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Controlled Delivery of Pilocarpine. 1.
In Vitro Characterization of
Gelfoam® Matrices
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The potential of Gelfoam absorbable gelatin sponge as a carrier for
ophthalmic delivery of pilocarpine was examined. Prolonged in vitro
release of pilocarpine was achieved through pharmaceutical modi-
fication of the device by embedding a retardant in the pores. The
device embedded with cetyl ester wax released pilocarpine in a zero-
order pattern (release exponent = 0.93 + 0.04) for up to 5 hr. This
result corresponded well with a linear penetrant uptake by this de-
vice. The device impregnated with polyethylene glycol 400 mono-
stearate exhibited anomalous drug transport with a release exponent
of 0.63 = 0.02. The absorption of water by this retardant and the
formation of a gel layer on the surface slowed the penetration of the
release medium into the deeper sections of the matrix, as well as the
rapid outward diffusion of drug, resulting in a prolonged release of
pilocarpine.

KEY WORDS: ophthalmic drug delivery; absorbable gelatin; zero-
order release; prolonged release; pilocarpine.

INTRODUCTION

Pilocarpine is widely used as a topical miotic for the
treatment of chronic, simple, or wide-angle glaucoma. How-
ever, following instillation of pilocarpine eyedrops, less than
1% of the instilled dose is absorbed into the eye (1). The
dynamics of the lacrimal system results in the administered
dose being eliminated from the precorneal area within 1 to 2
min of instillation (2). This necessitates frequent administra-
tion of large doses of pilocarpine to achieve the desired ther-
apeutic effect. The need to instill pilocarpine four times daily
has limited its usefulness and has contributed to patient non-
compliance. Further, the frequent administration of large
doses of pilocarpine results in a pulsed drug entry, with un-
desirably high concentrations in the aqueous humor imme-
diately after instillation and subtherapeutic levels between
pulses. This lowers the therapeutic efficacy of the drug and
also results in side effects such as myopia and miosis (3).
During the process of drainage from the precorneal area,
pilocarpine is absorbed into the systemic circulation as well
).

Ocular bioavailability and duration of action of pilo-
carpine can be increased by using drug carriers that retard
precorneal drug loss and improve the corneal contact time
(5). These vehicles include gels, latex systems, liposomes,
nanoparticles, polymer matrices, and the Ocusert reservoir
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device (6). A drug carrier that also functions as a controlled-
release system also reduces undesirably high pilocarpine
concentrations in the eye and the systemic absorption of the
drug. By delivering the drug at an optimal rate, these sys-
tems can achieve therapeutic efficacy with a minimum
amount of drug and can reduce both ocular and systemic side
effects.

Although various polymers can be used in the design of
a controlled-release system, the use of a bioerodible or bio-
degradable carrier obviates the removal of the system from
the eye at the end of its therapeutic lifetime and can mini-
mize compliance problems. A drug delivery system which
has all the above advantages could be a significant advance
to ocular drug delivery.

Gelatin is a biopolymer which is widely available com-
mercially and is very inexpensive. The water-soluble protein
can be converted into absorbable gelatin by cross-linking the
peptide chains via thermal treatment (7) without the use of
cross-linking additives or by chemical treatment with cross-
linking agents (8). The absorbable gelatin swells but does not
dissolve in water. Water-swollen, cross-linked gelatin is a
hydrogel, and therefore, it controls drug release by mecha-
nisms typical of hydrogel-type delivery systems. In addition,
due to its biodegradability, the absorbable gelatin device will
not have to be removed from the conjunctival sac at the end
of the drug dosing period.

The Gelfoam absorbable gelatin sponge is a medical de-
vice intended for application to bleeding surfaces as a hemo-
static. It is a water-insoluble sponge prepared from purified
pork skin Gelatin USP granules by a thermal treatment
method (9). In this report, we describe a matrix device that
(a) utilizes the potential of Gelfoam sponge as a biodegrad-
able drug carrier for controlled ophthalmic delivery and (b)
can be prepared using a simple fabrication method. The in
vitro pilocarpine release and penetrant uptake profiles from
these devices have been studied.

Pilocarpine, a common drug against glaucoma, was used
in this study because its water solubility poses a challenge
for effective delivery. In addition, the drug produces a re-
sponse, i.e., miosis of the pupil, which can be readily mon-
itored as an indicator of the drug levels in the aqueous hu-
mor.

MATERIALS AND METHODS

Materials

The drug carrier, Gelfoam sponge (compressed, size
100), was supplied by Upjohn Company (Kalamazoo, MI)
and the drug, pilocarpine HCI, was obtained from Sigma
Chemical Inc. (St. Louis, MO). The materials used as retar-
dants, polyethylene glycol 400 monostearate (PEG-MS) and
cetyl ester wax (CE-WAX), were obtained from Amend
Drug and Chemical Company (Irvington, NJ). All other
chemicals were of reagent grade and were obtained commer-
cially.

Fabrication of Device

A matrix of 4 X 4 X 2 mm was cut from a slab of
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Gelfoam sponge and was allowed to soak in a solution of 25.5
mg pilocarpine (equivalent to 30 mg pilocarpine HCI) in chlo-
roform. The solvent was evaporated slowly under nitrogen
in an analytical evaporator (The Meyer N-Evap, Oragnoma-
tion, Inc.).

To prepare matrices containing a retardant, the retar-
dant was dissolved in chloroform along with the drug and the
matrices were prepared as per the procedure described
above. After complete evaporation of the solvent, the dried
Gelfoam-~drug-retardant system was weighed using a Met-
tler (Model AE163) analytical balance. Preliminary experi-
ments were carried out by embedding varying amounts (2 to
20 mg) of retardant to determine the optimum level needed in
the devices. The results of the experiments, including a mi-
croscopic observation and a measurement of pilocarpine re-
lease profiles, suggested that an optimum of 8 mg of retar-
dant would be required to occlude the interstices in the Gel-
foam matrix remaining after embedding the drug.

Drug Release

The in vitro release profile from the dried matrix was
measured using the rotating-bottle method (NF XIV). The
matrix was transferred to a 5-ml screw-capped glass vial
containing 3 ml of release medium, double-distilled water at
25°C. The vial was rotated end over end at 16 rpm (Labquake
Shaker, Labindustries, Inc.). At various intervals up to 48
hr, the release medium was withdrawn completely and im-
mediately replaced with an equal volume of fresh release
medium. The samples were adjusted to a pH of 2.5 with 1 N
HCI and analyzed for pilocarpine hydrochloride by HPLC.
Three or more independent measurements of drug release
profiles were made and an average value was calculated for
time point. From the total amount of pilocarpine released,
and knowing the total weight of the device and the weight of
the Gelfoam backbone, the amount of retardant actually em-
bedded in the device was calculated.

HPLC Assay of Pilocarpine Hydrochloride

The samples were analyzed for pilocarpine content us-
ing a modification of the method reported by Drake et al.
(10). Separation was achieved by isocratic reversed-phase
chromatography (Beckman Model 332 LC system with a
Model 165 detector) using a Lichrosorb RP-18, 10-um col-
umn (Alltech/Applied Science) at a flow rate of 1 ml/min at
ambient temperature. The mobile phase was prepared by
mixing 850 ml of 5% monobasic potassium phosphate solu-
tion in water (pH adjusted to 2.5 with 85% phosphoric acid)
and 150 ml of methanol. The eluant peak was detected by
measuring absorbance at 216 nm. The retention time was
5.5-6 min.

Analysis of in Vitro Release Data

The fraction of pilocarpine released from the matrices,
M,/M,,, was analyzed using the relationship (11)

M,
M kt" )
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where £ is a kinetic constant and »n is a release exponent,
both being characteristic of the matrix—eluant system, and ¢
is the duration of release. The release exponent n character-
izes the mechanism of release: n = 0.5 indicates release by
a diffusive (Fickian) mechanism, n = 1 is characteristic of
zero-order drug release, and 0.5 < n < | indicates anoma-
lous diffusion.

Penetrant Uptake

The dynamic swelling behavior of the pilocarpine deliv-
ery systems was studied by allowing initially dry devices to
swell in distilled water. The matrices, prepared by the pro-
cedure described above, were enclosed in 5-ml vials contain-
ing 3 ml of distilled water. At various intervals, the matrices
were withdrawn, the adhering water droplets were blotted
with an absorbent wiper (Kimwipes, Kimberly-Clark,
Roswell, GA), and the swollen matrices were weighed using
a Mettler (Model AE 163) analytical balance (=1 X 10~4 g).
The matrices withdrawn as samples were then discarded and
fresh samples were used for further time points. The extent
of water uptake was expressed as the weight of water ab-
sorbed by a unit weight of the original, dry matrix multiplied
by 100 (% water uptake). The results are plotted as the av-
erage of triplicate measurements.

RESULTS AND DISCUSSION

Drug Release

Figure 1 shows the plot of percentage pilocarpine re-
leased as a function of time from a simple Gelfoam matrix
and from the matrices embedded with CE-WAX and PEG-
MS as retardants. The simple Gelfoam device released most
of the embedded drug released, within 15 min. The Gelfoam
sponge matrix has a2 network of interstitial pores through
which the release medium penetrates the matrix interior and
leaches out the water-soluble drug, pilocarpine. The almost-
instantaneous release of the pilocarpine (>90% in 15 min)
from the Gelfoam matrix indicates that sink conditions were
appropriately maintained in this system. Furthermore, all
the embedded pilocarpine was released from the matrix,
which suggests that the drug was not retained via irreversible
binding by the Gelfoam backbone.

In order to prolong the release of the drug, the intersti-
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Fig. 1. Release of pilocarpine from Gelfoam, PEG-MS, and CE-
WAX matrices.



Controlled Delivery of Pilocarpine

100 70O O O O Qe Qe

o g0+ o9 —

. e

2 80+ ,/O e

@ 701 © d

@ ,’/ /

W g0+ .

z o 4

% 50 + K /

8 401 L

ot o

=R / OO Gelfoam

a S e O----O PEG-MS

z 204

& / ®— @ CE-WAX

5 10+ @

) * t t J ’ ; ! :
0 1 2 3 4 5 6 7 8

TIME  (hours)

Fig. 2. Percentage released versus square root of time plot for PEG-
MS matrix.

tial pores left in the matrix after impregnating pilocarpine
were occluded by embedding various retardants to inhibit
the leaching action of the water. The materials used as re-
tardants included polydimethylsiloxane fluids, polyethylene
glycol 400 monostearate (PEG-MS), polyethylene glycol 400
distearate, glyceryl monostearate, stearyl alcohol, white
wax, and cetyl ester wax (CE-WAX). However, for the pur-
poses of conciseness and clarity of presentation, the results
of in vitro evaluation of the two most effective retardants,
CE-WAX and PEG-MS, are presented here.

CE-WAX, used as a stiffening agent in topical prepara-
tions, has a melting range of 43—47°C and is practically in-
soluble in water (<0.01 mg/ml). It exhibits an extremely low
order of toxicity, and in the Draize eye irritation test in rab-
bits it produces no to mild irritation of extremely short du-
ration (12). PEG-MS, a nonionic o/w emulsifier, is a waxy
cream with an HLLB value of 11.1 and is dispersible but not
soluble in water. In acute eye test on rabbits PEG-MS was
found to be a nonirritant (12).

A comparison of the drug release profiles from the two
modified Gelfoam matrices embedded with retardants with
that from the simple Gelfoam matrix (Fig. 1) indicates that
embedding the retardants in the matrix is an effective means
of prolonging drug release. The release of pilocarpine from
the CE-WAX device very nearly approximates a linear,
zero-order profile for up to 5 hr. When a porous polymeric
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Fig. 3. Plot of In (fractional drug release) versus In (time) for PEG-
MS and CE-WAX matrices.
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Table I. Pilocarpine Release Parameters for PEG-MS and CE-
WAX Matrices

Gelfoam Kinetic Release
device with constant exponent

retardant k n r
PEG-MS 0.556 = 0.012 0.628 = 0.021 0.999
CE-WAX 0.204 = 0.020 0.934 = 0.036 0.996

matrix carrying a highly water-soluble solute is introduced in
the release medium, the medium penetrates the drug-filled
pores by dissolving the drug, which is then released in the
external medium by molecular diffusion (13,14). The rate of
penetration of the medium into the matrix depends on the
tortuosity of pores in the matrix and the solute density, sol-
ubility, and diffusion coefficient in the solvent. De Haan and
Lerk (15) studied drug release from a device comprising two
structures: the housing phase, which dissolves in the pene-
trating solvent, forming solvent-filled channels, and simulta-
neously exposes an increasing surface area of the drug-
containing restraining phase to the solvent. The device de-
livers most of its drug content at a zero-order rate. The zero-
order release of pilocarpine CE-WAX device could be the
result of a constant rate of progressive hydration of the in-
terspersed drug particles by the penetrating medium.

The drug release from the PEG-MS device is not linear
are expected for the diffusional square root of time depen-
dence (Fig. 2). The deviations of the amount released vs
square root of time plots from linearity may be due to the
swelling of the matrix (16) or the dissolution of the polymer
(17). However, no dissolution of the matrix was observed
during the experiment.

To analyze the pattern of drug release from the two
devices, the data were fitted to Eq. (1) and are presented as
a In-In plot of fractional pilocarpine release versus time in
Fig. 3. The values of the kinetic constant (k) and the diffu-
sional exponent (n) are listed in Table 1. The analysis of the
profile from the PEG-MS device suggests an anomalous na-
ture of drug transport (n = 0.628 = 0.021), whereas the
CE-WAX device released pilocarpine according to near
zero-order kinetics (n = 0.934 = 0.036).

Because of their differing in vitro drug release profiles,
the efficacies of the retardants used in controlling the release
of pilocarpine were compared by using ¢, and ¢, values, the
times required for 50 and 90% drug release, respectively
(Table II). The t,, values for the devices embedded with
PEG-MS and CE-WAX were 4.58 and 5.72 hr, respectively.
In a subsequent study, the values of these parameters will be
used as a basis for comparing the in vitro release patterns
with the duration of the pharmacological effect of pilo-
carpine achieved with these devices in rabbits.

Table II. Duration for 50% (15,) and 90% (14) Release of Pilocarpine

Iso foo
Retardant (hr) (hr)
PEG-MS 0.85 = 0.03 4.58 = 0.67
CE-WAX 2.61 =£0.34 5.72 £ 1.05
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Penetrant Uptake

Since prolonged drug release from the Gelfoam device is
achieved by embedding retardants in the interstitial pores of
the matrix to inhibit the penetration of water into the pores
and simultaneous outward diffusion of pilocarpine, the water
uptake by the two devices was measured.

As indicated in Fig. 4, the PEG-MS device absorbs wa-
ter at a very high initial rate and quickly reaches a near-
equilibrium value. Despite this, the device yielded a pro-
longed release of pilocarpine. PEG-MS is a hydrophilic poly-
mer which exhibits a capacity to absorb water and form a
gel. This gel formation can effectively reduce the penetration
of water into the matrix interior and the diffusional release of
the drug. Thus, the swelling of PEG-MS in the release me-
dium to form a gelatinous hydrated layer on the surface of
the matrix could explain the prolonged release of pilocarpine
via an anomalous transport mechanism from the device.

Figure 4 also shows the pattern of water uptake by the
CE-WAX matrix. The percentage water uptake increases
nearly linearly with time. This corresponds well with the
near-zero-order drug release from this device.

The overall results of the study indicate that the absorb-
able gelatin sponge, Gelfoam, is an excellent drug carrier for
prolonged opthalmic delivery of pilocarpine. The matrix-
type device is easy to fabricate and inexpensive to manufac-
ture. Prolonged release of a highly water-soluble drug, pilo-
carpine, from the porous, hydrophilic biopolymer may be
achieved by occluding the pores in the matrix. Using this
approach, drug release from the device can be modulated
without any chemical alteration of the protein. Embedding a
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hydrophilic polymer (PEG-MS) with gel-forming capabilities
in the pores results in the anomalous drug release. On the
other hand, the use of a hydrophobic material (CE-WAX) as
a retardant yields a near-zero-order drug release profile of
pilocarpine.

REFERENCES

1. V. H. L. Lee and J. R. Robinson. Mechanistic and quantitative
evaluation of precorneal pilocarpine distribution in albino rab-
bits. J. Pharm. Sci. 68:673—684 (1979).

2. J. W. Shell. Pharmacokinetics of topically applied ophthalmic
drugs. Surv. Ophthalmol. 26:207-218 (1982).

3. H. S. Brown, G. Meltzer, R. C. Merril, M. Fisher, C. Ferre,
and U. A. Place. Visual effects of pilocarpine in glaucoma.
Comparative study of administration by eyedrops or by ocular
therapeutic systems. Arch. Ophthalmol. 94:1716-1719 (1976).

4. A. G. Thombre and K. J. Himmelstein. Quantitative evaluation
of topically applied pilocarpine in the precorneal area. J.
Pharm. Sci. 73:219-222 (1984).

S. 8. S. Chrai and J. R. Robinson. Ocular evaluation of methyl-
cellulose vehicle in albino rabbits. J. Pharm. Sci. 63:1218-1223
(1974).

6. J. W. Shell. Ophthlamic drug delivery systems. Surv. Ophthal-
mol. 29:117-128 (1984).

7. 1. V. Yannas and A. V. Tobolsky. Crosslinking of gelatin by
dehydration. Nature (London) 215:509-510 (1967).

8. M. K. Swenson, E. Meir, B. Zvillichowsky, and G. Blauer. The
interaction of glutaraldehyde with poly-(a, L-lysine), N-butyl-
amine, and collagen. II. Hydrodynamics, electron microscopic
and optical investigations on reaction products. Biopolymer
14:2599 (1975).

9. Gelfoam brand of absorbable gelatin sponge, USP. Physicians
Desk Reference, 1991, p. 2233.

10. M. V. Drake, J. J. O’Donnell, and R. P. Sandman. Analysis of
commercial pilocarpine preparations by high-performance lig-
uid chromatography. J. Pharm. Sci. 71(3):358-359 (1982).

11. E. S. Miller and N. A. Peppas. Diffusional release of water-
soluble bioactive agents from ethylene-vinyl acetate copoly-
mers. Chem. Eng. Commun. 22:303-315 (1983).

12. Handbook of Pharmaceutical Excipients, American Pharma-
ceutical Association and Pharmaceutical Society of Great Brit-
ain, 1986, pp. 6768, 228-230.

13. J. B. Schwartz, A. P. Simonelli, and W. I. Higuchi. Drug re-
lease from wax matrices. I. Analysis of data with first order
kinetics and with the diffusion-controlled model. J. Pharm. Sci.
57:274-282 (1968).

14. T. Higuchi. Mechanism of sustained action medication. J.
Pharm. Sci. 52:1145-1149 (1963).

15. P. De Haan and C. F. Lerk. The megaloporous system: a novel
principle for zero-order drug delivery. II. A model for the mech-
anism of drug delivery. Int. J. Pharm. 34:57-66 (1986).

16. R. W. Korsmeyer and N. A. Peppas. Effect of the morphology
of hydrophilic polymer matrices on the diffusion and release of
water soluble drugs. J. Membr. Sci. 9:211-227 (1981).

17. H. Lapidus and N. G. Lordi. Drug release from compressed
hydrophilic matrices. J. Pharm. Sci. 68:673-684 (1979).



