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The procedure described in the previous paper has been applied to a number of 
cases. Release of sulfanilamide, caffeine, and potassium acid phthalate from poly- 
ethylene matrix disks into aqueous media were studied. The results show that in 
these cases the absolute tortuosity values are relatively small when all pores are ac- 
cessible to the solvent. This situation is achieved, for example, when there is sur- 
factant in the solution permitting adequate wetting of the channels. A direct cor- 
relation between surfactant activity and the rate of release has been found. Even 
when there was a relatively small amount of inaccessible pores, the tortuosities in 
these cases were found to be considerably greater. The results were obtained when 
surfactant was not incorporated in the release medium. It is proposed that these 

findings are consistent with an “encapsulated” drug particle model. 

PREVIOUS INVESTIGATION (1) showed that the A Higuchi equation can be utilized to describe 
drug release from polyethylene matrices. The 
results of experiments which investigated the 
effects of drug type, concentration of drug in 
tablet, solvent media, etc., indicated that the 
above factors not only altered release rates 
directly as predicted by theory, but also indirectly 
by altering other parameters. Before a quanti- 
tative evaluation of the polyethylene system 
could be made, it was therefore necessary to 
establish experimental procedures to determine 
independently all parameters for the conditions 
of each study. In this way the interdependence 
of all parameters can be eliminated. 

Experimental procedures to determine the 
diffusion coefficient, drug solubility, and matrix 
porosity were reported in a previous communica- 
tion (2). These parameters can then be used in 
the equations which describe the release rates 
from matrices containing solid medicament. and 
from matrices saturated with a solution of drug. 

The release rate of drug imbedded in an in- 
soluble matrix obeys the following equation: 

(Eq. 1) 

~~~ 

Q = + (2’4 - ECf)C8t 

where 
D = difIusiori coefficient of the drug in thc 

E 

r 

perrricating fluid, 
= the porosity of the matrix, 
= tortuosity of the matrix, 
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A = the total amount of drug present 

C, = the solubility of the drug in the 
matrix per unit volume, 

medium. 

in the 

release 

Q = grams of drug released per unit area of 

If the same matrix is saturated with a solution, 
the release rates wouldobey the following relation- 
ship : 

surface. 

Dt ‘/2 Q = 2 Cue (;) (Eq. 2) 

where Co = concentration of the solution in the 
matrix. The other terms have the same mean- 
ing as in Eq. 1. 

Once the parameters of the matrix have been 
established, one can use Eq. 1 to determine the 
remaining parameter, tortuosity, from release 
data obtained using the matrix containing the 
solid drug. Equation 2 can also be used to 
calculate the tortuosity of the same matrix, but 
the rclcase data obtained from the resaturated 
matrix must be used. If the tortuosities inde- 
pendently calculated by these methods agree well 
with each other, this would provide strong 
evidence that this method of attack can be used 
to quantitatively study the effect of experimental 
conditions on the release rates of drugs from inert 
matrices. Using this approach, this paper re- 
ports the effect of drug concentration, drug 
solubility, and other factors upon the param- 
eters-tortuosity, porosity, and diffusion coef- 
licient. 

EXPERIMENTAL 

Thc releasc rates from polyethylene matrices 
containing solid drug as well as solutions were 
studied using the techniques described previously 
(1) .  The parameters were evaluated as described 
in the subsequent paper (2).  

1230 



1231 

40 

30 
c) 

d 5 20 

10 

T I M E ~ / Z .  sec. 
Fig. 1.-Release of potassium acid phthalate from 

polyethylenc plastic matriccs containing 2004, potas- 
sium acid plithalate iu various media. Key: A, 
O.lO~o ptdysorbate 80 as the release rriediurn; B, 
O.lOyo HTAIl; C, watcr. 

RESlJLTS AND DISCUSSION 

If a given matrix is studied by  both the solid and 
saturated solution mcthods, it must be established 
that  all paraineteirs remain constant during the cx- 
periments. Since the addition of surfactant t o  the 
aqueous solvent :mcdia grcatly incrcascs thc rate 
of drug release froin polyethylene matrices, i t  had 
been postulated that  all of thc maximum possible 
matrix porosity is made available by  the surfactant. 
This was verified by the fact that  thc porosity 
determined by the liquid leaching method (2) was 
equal t o  thc combined porosity of drug and air. 
The latter was cal.culated by the physical measure- 
ment method (2).  This was not true in uonsur- 
factant esperiments. It was, therefore, decided 
to  use surfactant solutions as the release niediuni 
t o  establish the iquantitative applicability of thc 
theory. 

Quantitative Application of Theory-Polyethyl- 
cnc matriccs containing 20% sulfanilamide. caf- 
feine, and potassium acid phthalate were studied. 
Both the solid and liquid leachiiig experiments 
were performed utilizing surfactant solutions. It 
should be pointed out that  the compounds were 
selected on the basis of their suitability for cstablish- 
iug basic pliysicocliemical poiuts rather than their 
therapeutic value; similarly, the surfactants used 
were selected on tlie basis of their surfactatit activity 
aud system compatibility. All surfactant solutiotis 
used werc abovc their critical micelle concentratiou 
to provide maxiinurn surfactatit activity. 

The surfactant sulution uscd in the sulfanilamide 
and caffeinc studies was 0.1% dioctyl sodium sulfo- 
succiriatcl (AOT)  but 0.1% liexadecyl trimethyl- 
anitiioiiium bromide solution (HTAB) was uscd 
with thc potassium acid plithalate studies since 
the latter was not compatible with AOT. 

The solid .rc.lea!ie curves of these systems are 
shown in Figs. 1, 2, arid 3. Solid leaching curvcs 
in water are also included to  show thc magnitude 
of the surfactant cffrct which will be discussed 
later. Liquid Icacliirig curves of the Same niatriccs 
are shown in Figs. 4 and 5. T o  demonstrate the 
applicability of thc solid and liquid leaching c o w  

1 Marketed x: Aeiosol OT by the American Cyaiiainid 
Co.. Wayne, pi. J. 
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Fig. 2.-Release of caffeine from polycthylene 

matrices containing 207; drug into 0.107, AOT (A) 
and into watcr (B). 

21 50 100 150 200 250 300 

TIM E'/z. sec. 
Fig. :I.-Rclcasr of sulfanilamidc from poly- 

ethylcue plastic matrices into 0.10';; A O T .  Key: 
A, 20yo drug in matrix; B, layo drug; C, 55; drug. 
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Fig. 4.-Iielcase data from polycthylcne matrices 
coiitaiuing only solutions uscd in tlic calculation of 
tortuosity. Key : A, tablets originally coritaitied 
20% solid potassium acid plitlialate which was rc- 
leased completely in O . l U ~ ~ ~ ,  HTAB, was thcu cquilib- 
rated with a saturated potassium acid phthalatc 
solution, and then released in 0.10% HTAB; B, same 
as A, except caffeine was used instead of potassium 
acid phthalate and 0.10(% AOT was used instead of 
HTAB. 

cepts, mlculntions of T values using Eqs. 1 and 2, 
respectively, will be shown arid curitpared. 

The following calculations using the data of a 
polyethylene matrix coiitaiuiii~ 20% sulfaiiilatiiidc 
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50 100 150 ZOO 250 300 350 -400 
TIME'/%, sec. 

Fig 5 --Solute release data from polyethylene 
plastic matrices used in the calculations of porosity 
and tortuosity. Key: A, tablets originally con- 
taincd 20y0 sulfanilamide which was released com- 
pletely in O.lOC/;; AOT, was then equilibrated with a 
saturated sulfanilamide solution, and then released 
in 0.10% AOT; B, same as A ,  except tablets contained 
109; drug, C, same as A, except tablets contained 
5% drug. 

in a surfactant mrdium will serve as  an illustrative 
example. 

weight of thc tablet = 0.300 Gm. 

volume of tablet = ar2h = 0.328 1111. 

C, = 1.08 X Gni./ml. 

Co = 0.95 X Gm./ml 

-~ - 0.060 ~~ Gm. = 0.182 Gm./nil. wt. of drug 
vol. of tablet 0.328 ml. fl = 

D = 12.9 X crn.E/sec. 

0.240 volume of plastic = Kg66 = 0.250 i d .  

0.06 volume of drug = __ = 0.040 1.500 

volume of air = 0.328 - 0.290 = 0.038 ml. 

0.038 + 0.04 = 0,237 
0.328 € =  

Q / t 1 / 2  = slope of solid leaching (Fig. 3) = 3.30 X 
10P Gm./sec.l12 

Q / t 1 / 2  = slope of liquid leaching (Fig. 5 )  = 0.303 X 

Solving Eq. 1 for the value of T and substitutiiig 
the values of abovc paramctcrs onc UbtdillS the 
f ollowing 

10-6 Gm./sec.lj2 

(12.9 X lo-') X (0.237) (2 X 0.182 - 0.237 
- _  x 1.08 x 10-2) (1.08 x 10-2) 

(3.30 x 10-5y - 

= 10.7 

and sirnilarly Eq. 2 yields 

- 4 X (0.95 X 10-2))2 X (0.237)2 X 12.9 X 1 0 P  

= 9.1 

Comparison of the above values of T shows cx- 
ccllent agreement and thereby indicates that the 
theory and the parameters employed are valid. 
Similar agreement was obtained with caffeine. A 
similar study with potassium acid phthalatc showed 
a reasonably good agreement ; the relatively higher 
7 value obtained for potassium acid phthalate by 
the solid leaching experiment may be due to the 
poorer wetting properties of HTAB compared to 
AOT. 

Examination of the e due t o  air in Table I shows 
that it does not remain constant, although thc 
same concentration of different drugs is used. 
This may be a reflection of the relative flow propcr- 
tics of the drug and plastic when under compression. 

The above approach was also used to study poly- 
ethylene matrices containing 5 and 10% sulfanil- 
amide. The curves are shown in Figs. 3 and 5, 
and the calculated parameters are listed in Table TI. 

Examination of Table I1 clearly shows that the 
e of the matrix is not a direct function of the drug 
percentage. Although the porosity contribution 
from the drug increases with increasing concentra- 
tion of drug, the porosity contribution from air is 
decreasing. In addition, there seems to be a slight 
increase in T. Again, it should be noted that ex- 
cellent agreement was shown between the tortu- 
ositics calculated from thc solid leaching and solu- 
tion leaching data. 

These results explain why the release rates in an 
earlier study (1) did not follow the predicted rates 
assuming all parameters were constant and confirm 
the hypothesis that the porosity was not propor- 
tional to  A .  

Mechanism of Surfactant Action .-T he surf actant 
seems to be instrumental in making available the 
maximum possible porosity. It was felt, therefore, 
that the effect should be investigatcd further. 
To eliminate the possibility that surfactant may 

~~ _____ 

3 142 X (0.303 X 10-5)2 

These results are summarized in Table I. 

TABLE I .--CALWLATIWN WF Towuwsrru o v  I'WTASSIWM A c m  PHTHALATE, SULFANILAMIDE, 
AND CAFFEINE IN PWLYETHYLENE MATKICES 

- ~- ___ 
D L Due 1050 10s Q 
101 c. V O l .  of to Air CO Solid Liquid 

cm.2 102 Gm. Tablet, 6 Due and A Gm. 102Gm. Leach- Leach- T by 7 by 
Tablet Compn. set.-' ml.-I ml. to Air Dt-ug d - 1  ml.-1 in:: irig hq. 1 Eq. 2 

20% Potas- 
sium acid 
phthalate 18.2 11.60 0.331 0.165 0.276 0.181 9.30 10.2 1.36 18.5 8 .0  

20yo Caffcinc 6 . 3  2.50 0.264 0.128 0.254 0.179 2.50 3 . 8  0.71 8 . 2  6 . 4  
20% Sulfa- 

nilamide 12.9 1.08 0.3% 0.115 0.237 0.182 0.95 3 . 8  0.30 10.7 9 .1  
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A N D  20';.;, SULFANILAMIDE IN POLYETHYLENE 
TABLE II.-r'OROSITY AIiD TORTUOSITY OF 5, 10, 

MATRICES USING SURPACTANT SOLUTION AS 
ITELEASE h fEI ) IUM 

~~~ 
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e Due e Ail T by r by 
Tablet Compn. to Air Plus rJrug Eq. 1 b2q. 2 
aG4 Sulfanil- 

10% Sulfanil 
amidc 0.125 0 154 8 5 0.7 

a h r  u 103 0.162 9 . 6  8 .5  
207<, Sulfanil- 

amide 0 115 0.237 10.7 9 .1  

solubilize some cnmponcnt of the plastic material, 
thc polyethylene powder was shaken in the prescncc 
of excess of surfactatit solution overnight. This 
slurry was then filtered and the polyethylene was 
washed with hot and cold water. Twenty per cent 
potassium acid phthalate tablets wcrc made using 
this washed and then dried polyethylene powder. 
Thc relfase rates in water and surfactant were then 
studied ; results were identical with the unwashed 
plastic indicating that the surfactant does not 
solubilizc any of the plastic component. 

The increase in release rates of drugs from a poly- 
ethylene matrix b'y surfactants seeins to  be a geueral 
effect. I t  has beiin shown that not only is this cffcct 
present with all the compounds studied but also 
that it is independent of the chemical nature of the 
surfactant. This is demonstrated by the ideiitical 
release behavior of 20% potassium acid phthalate 
in polysorbate and HTAB solutions (Fig. 1). 

Thc release rates of 20% sulfanilamide tablets 
were studied in several solution coucentrations of 
AOT. The results obtained are presented in Fig. 6. 
In order to  compare these results with the surfactant 
property of tlicse solutions, plots of both the release 
rate and surface tension oersus the surfactant con- 
centration are shown together in Fig. 7. The data 
reveal an excrtllerit correlation between the release 
rates and the surface tension of the release media. 
It was expected that the release rates would increase 
with increasitig cotieentration of surfactant because 
of increased wetting power of surfactants with in- 
creased concentra.tion in regions below the critical 
micelle concentration (CMC). It is interesting 
that the reported (3) CMC for AOT is 0.08% which 
is near the poirit i n  Fig. 7 where the plateau of the 
relcase rate curve begins. 

If the above-proposed mechanism of surfactaut 
action is true, 1 hen the presence of surfactant 
either within the tablet matrix or in the release 
medium could giivc essentially the same results. 
On the basis of the same principle, a drug with 
inherent surfactatit activity may yield identical 
release rates in thr  presence and in the absence of a 
surfactant in the ireleasc medium. 

Release rates of 20% potassium acid phthalate 
tablets containing 2y0 HTAB were studied in water. 
These results, are plotted in Fig. 8 along with the 
results of 2096 po1:assium acid phthalate determined 
in a solution of 0.1% HTAB. As expected, the 
release rates were about the same. The slightly 
higher release rate observed with the former case 
might be accounted for by small porosity difierences 
due to the incorporation of the surfactant. 

To study the second premise, liexadecylpyridinium 

50 100 150 200 250 300 
 TIME'/^, sec. 

Fig. 6.-The effect of surfactant concentration'of 
the release rate of sulfanilamide from a Dolvethvlcnc , <  _. 
plastic matrix containinq 209; sulfanilaniidc. Key : 
A, 0.10, 0 50, and l.OyG AOT solutions; B, 0.05"6 
AOT; C, O.Olyo AOT. 
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Fig. 7.-Corrclation between the rate of drug rc- 
lcasc from matrix aud the surface activity of the 
release medium. Key: A corresponds to experi- 
mental slope of the Q vs. plots (Fig 6) for clrug 
release from 2OY0 sulfanilamide-polyethylene ma- 
trices a t  different surfactant (AOT) coiicentrations; 
B gives surface tension loweririg as a function of 
the surfactant concentration. 

100 200 300 400 500 600 
 TIME'/^, sec. 

Fig 8.-Comparisou of the effects of a surfactant 
whcn incorporated in the matrix and when added in 
the release medium upon the release rate of potas- 
sium acid phthalate from polycthylenc plastic 
matrices containing 20y0 potassium acid phthalate. 
Key: A, 2Uyo potassium acid phthalate and 2y0 
hexadecyltrimethylammoniurn bromide in the ma- 
trix with water as thc release medium; B, only 20y0 
potassium acid phthalate in the matrix and O.lOyO 
surfactant in the release medium; C, same as B, 
except watcr is the release medium. 
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p a r s  that removal of air is slowly but continuously 
occurriug as indicated by the slight curvature of 
several release rates observed in  ions surf act at it 
solutions. 

Attempts to  apply Eq. 1 to both initial and 
limiting slopes of these curves yielded a very high 
value for the appareut tortuosity. Calculations 
were made assuming the two limiting cases-all air 
removed or no air removed. This seems to indicate 
that the air remaining in the tablets blocks path- 
ways leading to drug particles and in this way 
effectively encapsulates them. 

To further study this effect, the release rates of 
matrices containing 5, 10, and 20% sulfanilamide 
were studied in water. The results are shown in 
Fig. 10. The slopcs in all these cases initially de- 
creased with time and then exhibited a constant 
valuc. It is believed that the initially greater rate 
is due to  the surface drug that is readily accessible 
to  thc solvent. The magnitudes observed arc con- 
sistent with this assumption. 

Using Eq. 1 and applying it to thc constant 
slope portions of these curves, tortuosities were ral- 
culated using the two porosity values. The results 
of these calculations are shown in Table 111. 

The apparent tortuosities calculated in this 
manner are extremely high. These results suggest 
that drug is indeed effectively encapsulated by the 
polyethylene plastic. The increase in the calcu- 
lated T values with decreasing A is consistent with 
this type of model because the more dilute the in- 
ternal (drug) phase the greater the likelihood of 
isolation of a drug particle in a sea of plastic. 
Then, if the wetting of the channels in the plastic 
itself is insufficient, the pcrmeability of the media 
is largely determined bv the low permeability of the 
plastic itself and not by a simple average of the 
void space and the plastic permeabilities. 

It is believed that situations such as these may 
be best defined physically by the use of concepts 
other than the “average porosity” and the “av- 
erage tortuosity” as are implied by Eq. 1. Pre- 
liminary theoretical studies based on the use of 
mixture relationship such as the Clausius-Mosotti 
and the Bruggemari equations (4) have yielded 
effective T values of the order of magnitudes given 
in Table I11 when reasonable assumptions were 
made. A future communication will describc in 
detail comparisons of data with these theories for 
encapsulation. 

SUMMARY 

The interpretation of data based upon the qudn- 
titative determination of the parameters, e, T, and 
D, and their use in Eqs. 1 and 2 was shown to be 
valid for studies in which the porosity was known 
throughout the experiment. The results were ex- 
cellent and showed that these mcthods can be 
quantitatively used to  study the effect of various 
variables on the release rates of drugs from inert 
matrices. 
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Fig. 9.-Release of hexadecylpyridinium chloride 
from polyethylene plastic tnatrices containing 20% 
hexadecylpyridinium chloride. Key: A, release 
medium contained O.lOO/b hcxadecyltrimethyhm- 
moniuni bromide; B, watcr. 
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Fig. 10.-Release of sulfanilatnide from poly- 
ethylene plastic matrices into water. Key: A, 20o/b 
drug in matrix; B, 10yc drug; C ,  5% drug. 

TABLE III.-TORTUOSITY OF 5 ,  10, AND 20yo SULFA- 
NILAMIDE IN POLYETHYLENE MATRICES USING 

SOLID RELEASE RATES IN WATER 
~~~ 

7 IJsing 7 Using B 
Tablet Cnmpn of Diug and Air of Drug Only 

5yo Sulfanilamide 44, ’700 12,790 
10Cc Sulfanilamide 4,700 I, 700 
ZOTo Sulfanilamidc 1, ,500 740 

chloride was selected as  the drug with inherent 
surfactant properties. Release rates were obtained 
in water and in 0.1% HTAB solution. The results 
are shown in Fig. 9. The release rates in both ex- 
periments were essentially the same as indicated by 
their slopes. The intercept in the data for the 
release in surfactant is probably due to  the better 
initial wetting of the tablet surface when the sur- 
factant was used in the release medium. 

Nonsurfactant Release Rates.-As previously 
noted and illustrated in Figs. 1 and 2, the release 
rates in water are considerably slower than those 
obtained in surfactant solutions. Analysis of 
the parameters and the release rates strongly 
suggest that the wetting of all pores and the release 
of air from them are not achieved in nonsurfactant 
solutions. To further complicate matters, it ap- 
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