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Abstract 0 The i l i  r i m  release of four progesterone-type steroids 
from a silicone polymer was studied. The amount of drug released 
from this matrix system was found to he dependent upon the molec- 
ular structure of the steroid. Progesterone, for example, was re- 
leased approximately eight times faster than 17a-hydroxyprogester- 
one under identical experimental conditions. Since the diffusion co- 
efficients of the steroids were of the same magnitude. the diversity in 
release patterns was mainly attributed to the differences in the poly- 
mer solubilities of the steroid. Data are presented showing that the 
partition coelficient (polymer/water) and polymer solubility of the 
drug are sensitive functions of the structure of the steroids and ac- 
count for the experirncntal findings. Application of equations pre- 
viously derived for the matrix-boundary diffusion layer model re- 
sulted in good agreement with the experimental findings for the four 
steroids. As predicted, the Q' (amount released) wrscts r112 (time1!2) 
plots were not linear in the early time periods. The presence of filler 
particles within the polymer caused: (a) determined diffusion coeffi- 
cients to decrease by an average value of 25 %, ( h )  an increase in ex- 
perimentally determined partition coefficients, and ( c )  a slight reduc- 
tion in the amount released cersiis time plot for medroxyprogesterone 
acetate. 
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The usefulness of a silicone polymer as a drug delivery 
system for medroxyprogesterone acetate * was previously 
described ( 1 ,  2). Implantation of the polymer into the 
body with the subsequent release of drug was shown to 
be an effective method of inhibiting ovulation. An in- 
depth study (3) was presented which described the  in 
citro release of medroxyprogesterone acetate from the 
polymer. The dependence of the  release rate upon con- 
centration of drug within the polymer and external 
stirring conditions was demonstrated. Based upon a 
physical model, equations were derived to  explain 
these results and also t o  include other parameters such 
as the  polymer/water partition coefficient and diffusion 
coefficients (aqueous and polymer) which can influence 
the release rate. Although it has been shown that 
different steroids diffuse at  substantially different rates 
across silicone membranes (4), a quantitative study on 
the release of steroids embedded in a silicone matrix has 
not been presented. Therefore, this study was designed 
to demonstrate the applicability of the previous model 
to other steroids. Specific consideration is given t o  the  
contribution of the polymer/water partition coefficient, 
drug solubility in the polymer, and diffusion coefficients 
to the release process. The effect of filler particles 
(within the polymer) on the determined diffusion co- 
efficient, partition coefficients, and drug release process 
is also discussed. 

1 Provera, The Upjohn Co. 
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EXPERIMENTAL 

Determination of Amount of Drug Released-Annual cylinders 
(6.4 X 0.65 cm.) were prepared by levigating the required amount of 
drugP into the silicone polymer3 and polymerizing with catalyst, The 
mixture was then placed into the appropriately sized molds and al- 
lowed to cure. Four rings were then mounted with stainless steel pins 
in the in citro dissolution apparatus described previously (3) .  The 
effluent was collected at  various time intervals and extracted with 
chloroform. The chloroform was evaporated to dryness under vac- 
uum, and 10 ml. of isonicotinic acid hydrazide reagent, prepared ac- 
cording to the USP procedure ( 5 )  for medroxyprogesterone acetate, 
was added. After 1 hr., the absorbance was read at  380 nm. using a 
spectrophotornetcr4. The amount of drug present was determined 
from a calibration curve prepared with known amounts of drug. 

Determination of Partition Coefficients-Tritium-labeled proges- 
ter0ne-7-~H and 17a-hydroxyprogesterone-l,2-3H were obtained 
commercially6 and diluted with cold steroid to yield a specific ac- 
tivity of -167 pc./mg. Medroxyprogesterone acetate had a specific 
activity of -75 pc./mg.6. Saturated solutions of the steroid were pre- 
pared by equilibrating excess drug in water a t  37". The excess drug 
was then removed by filtering through a 0.22-p millipore filter'. 

The partition coefficients of progesterone, 17a-hydroxyprogester- 
one, and medroxyprogesterone acetate were determined by equili- 
brating four flat sheets (about 7 X 2 X 0.05 cm.) of the silicone ma- 
terial in the filtered saturated solution (140 ml.) of labeled steroid a t  
37". The sheets were removed after 1 day. This time was adequate 
to ensure that equilibrium had resulted. They were then extracted 
with methylene chloride and the solvent evaporated to  dryness un- 
der nitrogen. After the addition of 15 ml. of a scintillation counting 
solvents, the samples were counted in a liquid scintillation spectrom- 
eterg. The partition coefficient ( K )  was calculated by: (a) dividing the 
counts per unit volume in the silicone sheet by the counts per unit 
volume in the equilibrated solution or ( h )  using the following expres- 
sion: 

where: 

v, = 
v* = 
ci = 
c. = 

volume of solution 
volume of silicone sheets 
initial concentration (or counts/ml.) of solution 
equilibrium concentration (or counts/ml.) of solution 

The partition coefficient of 6a-rnethyl-l1&hydroxyprogesterone 
was determined with unlabeled drug. In this case, Ci and C. were 
determined chemically by the USP procedure described earlier, and 
Method (b) was used to determine K .  In general, the two methods 
of calculation gave comparable results. However, since Method (b) 
is subject to errors associated with small differences of numbers, 
Method (a) is preferred. Average values of multiple experiments are 
reported. 

Determination of Diffusion Coefficients-The diffusion coefficients 
of progesterone, 17a-hydroxyprogesterone, and niedroxyprogester- 
one acetate were determined a t  37" using a previously designed 

?The steroids were obtained from The Uaiohn Co. and were 97.2- .. 
100% pure. 

3 Silastic elastomer, Dow Corning Corp., Midland. Mich. 
4 Carv 11.  Amlied Phvsics Coro.. Monrovia, Calif. 
6 Ne\; England Nuclear Corp., Boston, Mass. 
6 Courtesy of Dr. R. C. Thomas, Physical and Analytical Chemistry 

Unit, The Upjohn CO. 
7 Millipore Filter Corp., Bedfofd. Mass. 
8 1000 ml. BNA Toluene (Allied Chemical). 42 mi. Liquoflor (New 

England Nuclear), and 100 ml. Biosolv (Beckman). 
0 Packard Tri Carb. Packard Instrument Co. 



diffusion cell (6) with no screen and a 60-r.p.m. stirring motor. A 
silicone membrane (fillerlesslo or filled), having an exposed area of 10 
cm.l and a known thicltness of approximately 0.051 cm., was placed 
in the center of the cell. At zero time, a saturated solution containing 
excess solid drug was placed in the donor reservoir while the re- 
ceptor side contained d.istilled water. At various times, samples were 
withdrawn from the receptor side by completely flushing out its con- 
tents with water at  37". Fresh water was immediately added. The 
amount of progesterone diffused across the membrane was deter- 
mined by the previously stated assay method for the steroids. The 
diffusion coefficient (DS) was calculated by the lag time method (7), 
i.?,, D, = X2/6L,, where Xis  the thickness of the membrane and L is 
the lag time. The lag \.ime was determined by the extrapolation of 
the steady-state portion of the curve to the x-axis. The diffusion co- 
efficients of 1 i'a-hydroxyprogesterone and medroxyprogesterone 
acetate were determined in a similar manner, except labeled steroid 
was used. The specific activities of the two steroids were -200 and 
-75 pc./mg., respectively. After samples were withdrawn, they were 
extracted with methylene chloride and evaporated to dryness under 
vacuum at 45'. After the addition of 15 ml. of counting solution, the 
samples were counted in the liquid scintillation spectrometer. The 
lag time was calculated from a plot of counts per minute versus time. 
In all runs, the concentration on the receptor side was < 10% of 
saturation. 

The membranes were prepared by polymerizing the fillerless or 
filled silicone material between two Plexiglas plates separated by 
0.051-cm. spacers. Circular membranes of the desired diameter were 
then formed by applying pressure to  a metal punch which rested on 
the membrane. 

Determination of Water and Polymer Solubilities-The water 
solubilities (C,) of the various steroids were determined by end-over- 
end rotation of 20-ml. ampuls containing an excess amount of ma- 
terial in 15 ml. of water at 37'. At equilibrium (24 hr. was deter- 
termined to be adequate), samples were withdrawn and rapidly fil- 
tered through preheated syringes equipped with a millipore filter 
holder containing a 0.22-p millipore filter. Ten milliliters of sample 
was extracted with chloroform and assayed. Runs were carried out 
in quadruplicate and averaged. 

The solubility (C,) (of the various steroids in the polymer was cal- 
culated from the follo,rying relationship: 

C, = KC, (Eq. 2) 

where C,  is the water solubility. 

THEORETICAL 

The general model (matrix-boundary diffusion layer) describing 
the release of drug embedded in a matrix was presented previously 
for the case where diffusion occurs through the matrix phase (3). 
The assumptions in the derivation and derived equations were given 
in total. It was shown that under certain conditions the matrix- 
boundary diffusion layer model reduced to a matrix-controlled pro- 
cess which was presented earlier by Higuchi (8). The final equations 
are summarized here, and a comparison of the two geometrical cases 
of interest is presented. 

Planar Case- 

Q = A1 (Eq. 3) 

where: 

Q = amount released per unit area (mg./cm.2) 
A = concentration of drug in matrix (~ng./crn.~) 
I = diffusional distance in polymer or zone of depletion (cm.) 

D, = diffusion coefficient in aqueous phase (cm.2/sec.) 
ha = boundary diffusion layer (cm.) 
K = partition coefficient (Cs/Ca)ll 

C, = aqueous solubility ( m g . / ~ m . ~ )  
C, = solubility in  matrix phase (~ng. /cm.~)  

t = time(sec.) 

la  Gift from Dow Corning Corp., Midland, Mich. 
l 1  Note that K has been redefined to be C,/C.  In contrast to the pre- 

vious work (3) where K = C,/C,. Therefore, in Eqs. 4 and 7, Know ap- 
pears in the numerator. 
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Figure 1-Fractioiz of drug released as a function of the square root 
of iime.for !he planar case (Curve A )  atid the cylindrical case (Curve 
4. 

and D ,  = D& where D ,  is the effective diffusion coefficient in the 
matrix phase, and t and 7 are the volume fraction and tortuosity in 
the matrix phase, respectively. 

Equations 3 and 4 define the Q versus t plots for the matrix-bound- 
ary diffusion layer model. When I >> 2D,h,K/D,, Eqs. 3 and 4 reduce 
to the matrix-controlled case, i.e.; 

Q = (2AD,C,t)'/z (Eq. 5 )  

Cylindrical Case- 

where: 

Q' = amount released (mg.) 
h = height of cylinder (cm.) 

ao = radius of cylinder (cm.) 
a' = distance from center of cylinder t o  receding drug boundary 

All other parameters were defined previouslyla. Equations 6 and 7 
define the Q' versus t plots. 

(cm.) 

For the matrix-controlled case, Eq. 7 reduces to:  

In this instance, Eqs. 6 and 8 define the Q' versus t plots. 

tion of drug released ( F )  from a cylinder is: 
Cylindrical versus Planar Geometry-When A >> C,, the frac- 

Division of Eq. 8 by a,* and appropriate substitution of Eq. 9 yield: 

[ ' /rF + In (1 - P ) ] l / z  = kP/z  (Eq. 10) 

where: 

The following equation results for the planar case, assuming an 
area of 27raah and a volume of nao2h: 

F = 2 4 2  k 1 ' / 2  (Eq. 12) 

Figure 1 shows a plot of F versus i 1 / 2  for both equations where k 
was arbitrarily set equal to 1 (day-'/l). It is apparent that the cylin- 

1 2  Note that 1 = aa - a ' .  
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Table I-Solubilities (h4illigranis per Milliliter) of the Steroids in 
Water, in Filled and Fillerless Polymer, and the Respective 
Part it ion Coefficients 

4 8 12 16 20 
DAYS 

Figure 2-Amoiiiit of steroid released from silicoiw cyliiiders as a 
function of t h e .  Key: @, progesteroire; U, medroxyprogesterone 
acetate; 0, 6a-mefhyl-ll~-liydroxyprogesterotie; and A, I7a -h~-  
droxyprogesteroiie. 

der is a good approximation (i .e.,  a 10% or less deviation is noted) 
for the plane up to 50% drug releaseL3. Due to the constahcy of area, 
the planar case represents a simpler model. However, the cylindrical 
case is important because,it is currently the most widely used form 
for implantation within the body. I t  follows, then, that when less 
than 50% of drug is releesed. a nonlinear region (parabolic dis- 
placement to longer times) in the beginning of a Q versus fl/z plot 
indicates that the matrix-boundary dinusion model is operative for 
either planar or cylindrical geometry. 

RESULTS AYD DISCUSSION 

Drug-Release Mechanism-. Figure 2 shows the amount of steroid 
released from the polymer as a function of time for four progester- 
one-type steroids. Although the general shapes of the curves are 
similar, stibstantial differences in the amounts released at  any given 
time are noted. Progesterone, for instance, was released approxi- 
mately eight times faster than 17~~-hydroxyprogesterone under iden- 
tical experimental conditions. The specific order of release was: 
progesterone > medroxyprogesterone acetate > 6a-methyl-l lD- 
hydroxyprogesterone > 17a-hydroxyprogesterone. 

Figure 3 shows the amount released (Q’) versus t’” plots. In all 
cases, the graphs do not show a linear relationship during early 
times. The exact duration of nonlinearity was dependent upon the 
particular steroid. Because progesterone was released rapidly, the 
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Figure 3- -Amount of’ steroid released from silicorie cylinders as a 
fuircfioir of the squure root of‘ tinie. Key: @, progesterone; CJ, me- 
droxyprogesteroiie acetate; 0, 6a-methyl-1 l~-liydroxyprogesteroiie: 
and A, I7a-liydroxyprogesteroiie. 

l 3  A similar relationship was shown for the plane and sphcre (8 ) .  
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--Filled Polymer-Fillerless Polyrner- 
Steroid C., K f a  C ,  C, K b  

Progesterone 0.572 50.2 0.0114 0.513 45.0 
6a-Methyl- 17- 0.0985 30.3 0.00325 0.0874 26.9 

acetoxyprogesteronec 

hydroxyprogesterone 
6a-Methyl-l IS- 0.0531 3.20 0.0166 - - d  -’ 
17a-Hydroxyprogesterone 0.0178 2 .18  0.0081 0.0072 0.89 

Q K I  = C, /C . ;  K I  is thc partition coefficient, and C ,  is the solubility 
of drug dctermincd in  filled polymer. * K = C,/C,. c Mcdroxyprogester- 
one acetate. d Chemical assay was not sensitive enough to determine K .  

nonlinear region is not as apparent as with the other three steroids. 
The, release of medroxyprogesterone acetate was described pre- 
viously by Eqs. 6 and 7 (3). Depending upon the magnitude of the 
various constants, these equations do predict the presence of a non- 
linear region. Hence, it is reasonable to assume that the matrix- 
bbundary diffusion layer model represented by these equations is 
applicable to  the other steroids studied. 

For the given drug-polymer system, the following parameters can 
be readily controlled: A,  Ir, UO,  and The values of C., C,. Dz, 
and D, are inherent properties of the drug. Therefore, by determin- 
ing or estimating these latter parameters and reinserting the appro- 
priate values into Eqs. 6 and 7, theoretical plots ofamount released 
(8’)  cersus time ( t )  can be generated and compared to the experi- 
mental data. The values of C,, C,, and K for the diHerent steroids 
are listed inTable I. Values for D, were calculatcd from theequation 
of Sutherland-Einstein (9) and ranged from 6.5 to 7.1 X 
cm.z/sec. depending upon the steroid. Using the following numbers 
for the other constants in Eqs. 6 and 7, A = 15.2 rng . /~m.~ ,  It = 
18.1cm.,uo =0.325cm.,and1ia =66.8X 10-4cm.15. 

Figure 4 shows the experimental and theoretically determined Q’ 
versus t plots. The theoretical plot was generated by a computer 
using D ,  as the variable. The excellent agreement of the experimental 
data with the predicted curves supports the use of the matrix-bound- 
ary diffusion layer model. It is noteworthy that the early time data 
points are in good agreement with the theoretical curves. I f  the re- 
leaseof drug was solely matrix controlled duringearly times,then the 
Q’ versus t ‘ / 2  plots in Fig. 3 would be linear and poor agreement of 
data with theory would be noted in Fig. 4. This, however, is not the 
case. 

Diffusion Cbefficients-The values of D, estimated by computer fit 
of the equations to the data are listed in Table 11. Although the esti- 
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Figure &Amount oJ‘ sreroid released from silicone cylinders as a 
f unction of time. Symbols represent experimental points while 
curves are drawn based upon tlieoretical cul( ulatioirs for the niutrix- 
boundary diffusion layer model. Key: @, progestcvoiie: : I, mudroxy- 
progesterone acetate; 0, 6a-methyl- I I~-liydroxypro~rsti~ro,ie; a d  
A. I 7a-liydroxyprogesteroiie. 

1‘ ha could not be controllcd in cir.0. 
See Reference 3. 



Table 11.- Estimated and Determined Diffusion Coefficients of the 
Steroids in the Polymer Phase 

Diffusion Coefficient, cm.2/sec. X 10'- 
r-Determined- 
Filled Fillerless 

Steroid Estimated (De)a (D,$,)* (0.Y 

Progesterone 
6a-Methyl-17- 

16.5 (15.9-17.0) 4.50 5.78 
3.7N3.43 -3.99) 3.36 4.17 

acetoxyprogesteroiie~ 
6a-Methyl-l lp -  2.84"(2.57-3.12) - -  - 

hydroxyproges terone 
17n-Hydroxyprogestt.rone 8.51(8.06 8.96) 3.88 5 . 6 5  

'1 L), estimated based upon Eqs. 6and 7 to fit the experimental points. 
Values i n  parentheses arc 95 confidence limits for the estimates. 
D,, is iiii apparent diffusion coefficient determined by the  lag time 

method using a fillcd Folymeric,mcinbriine. c D, is the true diffusion co- 
efficient tletcrminetl by the  lag time method using a fillerless polymcric 
membranc. d M,..tiroxyi)rogcsterone acetate. ?This estimate is based upon 
C,,and K J  valuer for  filled polymer. Hence. i t  would be expected tha t  this 
estimate is low. I t  could IJK n s  high as 5 X 10 7 cni.'>/sec. 

mate for progesterone is somewhat high, these figures fall within the 
same magnitude. They are. however. subject t o  wide variations when 
small experimental error is present. For instance, a 15% experimen- 
tal error in the data would result i n  a 40% error in the estimate. 
Therefore, the diffusion coefficients were independently determined 
to compare thein with the estimated values. Table I I  shows that D ,  
for progesterone. medroxyprogesterone acetate, and 17~hydroxy-  
progesterone all fall within a narrow range. i.e.. 4.17-5.78 X 
10 ' cm.?/sec. In  general. these agree fairly well with the estimated 
clfective diffusion coefficients. Although the emective dilfusion coeffi- 
cient estimate (11,) can he influenced by a tortuosity or volume frac- 
tion term (D, 5 L ) , ~ / T )  due to the presence of filler particles within 
polymer, it will wbseqtiently lie shown that their effect was relatively 
small. Hence, for this polymer system, D. can be compared to Ds. 

The small fluctuations of the diffusion coefficients in the polymer 
phase for the steroids is corlsistent with the hole formation concept 
in diffusional processes. The rate of ditfusion of a molecule through 
the polymer is dependent upon the formation of a hole of sufficient 
size to accommodate the diffusing species. Therefore, it would be 
expected that molecules of similar molecular size, such as steroids, 
would have similar difrusion coeficients. Comparison of these dif- 
fusion coeficients with those reported for smaller molecules i n  
polyethylene (10) shows that the diffusion coefficients in the silicone 
polymer are order(s) of magnitude greater. These relatively high 
diffusion coefficients may be attributed to the ease of hole formation 
for the dilfusing species due to the high internal chain mobility 
within the silicone polymer ( I  1). 

Partition Coefficients and Solubility - In  contrast to the diRusion 
coelficients, the partition coefficients are sensitive functions of 
molecular structure. Although the partition coefficient is one con- 
tributing factor to the inonlinearity of the Q' t e r m s  !'/? plots at  
early times (i .e. ,  when 1 - 2De/r,K/DO), it in itself does not explain the 
diversities in the release of the steroids from the polymer. Since 
inspection of Eq. 4 s h o w  that Kand C,, occur independently of each 
other, it is fruitful to examine the linear region of the Q' wrsus t'/' 
plots. In this region. the release of drug is matrix controlled, (i.e.,  
I >> l>JioK/Da), resulting in mathematical expressions that give a 
direct dependence of the amount released on the solubility of the 
drug in  the polynier(C,). Figure 5 shows a plot of the slopes of the Q' 
ivrsus plots t e r s i i s  the square root of the solubility of the drug in 
the polymer, assuming equal D. valuesiR. This graph clearly demon- 
strates that the amount of steroid released increases linearly uith the 
square root of its solubility under the conditions described in this 
study. As a check on this plot, the calculated D. from the least- 
squares slope of the line was 5.1 1 x lo-' cm.2/sec., which is consis- 
tent with the values listed in Table 11. 

The C,  values listed i n  Table 1 show that progesterone has the 
highest solubility while the 6a-methyl- 17-acetate, 6a-methyl-l1/3- 
hydroxy. and the 17a-hytiroxy derivatives are lower in the order in- 
dicated. Based upon structure comparisons of these compounds, it 
appears that the presence of a hydroxyl group reduces the steroid 

14 Based upon the previous discussion on diffusion coefficients, this is 
a good assumption. 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 
SOLU BILITY1'?, (mg./cm.l)''? 

Figure 5 -Slope of' Q' versus t','? plots versus rlie syiiurr root qt' tlir 
solubility o/' the sreroid iti  tlic silicoiic pol.srncr. K e y :  0. progester- 
orw; : :, metlroxyprogesrerorir ~ ice tu tv ;  tiritl A. I7n-li~tlros,~~~iro- 
gesterorre. 

solubility in the polymer quite markedly; for example. progesterone 
is 7 1 times more soluble than 17a-hydroxyprogesterone. The pres- 
ence of the 17-acetate group has a similar but lesser elfect. I t  is aii- 
parent that the presence of different functional groups on the parent 
steroid molecule can substantially influence C, and. therefore, alter 
the release of drug from the polymer. Rased upon the results o f  this 
study, Q'  w r s i i s  I plots or release rates of structurally similar steroids 
could be estimated once the C, and K values are known. 

Effect of Filler -It is common knowledge that siliceous earth fill- 
ers are incorporated into silicone polymers in concentrations as high 
as 20-25"/, to afford varying degrees of mechanical strength tc the 
polymer. The presence of filler liartides within the polymer is 
known to affect difusion coeflicients determined by t he  lag time 
technique (12). The adsorption of drug onto filler results in a positive 
displacement of lag times and. hence, dilfuslon coellicients are low. 
A similar effect was noted for the diffusion of stirin through petrola- 
t u m  barriers containing silica gel fillers ( I ? ) .  t)isplacemeiit of Ing 
times in the presence of filler was adequately explained by deriving 
equations that depended upon Langmuir adsorption. The severe 
displacement of lag times in studies on the diffusion of ethyl 
p-aminobenzoate through silicone membranes containing high sur-  
face area fumed silica tillers was also shown to follow 1,angmuir 
adsorption during the nonsteady-state period ( 14). I'artition coeffi- 
cients, on the other hand, can be overestiniated due to adsorption of 
drug onto the tiller material during equilibration (12). I n  view of 
these studies, the elfect of tiller on the determined dilfusion coeffi- 
cients, partition coefficients, and drug transport was assessed. 

Table I shows that the presence of tiller material increases the de- 
termined values of the partition coefficients. Its effect on proges- 
terone and medroxyprogesteroiie acetate was small, resulting i n  
an increase of -12%. A rather large increase (-150%). however, 
was noted for 17n-hydroxyproyesterone. Although comparable 
amounts or drug may have been adsorbed, the solubility (polymer) 
of the first two steroids was high enough to minimize the magnitude 
of the adsorption effect. For 17a-hydroxyprogesterone, the solubil- 
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Figure 6 - Amourit of progesterotic. diffiiscd [irross rr silicone inern- 
hraiie as a fioictioii tinie. Doslred lilies ore the extrupoluliori of 
the steady-state portioti of' the riirce to  the x-rixis, yicdilirr!: tlic lciK 
rime. Key: 0, fillerless nrembrurie (X = 0.0516 crt i ,) :  nricl 0. filled 
niemhrurie (X = 0.0597 cni.). 
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Figure 7 -Amoirtir of m r d r o x ~ p r o ~ ~ ~ s f ~ ~ r o t i ~ ~  uceIufe relrusrd from 
3% silicorie cylitrders (4  X 0.5 cm.) u s  a Jirricfioii ofrime. Key: 0, 
fillerless polymer; aird A, filled polymer. 

ity was substantially less, resulting in a more pronounced adsorp- 
tion effect. 

Table I 1  shows that filler decreased determined diffusion coeKi- 
cients by an average value of 25%. I n  this instance, adsorption of 
drug onto tiller particles caused a lengthening of the nonsteady-state 
period (lag time) and, hence, a reduction in  determined diffusion 
coefficients. The adsorption e k t  in these studies, although consis- 
tent with previous work, was considerably less than that reported for 
ethyl p-aminobenzoate using a different polymer system (12). Al- 
though a diferent class of drug molecules was used, the contributing 
factor apparently was the ditTerencc in the filler types present in the 
polymer. It  would be expected that a high surface area fumed silica 
as used in the ethyl p-aminolxnzoate study ( I  2)  would cause a more 
dramatic effect on both partition and diffusion coeficients. In fact, 
Finger e f  d .  (13) showed a direct dependence of lag time on the 
maximum adsorptive capacity of silica gel fillers in  an ointment 
system. 

Figure 6 shows the results of a typical membrane dilfusioii experi- 
ment for progesterone across tillerless and filled memhranes. Ex- 
amination of the steady-state portion of the curve, corrected for var- 
iations i n  the membrane thickness, shows that the rate of diffusion 
across a fillerless membrane is 1.1 times faster than the filled poly- 
mer. Since adsorption onto tiller would not affect the steady-state 
rate, because all adsorption sites would be saturated, this result is 
attributed to a volume fraction (e )  and possibly a tortuosity effect 
( r ) .  The volume fraction of the matrix phase was calculated to be 
0.88; hence. the tortuosity factor would be approximately I .  This 
is consistent with a previous estimate of 1.1 for r (14). Further sup- 
port for the relatively small effect of filler on the steady-state trans- 
port of drug is demonstrated in Fig. 7. This plot shows that the 
amount released at a given time is marginally affected by the pres- 
ence of filler within this polymer. 

SUMMARY 

The release of progesterone-type steroids from a silicone was found 
to be matrix-boundary diffusion layer controlled during early times, 

while at  later times the release process was matrix controlled; i.e., 
Q’ cersus r ’ / ?  plots were linear. The differences in the amount of 
drug released from the matrix were dependent upon the molecular 
structure of the steroid. Progesterone, for instance, was released ap- 
proximately eight times faster than 17a-hydroxyprogesterone. Since 
determined diffusion coefficients in the polymer phase were of the 
same magnitude, the diversity in release profiles was attributed to 
differences in the polymer solubilities of the steroids. Data are pre- 
sented showing that the partition coefficient (polymerlwater) and 
polymer solubility of the drug are sensitive functions of the struc- 
ture of the steroids and account for the experimental findings. The 
presence of filler particles within the polymer caused: (a) deter- 
termined diffusion coefficients to decrease by an average value of 
25:/’,, (h )  an increase in experimentally determined partition coeffi- 
cients, and (c )  a slight reduction in the amount released versus time 
plot for medroxyprogesterone acetate. 
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