from the GLC-mass spectroscopy method, it is apparent that no
significantly measurable quantities of clindamycin palmitate can
be found in the serum of subjects receiving 494-988 mg of
clindamycin palmitate hydrochloride 0.25-1.5 hr after adminis-
tration.

Although GLC methods have been used extensively for the de-
tection and quantitation of antibiotics and other pharmaceuti-
cals, the single-ion focused mass spectroscopy method represents
the application of a new mass spectroscopy technique to antibiot-
ic research. With suitable sample extraction procedures, single-
ion focusing can be a very specific and highly sensitive means of
characterizing and quantitating antibiotics.
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Controlled Drug Release from Polymeric Devices I:
Technique for Rapid In Vitro Release Studies

YIE W. CHIEN*, HOWARD J. LAMBERT, and DONALD E. GRANT

Abstract O A simple system was developed which allows the rapid
and reproducible quantification of parameters influencing the re-
lease of drug by solid polymeric devices. The apparatus utilizes
only 150 ml of elution medium and maintains “sink” conditions
with water-miscible (nonaqueous) cosolvent combinations. Con-
stant diffusion layer thickness is controlled by constant stirring
and fixed temperature conditions. Factors influencing the rate of
release of ethynodiol diacetate, a synthetic progestin, from solid
silicone polymer vaginal devices were evaluated. The cumulative
amount of drug released was proportional to the square root of
time. The drug diffusivity was calculated and found in excellent
agreement with previously reported data for similar compounds
in silicone matrixes. The presence of a matrix-controlled process
was confirmed by the independence of the steady-state diffusion
rate on drug solubility in the eluant.

Keyphrases O Drug release, controlled—method for measuring
rapid in vitro release from polymer devices, ethynodiol diacetate
from silicone polymers O Transport, drug—rapid in vitro method
for measuring steady-state drug release flux, ethynodiol diacetate
from solid silicone polymer vaginal devices O Permeation, drug—
ethynodiol diacetate through solid silicone matrix, rapid in vitro
method for measuring steady-state drug release flux O Ethynodiol
diacetate—release from solid silicone vaginal devices, effect of
concentration and solubility of drug, rapid in vitro method for
measuring steady-state drug release flux O Contraceptives—rapid
in vitro method for measuring ethynodiol diacetate release from
solid silicone vaginal devices O Vaginal devices—method for mea-
suring drug release from polymer matrix

Recent interest has centered on the idea of replac-
ing daily administration of a drug with delivery de-
vices that release a constant effective dose to target
tissues via a controlled-release mechanism (1-10).
The high permeability of silicone polymer to steroids
has been applied to the development of drug-filled
and drug-impregnated silicone devices for long-act-
ing hormonal contraception (11-24).

It is apparent from the literature that the develop-
ment of a suitable measurement system is needed to
understand drug release mechanisms in in vivo sys-
tems and also to correlate in vitro and in vivo drug
release rate profiles accurately. An in vitro apparatus
for studying the release of medroxyprogesterone ace-
tate from a silicone device was designed (25). Be-
cause of the low aqueous solubility of medroxypro-
gesterone acetate, a large quantity (60 liters/day) of
distilled water was used for dissolution to approxi-
mate a sink condition. The sensitivity of the diffu-
sion cell was ignored (26-28). The drug release rate
was determined weekly by assaying the residual drug
content or measuring the thickness of the depletion
zone in the devices. The same mechanical concepts
were also applied in constructing a diffusion system
for studying the release of progesterone from a poly-
ethylene matrix (29).

One prime concern in making permeability mea-
surements is the ability to determine the rate of drug
release reliably in as short a time as possible (26-28).
The development of such a technique and system
should also make possible the direct measurement of
drug release flux. With these considerations in mind,
a relatively simple and easily constructed drug re-
lease system was designed, and a rapid, reproducible
technique was developed. The ring-shaped polymeric
device was mounted in a holder and rotated at con-
stant speed in the elution medium so that constant
hydrodynamics were maintained. This procedure al-
lowed for a constant thickness of diffusion layer on
the immediate surface of the device and a homoge-
neous drug concentration in the elution medium.
Additionally, a polymer-compatible, drug-stable,
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Side View

3 -cd-

Figure 1—Schematic representation of the in vitro system
used to measure the release of drug from silicone devices. Key:
1, sampling holes with Teflon stopcocks; 2, water-jacketed cell;
3, Plexiglas holder for ring-shaped silicone devices; 4, Teflon-
coated spin bar; 5, drug-impregnated silicone devices; and 6,
magnetic stirrer. Up to six cells were connected in series and
thermostated at 37°.

and water-miscible macromolecular substance was
mixed with the distilled water to increase drug solu-
bility. A perfect sink condition was maintained
throughout the experiment. The cell sensitivity was
sufficiently high that hourly or daily measurements
of drug release flux were possible. The drug release
profile was followed closely by directly assaying the
drug concentration in the elution medium. The de-
veloped system and technique provide a rapid meth-
odology for reliably characterizing the pattern and
rate of drug release from polymeric devices. This re-
port defines the system and technique developed and
compares the in vitro drug release profiles obtained
with the results taken from the literature.

EXPERIMENTAL

Drug Release System—The system developed for studying the
pattern of drug release is shown schematically in Fig. 1. A ring-
shaped device was mounted in the arms of a Plexiglas holder. The
holder was then rotated at a constant speed (360 rpm) in 150 ml
of elution medium at 37°. At scheduled intervals, a given volume
(25-150 ml) of elution medium was sampled and replaced with
the same quantity of drug-free elution medium maintained at
37°. The sample was then assayed.

Drug Delivery Devices—The delivery devices were prepared?!
by mixing the required amount of ethynodiol diacetate or other
steroid into a silicone elastomer? and then polymerizing with cat-
alyst in a mold at room temperature to form a ring (6 X 50 mm to
6 X 63 mm).

Elution Medium—The elution medium was prepared by mix-
ing a given volume of reagent grade polyethylene glycol 4003 with
distilled water. The drug solubility-polyethylene glycol 400 con-
centration profile, as expected from the following theoretical ex-
pression, is shown in Fig. 2:

log C. = log Cy,, + ef (Eq. 1)

where Cs and Ch,o denote the solubilities of drug in the polyeth-
ylene glycol 400-water mixture and in the pure water system, re-
spectively, e is the slope of solubility-concentration profile, and f
is the volume fraction of polyethylene glycol 400 (% v/v) added.
The solubility of ethynodiol diacetate (Cu,0o = 1.37 mg/100 ml)
was enhanced remarkably with the addition of polyethylene gly-
col 400, so perfect sink condition was maintained.

! By Dow Corning Corp., Midland, Mich.
2 Silastic.
3 Matheson, Coleman and Bell.
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Figure 2—Semilogarithmic relationship between the solu-
bility of ethynodiol diacetate and the volume fraction of poly-
ethylene glycol 400 in the elution medium at 37° (®) and 25°
©).

The stability of ethynodiol diacetate and its compatibility with
the silicone polymer also were examined for an observation period
of 3 weeks. Both were stable and compatible.

Analytical Method—From 1 to 5 ml of sample solution was
mixed with 10 ml of methanol, spectrophotometric grade, and 1
ml of 6 M hydrochloric acid solution. The mixture was boiled for
exactly 5 min and then cooled to room temperature, and meth-
anol was added to 25 ml. The drug concentration in such a solu-
tion was measured spectrophotometrically against a reference
prepared from the same sample solution without acidic hydroly-
sis. The peak absorbance (at Amax 236 nm) was recorded. No ab-
sorption peak was observed for the solution without acidic hydrol-
ysis. The molar absorptivity determined was 19,140 M-1 for the
acidic product (3,5-diene derivative) of ethynodiol diacetate. The
analytical procedure for medroxyprogesterone acetate was the
same as that for ethynodiol diacetate, except that no acidic hy-
drolysis was required and the same elution medium without drug
was used as the reference. The Amax and ¢ values for medroxypro-
gesterone acetate are 241 nm and 17,520 M -1, respectively.

Determination of Drug Selubility—The solubility of ethyno-
diol diacetate at the study temperature (25 or 37°) was deter-
mined by vigorously mixing an excess amount of powdered drug
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o
O
10 OO
OOOOOOOOOOOO
| { 1
0 5 10 15

ith DAY

Figure 3—Daily amount of drug release per unit area of
device (q) on the ith day for a silicone device containing 12.79
8/10% em® of ethynodiol diacetate.
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Figure 4—Cumulative amount of drug release (Q) per unit
area of device versus time for a silicone device containing
12.79 g/10* cm? of ethynodiol diacetate.

in 10 ml of elution medium. At equilibrium (48 hr), samples were
rapidly filtered through syringes equipped with a filter holdert
containing a glass fiber membrane3. For the 37° measurements,
the whole filtration apparatus was preheated. The clear filtrate
was then assayed as previously described.

The solubility of ethynodiol diacetate in the silicone polymer
was determined in the same manner as already described, except
that a silicone liquid with 24 dimethylsiloxyl units was used.
After filtration, one part of the clear filtrate was extracted with
10 parts of methanol with shaking at 37° for 24 hr. The solubility
of eth{nodiol diacetate in the silicone polymer at 37° was 1.4791
mg/ml.

RESULTS AND DISCUSSION

In the present study, a speed of 360 rpm for the silicone elasto-
mer? was satisfactory. At this speed, the thickness of the hydro-
dynamic diffusion layer on the immediate surface of the device
(26) was calculated, according to Eq. 2, to be from 63 X 10-4 to
70 X 10-4 cm, depending upon the kinematic viscosity of the elu-
tion medium used:

5p = 162D w3 (Eq. 2)

where 0p is the thickness of the hydrodynamic diffusion layer
around the device, D is the diffusion coefficient of the drug
species examined, w is the angular rotation speed, and v is the
kinematic viscosity of the elution medium. Apparently, the mag-
nitude of 3p may be decreased by the increase of the angular
rotation speed. The effect of w on the thickness of the hydrody-
namic diffusion layer has been well established (26). The magni-
tude of 8p should be held constant for an investigation of the real
mechanism of matrix-controlled permeation and for a meaningful
comparison between experimental observations.

The drug release profile obtained from such a system is shown
in Fig. 3, where the amount of drug release daily (¢q) from the
ring-shaped drug-impregnated silicone matrix is plotted against
time. A large quantity of drug was released initially, and the
daily amount of drug released then decreased with time. A plot of
the cumulative amount of drug (Q) released from a unit area of
matrix with time yields a curved Q-t profile (Fig. 4). The same
type of observation was reported previously for both in vitro (23,
25, 29-31) and in vivo (12, 29) studies. The higher initial drug re-
lease has been attributed to release of drug molecules at the ma-
trix surface (i.e., burst effect) (32).

4 Millipore.
5 Reeve Angel.
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Figure 5— Linear relationship between the cumulative amount
of drug released per unit area of device (Q) and the square root
of time (t'/?). The rate of drug release calculated from the
slope is 3.57 g/103 cm?/day'/>.

Theoretical treatment of the data obtained indicated that the
release of drug from an insoluble, inert polymeric matrix, (e.g.,
the silicone polymer in the present investigation) is best de-
scribed by the equation developed by Higuchi (30} if diffusion is
the rate-determining factor for the drug release process:

Q@ =VDn(2A - C)HC,t

where @ is the cumulative amount of drug released per unit area
of device (g/cm?); A is the amount of solid drug impregnated in a
unit volume of device (g/cm3); Cs and C), are the solubilities of the
drug in the elution medium and the polymer phase, respectively;
t is time; and Dy, is the diffusivity of the drug species in the
matrix. .

The theoretical model defined in Eq. 3 indicates that the cu-
mulative amount of drug released (@) from a unit area of matrix

(Eq. 3)
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Figure 6—Effect of the
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Table I—Effect of Drug Solubilities (C,) on Rate of Drug
Release from Silicone Devices Containing 98.8 g/10* cm?
Ethynodiol Diacetate

Volume Rate of Drug Release (Q/t'/%)

Fraction of

Polyethylene Initiale,

Glycol 400, C,, g/103 Steady State?,
% g/103% cm? cm?/day'/: g/10% cm?/day'/:
65 0.78 1.597 2.99
70 1.39 2.607 3.115
75 2.43 3.024 3.09
80 4.45 3.478 3.04
85 8.00 3.651 3.05

a Initial rate of drug release is calculated from the 1st day drug release
profile. ® Steady-state rate of drug release is estimated from the slope of
Q-t'/: profile up to 18 days.

should be a linear function of the square root of time (¢1/2). As
demonstrated in Fig. 5, this linear relationship was obeyed when
the drug release data in Fig. 4 were plotted following Eq. 3. The
slope of the Q-t1/2 profile is defined as:

Q/t" = VD24 — C)C, (Eq. 4)

Experimentally, the system was so designed that the amount of
solid drug (A) in the matrix was much larger than the solubility
of drug (Cs) in the elution medium (A = 98.8 g/10% cm? and Cs <
8 g/103 cm3). Therefore, 24 > Cs may be established, and Eq. 4
may be reduced to Eq. 5 without inducing any significant error:

Q/t'"* = V2DnAC, (Eq. 5)
Taking the square of both sides of Eq. 5 results in:
@/t =2D,C,A (Eq. 6)

On the basis of Eq. 6, linearity should exist between @2/t and
A. Experimentally, this linearity” was found to follow (Fig. 6); the
slope of this line is 2DmCp. When the solubility of drug in the
polymer (Cp) is known, the magnitude of Dm, the diffusivity of
drug in the matrix, may be estimated from this slope. In the
present study, D was calculated to be 3.79 X 10-7 cm2/sec for
ethynodiol diacetate. This result is very close to the 3.36 X 10-7
cm?2/sec for medroxyprogesterone acetate (31) and the 3.0 ~ 3.3
X 10~7 cm?2/sec for chlormadinone acetate (23) determined by the
lag time method using a similar silicone matrix. All three com-
pounds are progestins. By using the semilogarithmic relationship
between the self-diffusion coefficients and the number of the di-
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0 1 | | 1 1 1 I
06 0.8 1.0 2.0 4.0 6.0 8.0 10.0
Cs, 8/10%3 cm3

Figure 7—Effect of the drug solubility (C;) in the elution
medium on the initial (Ist day) rate of drug release.
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Figure 8—Drug release profiles for medroxyprogesterone
acetate measured in the present system.

methylsiloxyl monomer units reported by McCall et al. (33), it is
interesting to note that these steroids have diffusion coefficients
in the silicone polymer approximately equal to the self-diffusion
coefficient of a dimethy! silicone molecule containing 10 silicon
atoms. One could interpret this finding to indicate that an open-
ing in the polymer sufficiently large to permit a steroid molecule
to jump from one hole to another would require the motion of a
silicone chain segment of the order of 10 monomer units in length.
By the same approach, Robb (34) concluded that the permeation
of oxygen, nitrogen, and carbon dioxide required the motion of
three silicon atoms.

In developing Eq. 5, the Cs term in Eq. 4 was neglected on the
basis of 24 > C;. Experimentally, a series of drug release studies
were carried out in the elution medium with a wide range of drug
solubilities (0.78 ~ 8.00 g/10° ¢cm3) to determine the effect on
drug release profile (Table I). The data indicate that only the ini-
tial rate of drug release (the 1st day drug release) is dependent on
the solubility of the drug in the elution medium (Cs). On the
other hand, the steady-state rate of drug release is constant al-
though the magnitude of Cs is enhanced 10-fold. The proportiona-
lity of initial drug release rate to drug solubility is also illustrated
in Fig. 7, where a linear relationship is established after Cs = 1.39
g/103 cm3. The linearity may be correlated with the dissolution
kinetics of the drug concentration on the matrix surface.

The validity of Eqgs. 4 and 5 and their correlation to the experi-
mental data are further analyzed in Table II. Apparently, the
omission of the Cs term results in a maximum error of only 2%.
The experimental results correlate perfectly with the values cal-
culated from the theoretical model of either Eq. 4 or 5.

The drug release pattern of medroxyprogesterone acetate from
the silicone matrix was also examined in the same system. The
reasons for including this drug in this investigation are simply
that it has been studied extensively and literature reports are
available for comparison. As seen in Fig. 8, the drug release pro-
file for medroxyprogesterone acetate also followed the @-t1/2 rela-
tionship as did the ethynodiol diacetate reported in the present
studies. Roseman and Higuchi (25) reported the same observa-
tion. The release of chlormadinone acetate was also described by
the same theoretical model (23).

For comparison, the rate of drug release for medroxyprogester-
one acetate, reported by Roseman and Higuchi (25), was cited in
Table II. The data on drug solubility in the silicone polymer (Cp)
and the drug diffusivity in the polymeric device (Dm) available in
the literature (31) were also applied to estimate the theoretical
rate of drug release (Table II). Both of these literature values are
close to the experimental result (0.218 g/103 cm?/day?/?) and
demonstrate the applicability of the drug release system. The
comparisons point out that this system allows the rapid and di-
rect characterization of the mechanism and rate of drug release
from polymeric drug devices.



Table II—Comparison of Theoretical Rates of Drug Release with Experimental Data

Rate of Drug Release, g/10% cm?/day!/z

Volume Fraction of icale
Polyethylene Glycol 400, Theoretical
Drug % A B Experimental Ratio®
Ethynodiol diacetate 65 3.085 3.09 2.99 0.97
70 3.081 3.09 3.115 1.01
75 3.073 3.09 3.09 1.00
80 3.056 3.09 3.04 0.99
85 3.028 3.09 3.05 0.99
Medroxyprogesterone acetate 75 0.282¢ 0.2414 0.218 0.905

% A and B values are calculated from Eqs. 4 and 5, respectively, where Dm = 3.27 X 1072 cm?/day, A = 98.8 g/10% cm?, and Cp = 1.4791 g/10% cm?.
b Ratio of the experimental data over the theoretical B values. ¢ Calculated from the drug release profile reported in Ref. 25. 4 Estimated from the data re-

ported in Ref. 31 following Eq. 5.

REFERENCES

(1) M. Nakano, J. Pharm. Sci., 60, 571(1971).
(2) D. M. Long, Jr., and J. Folkman, U.S. pat. 3,279,996 (Oct.
18, 1966); through Chem. Abstr., 66, 5759g(1967).
(3) J. Folkman, W. Reiling, and G. Williams, Surgery, 66,
194(1969).
(4) J. Folkman, D. M. Long, Jr., and R. Rosenbaum, Science,
154, 148(1966).
(5) 4. Folkman and D. Long, Ann. N.Y. Acad. Sci, 111,
857(1964).
(6) P.Siegel and J. Atkinson, J. Appl. Physiol., 30, 900(1971).
(7) P.Bass, R. Purdon, and J. Wiley, Nature, 208, 591(1965).
(8) K. G. Powers, J. Parasitol., 51, 53(1965).
(9) C. M. Clifford, C. E. Yonker, and M. D. Corwin, J. Econ.
Entomol., 60, 1210(1967).
(10) J. G. Wepsic, U.S. pat. 3,598,127 (Aug. 10, 1971).
(11) F. A. Kincl, G. Benagiano, and 1. Angee, Steroids, 11,
673(1968).
(12) J. C. Comette and G. W. Duncan, Contraception, 1,
339(1970).
(13) A. S. Lifchez and A. Scommegna, Fert. Steril., 21,
426(1970).
(14) D.R. Mishell and M. E. Lumkin, ibid., 21, 99(1970).
(15) H. Croxatto, S. Diaz, R. Vera, M. Etchart, and P. Atria,
Amer. J. Obstet. Gynecol., 105, 1135(1969).
(16) C.C. Changand F. A. Kincl, Fert. Steril., 21, 134(1970).
(17) P. Kratochvil, G. Benagiano, and F. A. Kincl, Steroids,
13, 505(1970).
(18) P.J.Dzuik and B. Cook, Endocrinology, 78, 208(1966).
(19) R. Schuhmann and H. D. Taubert, Acta Biol. Med.
Germ., 24, 897(1970). .
(20) H. J. Tatum, E. M. Coutinho, J. A. Filho, and A. R. S.

Santanna, Amer. J. Obstet. Gynecol., 105, 1139(1969).

(21) H.J. Tatum, Contraception, 1, 253(1970).

(22) G. Benagiano, M. Ermini, C. C. Chang, K. Sundaram,
and F. A. Kincl, Acta Endocrinol., 63, 29(1970).

(23) J. Haleblian, R. Runkel, N. Mueller, J. Christopherson,
and K. Ng, J. Pharm. Sci., 60, 541(1971).

(24) G.W.Duncan, U.S. pat. 3,545,439 (Dec. 8, 1970).

(256) T. J. Roseman and W. 1. Higuchi, J. Pharm. Sci., 59,
353(1970).

(26) Y. W. Chien, T. D. Sokoloski, and C. L. Olson, ibid., 62,
435(1973).

(27) C. L. Olson, T. D. Sokoloski, S. N. Pagay, and D. Mi-
chaels, Anal. Chem., 41, 865(1969).

(28) G. L. Flynn and E. W. Smith, J. Pharm. Sci, 60,
1713(1971); ibid., 61, 61(1972).

(29) D. R. Kalkwarf, M. R. Sikov, L. Smith, and R. Gordon,
Contraception, 6, 423(1972).

(30) T. Higuchi, J. Pharm. Sci., 52, 1145(1963).

(31) T.J.Roseman, ibid., 61, 46(1972).

(32) R. W. Baker and H. K. Lonsdale, presented at the sympo-
sium on “Controlled Release of Biologically Active Agents,” Apr.
19-20, 1973.

(33) D. W. McCall, E. A. Anderson, and C. M. Huggins, J.
Chem. Phys., 34, 804(1961).

(34) W.L. Robb, Ann. N.Y. Acad. Sci., 146, 119(1968).

ACKNOWLEDGMENTS AND ADDRESSES

Received June 22, 1973, from the Pharmaceutical Research and
Development Department, Searle Laboratories, Division of G. D.
Searle and Co., Skokie, IL 60076

Accepted for publication October 29, 1973.

X To whom inquiries should be directed.

Vol. 63, No. 3, March 1974 / 369





