OcusertTM reservoir device (for references see 
Shell, 1984). Controlled drug release can also lower 
peak drug con~ntrations in the systemic circula- 
tion (Urtti et al., 1985). 

In spite of numerous studies of ocular bioavail- 
ability, which have utilized various vehicles, there 
are very few studies on the effects of different 
defined delivery rates and patterns (first-order, 
zero-order) on ocular and systemic drug absorp- 
tion and on pharmacological responses in the eye. 
In most cases the release characteristics of drugs 
from the vehicles have not been studied or the 
actual in vivo concentration-time profile in the 
tear fluid probably differs from that observed in 
vitro owing to drainage of particles or viscous 
vehicles from the conjunctival sac. In the conjunc- 
tival sac, the erosion properties of water-soluble 
polymers may also be different from those in in 
vitro experiments. Nevertheless, knowledge of the 
relationship between the actual pattern of drug 
delivery and drug distribution or drug response is 
important when delivery systems with optimal in- 
put rates are to be developed for ocular therapy. 

This study is an extension of the work initiated 
by Baustian and Mikkelson (1985) and its goals 
were to develop non-erodible devices from safe 
materials that could be conveniently constructed, 
easily altered and used to determine the effects of 
different rates and patterns of drug delivery on 
drug distribution in rabbit eyes and on drug re- 
sponses in both animals and humans. Timolol 
maleate was used to demonstrate the release char- 
acteristics afforded by the devices. 

Materials and Methods 

Preparation of the devices 
Medical grade silicone tubing (Sil~ticTM, Dow 

Corning, Midland, MI), with the dimensions 1.46 

X 1.94 X 0.24 mm (inner diameter X outer diame- 
ter x wall thickness), was cut to give lengths of 15 
mm. Silastic TM Adhesive A (Dow Corning, Mid- 
land, MI) was used to form a plug at one end of 
the tubing. The adhesive was allowed to cure 
overnight. The other end was plugged with the 
adhesive to leave a 5.0, 6.5 or 8.5 mm length of 
empty tubing inside the device. When forming the 
second plug, a 27-gauge needle was inserted 
through the first plug providing pressure relief. 
When the adhesive had cured, the ends of the 
devices were cut to leave 0.5 mm of adhesive in 
both ends of each device. 

End-plugged silicone tubings were filled with 
6.0, 9.0 or 12.5 ~1 of aqueous timolol solutions 
using a syringe with a fixed needle (Precision 
Sampling B-llO-FN, Supelco, Belleforte, PA) in- 
serted through one end.’ A 27-gauge needle was 
inserted through the other end providing pressure 
relief. The cured adhesive end-plugs self-sealed 
after removal of the needles. The solutions con- 
tained 0.15 M sodium borate (0.10 M at pH 9.24) 
and 2.5, 5.0 or 20.0 mg/ml of L-timolol equiv- 
alents. Timolol maleate was used (Merck, Sharp & 
Dohme Research Laboratories, Rahway, NJ) and 
the pH values of the solutions were adjusted to 
8.34, 8.64, 8.84 or 9.24 at 32” C with 10% HCl or 5 
N NaOH. After filling, the devices were stored in 
98% relative humidity at room temperature (above 
lead nitrate) to minimize evaporation of water 
through the wall membranes. The loss of water in 
14 h of storage was 2.9 + 0.9% (mean + S.D.). 

Studies of in vitro release 
Release of timolol from the devices was studied 

using the rotating bottle method (NF XIV). Speed 
of rotation was 30 rpm. The dissolution medium 
was 2.0 ml of 10 mM isotonic phosphate buffer 
(pH 7.40) at 32°C. Samples of 100-125 ~1 were 
withdrawn and replaced by dissolution medium. 
The samples were analyzed at 294 nm using re- 
verse-phase HPLC with a 3 pm Cl8 column (50 X 
4.6 mm) (Analytichem International, Harbor City, 
CA). The mobile phase contained 12.5% acetoni- 
trile. The aqueous phase was 2.8 ml t~ethyla~ne 
and 10 ml glacial acetic acid per liter of water. The 
pH was adjusted to 4.0 using NaOH. The reten- 
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tion time of timolol in this system was about 4 
min. 

The release rate of timolol from the devices was 
calculated as the slope of the least-squares fit line 
of a plot of pg released vs time. Fraction of initial 
burst or lag in timolol release was quantitated as 
the amount released at time zero (y-intercept of 
the least-squares fit line) divided by the cumula- 
tive amount released after 8 h.Lag in timolol re- 
lease was indicated by a negative y-intercept. 

Results and Discussion 

The storage time of the devices affected timolol 
release; i.e. short storage times resulted in lag 
times before steady-state timolol release was 
achieved and long storage times caused an initial 
burst of timolol release (Fig. 1). The lag time is 
due to inadequate equilibration of the drug be- 
tween the solution core of the device and the 
rate-limiting membranes (Baker and Lonsdale, 
1974; Flynn et al., 1974). Steady-state timolol 
release is achieved only after a lag time, during 
which the drug partitioned into the membrane. A 
burst effect, on the other hand, is caused by the 
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Fig. 1. Tim0101 release from silicone tubing devices containing 
12.5 pl of 5 mg/ml timolol solution at pH 8.64. The devices 

were stored 90 min, 5 h, 7 h and 10 h before release study. 
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Fig. 2. Timolol release from silicone tubing devices containing 
1.0, 2.5, 5.0 or 20.0 mg/ml of timolol in 0.15 M sodium borate 

at pH 8.64. Storage time for the devices was 5 h. 

rapid initial release of timolol that has accu- 
mulated in the silicone membranes during the 
storage time. If the diffusing drug molecules are 
not absorbed or adsorbed to the membrane con- 
stituents, lag time will not be dependent on the 
drug flux through the membranes (Baker and 
Lonsdale, 1974). However, in our experiments, lag 
times were influenced by the flux through the 
membranes (Fig. 2), which indicates that a con- 
stant amount of timolol is bound to be membrane 
regardless of the flux rate (Higuchi and Higuchi, 
1960). Probably, a fixed amount of timolol is 
adsorbed per unit of silica filler in the SilasticTM 
membranes (Most, 1970). For each flux rate of 
timolol there was an ideal storage time after which 
timolol is released without a lag or burst (Fig. 1). 
After the ideal storage time the amount of timolol 
that has partitioned into the membranes is the 
same as that in the membranes at pseudo-equi- 
librium during drug release. Approximate ideal 
storage times (I,) were determined empirically for 
several formulations with different rates of timolol 
release. Thereafter, the various formulations were 
equilibrated for the appropriate ideal storage times 
to avoid a burst or lag during timolol release. 
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TABLE 1 

Release characteristics of timolol from silicone tubing devices 

(LO ;;1) 
PH ci dM,/dt Burst P (X109) n 

(w/W 2 -1 

pg/h %fi 
(W (cm s ) 

12.5 8 8.34 5.0 1.21 f 0.04 a 2.02 f 0.04 6.4 * 0.4 2.48 f 0.08 5 

12.5 9 8.64 2.5 0.71 f 0.02 2.32 f 0.03 7.8 + 1.4 2.91 f 0.08 5 

12.5 5 8.64 5.0 1.75 * 0.04 2.82 zt 0.05 - 2.0 f 0.9 3.59 f 0.08 14 

6.0 3 8.64 20.0 2.69 f 0.05 2.21 f 0.07 1.6 f 0.5 2.89 5 0.05 5 

9.0 3 8.64 20.0 4.40 * 0.09 2.37 f 0.05 1.1 f 0.3 3.13 f 0.06 6 

12.5 3 8.64 20.0 7.21 f 0.26 2.98 zt 0.18 2.9 f 1.0 3.70 f 0.13 7 

12.5 4 8.84 5.0 2.23 f 0.05 3.80 f 0.10 2.6 + 0.8 4.58 f 0.10 5 

12.5 3 9.24 5.0 2.94 f 0.11 4.79 f 0.13 6.9 f 1.0 6.03 f 0.23 5 

a Means f SE. of n determinations. 

V, volume of timolol solution in the device; t,, ideal storage time; Ci, timolol concentration in the device; dM,/dt, release rate; P, 

permeability (DK from Eqn. 1). 

Without the initial lag or burst, timolol release 
from a cylindrical reservoir device should obey 
Eqn 1 (Baker and Lonsdale, 1974): 

dM, 2rhDKAC 

dt= W%/G) 
(1) 

where dM,/dt is the steady-state release rate at 
time t, r, and ri are the outer and inner radii of 
the cylinder, respectively, h is the length of the 
cylinder, D is the diffusion coefficient of the drug 
in the membranes, K is the partition coefficient of 
drug between membrane and core of the device 
and AC is the difference between the internal (Ci) 
and external (C,) drug concentrations. When C, < 
Ci, the difference AC can be considered equal to 
the internal drug concentration. In all cases 
studied, Ci < 25OC,, and therefore AC was consid- 
ered to be equal to Cj. Also, the permeability (P) 
of timolol in silicone membranes is defined as 
DK, the product of the diffusion (D) and parti- 
tion (K) coefficients. 

Zero-order drug release is achieved when the 
diffusable timolol concentration (AC) in the de- 
vice remains constant (Eqn 1). When drug is in 
solution in the device core, as in these experi- 
ments, the diffusable concentration of timolol in 
the core of the device wilI decrease during drug 
release. When the fraction of timolol released dur- 
ing the experiment is small (< 20%), the drug is 
released at an approximately constant rate, i.e., 

the internal drug concentration or AC decreases 
only slightly. In that case, approximately zero- 
order drug release is obtained (Peterlin, 1983). 

Release of timolol from the devices after the 
ideal storage time is presented in Table 1 and 
Figs. 3 and 4. Tim0101 is an amine with a pK, of 
9.2 (Huang et al., 1983) and consequently, as pH 
and therefore the fraction of nonionized timolol 

0 2 4 6 8 10 
Time (hours) 

Fig. 3. Tim0101 release from silicone tubing devices containing 
5 mg/ml of timolol at pH 8.34, 8.64, 8.84, and 9.24. The 

storage times of the devices prior to experiments are shown in 
Table 1. MeansfS.E. of 14 (pH 8.64) or 5 @H 8.34, 8.84 and 

9.24) experiments are presented. 
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Fig. 4. Timolol release from silicone tubing devices with core 
pH 8.64 after ideal storage time (I,; Table 1). Volume of 

timolol solution in the devices was 12.5 gl and concentrations 

were 2.5, 5.0 and 20.0 mg/ml. MeanskS.E. of 5 (2.5 mg/ml), 
14 (5 mg/ml) and 7 (20.0 mg/ml) experiments are shown. 

rise, the rate of tirnolol release through a hydro- 
phobic silicone membrane increases (Table 1, Fig. 
3). This is due to enhanced partitioning (Eqn 1) of 
timolol into the silicone membrane (Urtti et al., 
1987), and as a consequence, an increase also in 
timolol permeability through the silicone mem- 
brane (Table 1). Increasing the permeability (P) 
accelerates both the absolute (pg/h) and frac- 
tional (%/h) release rates (Table 1). A higher 
fractional release rate causes deviations from a 
constant rate of drug release, because the con- 
centration gradient of timolol across the silicone 
membranes (AC) decreases more rapidly. This is 
clearly observed as a more curved release profile 
as in the case when the pH in the core of the 
device was 9.24 (Fig. 3). 

When the pH was adjusted to 8.64, the absolute 
rate of timolol release increased with timolol core 
concentration (Ci) and zero-order release kinetics 
were still obtained for 8 h (Fig. 4) with minimal 
burst effects (Table 1, Fig. 4). The rate of timolol 
release increased almost linearly when timolol 
concentration in the devices was changed from 2.5 
to 20.0 mg/ml at pH 8.64 (Table 1, Fig. 5). When 
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the injected volume of timolol solution in the 
devices was decreased from 12.5 ~1 to 9 or 6 yl, 
the fractional release rate, expressed as percent of 
timolol in the device released per hour, decreased 
slightly (less than 25%) leading to an apparent 
decrease in the calculated permeability coefficients 
(Table 1). This may be due to an increased pro- 
portion of timolol partitioning into the adhesive 
end-plugs when the diffusional surface area of the 
walls is decreased in the shorter devices. 

When the injected volume of timolol solution in 
the devices was 12.5 ~1, the release of timolol 
remained unchanged when the thickness of the 
end-plugs was changed from 0.5 to 3.5 mm. The 
release rates of timolol from the devices contain- 
ing 12.5 ~1 of a solution (pH 8.64) of timolol (5 
mg/ml) were 1.75 f 0.04 pg/h (n = 10) and 1.71 
+_ 0.09 yg/h (n = 4) for 0.5 and 3.5 mm end-plugs, 
respectively. The corresponding fractions of 
burst/lag were -1.8 f 1.2 and -2.7 + 1.2% re- 
spectively. Accordingly, it appears that timolol is 
released almost entirely through the side-walls and 
not through the end-plugs of the devices when the 
end-plugs are at least 0.5 mm thick. This is due to 
the small diffusional area of the ends (3.3 mm2) 

Timolol Concentration (mg/ml) 

Fig. 5. Effect of timolol concentration in the silicone tubing 
devices on release rate of timolol from the devices at pH 8.64 
after ideal storage time (Table 1). Means* S.E. of n (see Table 

1) experiments are shown. 
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compared with the side-walls (16.5-34.3 mm*). 
The diffusional pathway through the walls (0.24 
mm) is also shorter than via the ends (0.5-3.5 
mm). In addition, timolol partitions more favora- 
bly from the core solution into the walls than into 
the adhesive end-plugs (Urtti et al., 1987). 

Silicone controlled drug delivery devices of the 
type described are inexpensive and convenient to 
prepare and may prove to be versatile tools for in 
vivo evaluation of drug input rate vs drug distri- 
bution/response relationships. With these devices 
both the rate and pattern of timolol release can be 
easily modified. The release patterns can be mod- 
ified by changing the pH of the device core (Fig. 
3) or the storage time of the devices prior to use 
(Fig. 1). The release rate is modified by changing 
the concentration (Fig. 4) and pH (Fig. 3) of the 
core solution in the devices. Encouraging results 
were obtained in rabbits (Urrti et al., 1990) using 
these timolol ocular delivery devices. Devices of 
this type may also prove suitable for many other 
drugs. 

This work was supported by INTERx Research 
Corporation/Merck, Sharp & Dohme Research 
Laboratories. 
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