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Investigation of Factors Influencing Release of Solid
Drug Dispersed in Inert Matrices II

Quantitation of Procedures

By SAURABH J. DESAI*, PARVINDER SINGH, ANTHONY P. SIMONELLI, and
WILLIAM 1. HIGUCHI

Recently a number of factors governing the rate of release of drug from plastic
matrices were investigated. This study showed that while the experimental results
were generally in agreement with Higuchi’s relationship, they were not always

quantitative.

The present paper describes a refined experimental procedure for
quantitatively studying the various factors.

Matrix porosities are determined in

two ways so that available and inaccessible pores can be differentiated. Diffusion

coefficients are independently determined. The matrix tortuosity can now be

quantitatively determined independently of the solid drug release rate data. In

addiiion to these experimental refinements, the limitations of the theory are reviewed
and some useful modifications proposed.

A PREVIOUS communication (1) discussed pre-

liminary results on the investigation of the
factors influencing drug release from solid drugs
dispersed in inert matrices. An attempt was
made in that study to compare experimental
release rate data to the Higuchi relationship (2).
While it was found that qualitative and semiquan-
titative comparisons between theory and data
counld easily be made, considerable difficulty was
generally encountered when a quantitative test
of the theory with data was attempted.

It was believed that much of the difficulty was
due to the porosity and the tortuosity of the
matrix not being independent of the other vari-
ables and changing from experiment to experi-
ment. For example, these studies (1) showed
that a small amount of surfactant in the solvent
phase could markedly increase the release rate
from the polyethylene plastic matrix. It was
shown that this was not an increased solubility
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effect, and therefore, must be related to the po-
rosity or tortuosity factors.

It has now become apparent that, in order to
clearly understand the basic mechanisms in-
volved, a more systematic study must be under-
taken. Wherever possible, each of the param-
eters in the theory should be quantitated inde-
pendently and then incorporated into the theory
to see whether the equation accurately predicts
the rate. Then when discrepancies occur, real
or apparent, physical interpretations that are
meaningful may be assigned.

The purpose of this paper is to present details
of methods, both theoretical and experimental,
designed for the quantitative physical evaluation
of the various factors involved in drug reclease
from nondisintegrating matrices. It will be
shown that these techniques should permit the
unambiguous interpretation of release rate data
in most instances.

THEORY

The basic Higuchi relationship (2) for the rate
of diffusional release of drug incorpaorated as solid
drug in an insoluble matrix, from one surface of
the matrix, is
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0= D{ (24 — CCH; (Eq. 1)

where ( is the grams of drug released per unit area
of surface at time, £, D is the diffusion coefficient of
drug in the release medium, € is the porosity of the
matrix, Cs is the solubility of drug in the release
medium, 7 is the tortuosity of the matrix, and A
is the concentration of drug in the tablet expressed
as Gm. /ml.

Some comments are now appropriate regarding
Eq. 1. Most of these were pointed out in the
original work (2).

The porosity, ¢ refers to the volume fraction
that is permeated by the solvent and available for
diffusion in the already leached portion of the

matrix. Therefore, in general,
€ = € + €air T eather (Eq. 2)
Here ¢, = “— is the contribution to the porosity

Pd

from the dissolved drug where p, is the drug crystal
density, The other two terms in Eq. 2 arc the con-
tributions to porosity from released air and from
the leaching of other soluble additives in the mix-
ture. As we shall see later, eir available for solvent
penetration and drug diffusion, is very sensitive to
the presence of surfactants with certain matrices.

The tortuosity factor, =, corrects for the
lengthened diffusional path caused by the neccssary
lateral excursions, In other words, it accounts
for, or corrects for the additional distance a molecule
must travel due to its circuitous path within the
tablet. A straight channel will have a tortuosity
of 1, whereas a spherical glass bead column will
have a = value of about 2 to 3.

It will be seen later that in some situations
extremely large = values (~10% to 10%) are en-
countered. In these cases the concept of the av-
erage porosity and the average tortuosity does not
adequately describe physically the pathways and
resistances for diffusion, and a more detailed con-
sideration of the microscopic matrix permeahility
factors becomes desirable.

As was orniginally stressed (2), the model leading
to Eq. 1 should fail when ¢Cs § 24. To derive
a general analytical expression which includes the
large e(; cases appears to be cxtremely difficult
because the pscudo steady-state assumption cannot
be made. It appears safe to statc that, as long as
24 is more than about 3 times greater than eC;,
the model should be quantitatively mcaningful.
The authors’ initial quantitative studics of Eq. 1
will therefore be limited to those cases involving
solutes of low to moderate solubilities.

Aunother limitation of Eq. 1 is that it does not
explicitly account for the effects of the diffusional
movement of the solvent or for the possibility
that the solute diffusion coeflicient may be con-
centration dependent in the diffusion barrier.
Both of these factors could become important when
C, is moderate to large, say > 0.1 Gm./ml. The
modified equation (see Appendix for the derivation)
taking these factors into account may be written

g N Cs /2
D'eC, DCdC
= {25l 24 — ¢ Ry S
Q { . t|: A — 2e j; DC, — K(,:|}

(Eq. 3)
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where 1)’ is the effective (or apparent) diffusion
cocfficient that takes into account both of the
effects mentioned above. As will be shown later
D’ may be conveniently determined by a single
run in a conventional diffusion cell.

The term in Eq. 3 involving the integral has the
same physical meaning as the /s ¢C, term in Eq. 1.
It represents, therefore, the solution holdup of solute
in the leached matrix. This integral term has a
value between /s ¢Cs and «C,; and may be approxi-
mately evaluated by methods discussed in the
Appendix.

It should be pointed out that Eq. 3, like Eq. 1,
breaks down when

eCs S 24

However, it should extend the quantitative ap-
plicability of the theory to much larger C, valucs
than Eq. 1.

The effect of solute binding has not been included
in Eq. 1. For the case in which binding to the
matrix is linear, i.e., constant partition coefficient,
a modified equation may be derived by the same
mathematical procedure used previously (2). One
has in this case

y
0= %C* (24 — C, (e + K — Ke)]tz " (Eq. 4)
where K = (drug in matrix phase) at equilibrium.

(drug in solvent)
Equation 4 assumes cquilibrium binding and takes
into account the same factors included in Eq. 1.
The cases for time dependent binding or nonlinear
binding would be much more difficult to handle
mathematically.
It can be seen from Eq. 4 that unless the product,
KC,, is a significant fraction of A4, the effect of
binding should not be very important.

EXPERIMENTAL METHODS

Diffusion Coefficient.—The method used in these
studies is, in principle, the same as that employed
by McBain (3). Essentially, it involves measure-
ment of the solute transfer rate through a sintered
glass disk from one chamber to another.

The apparatus is shown schematically in Fig. 1.
It consists of a porous sintered glass disk (E)
mounted between two 150-ml. conical flasks (C)
with side arms. One of the flasks is closed with a
ground glass stopper, and the other with a special
adapter (B). Stirring of the solution is achieved
by using magnetic stirring bars (D). The entire
apparatus is water jacketed (F) to maintain con-
stant temperature.

The following procedure was followed. Before
the heginning of each experiment, the glass disk
was flushed with water to remove entrapped air.
This was accomplished by filling onc of the flasks
with water and then applying pressure over it or
by applying vacuum to the other flask. This step
was an important one because it was assumed that
identical conditions were maintained from one
experiment to another,

Also, a few minutes before the experiment the
drug solutions were heated in a flask to boiling and
then cooled rapidly to within 10° of the temperature
of the experiment. This step greatly helped to
climinate the development of gas bubbles in the
solution chamber during the experiment.
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Fig. 1.—Schematic diagram of apparatus used to
determine diffusion coeflicients. Sintered glass
disk diameter = 30 mm., thickness = 2.5 mm., and
pore size = 4.0-5.5 x. (See text for detailed
description.)

60 A

TIME, hr.

Fig. 2.—Typical diffusion runs with the apparatus.
Curve A gives data for 6.8Y), sodium salicylate solu-
tion in flask 11 and water in flask I initially. Curve
B gives data for saturuted caffeine solution in flask
II and water in flask I initially.

A measured amount of water was added to flask I,
and simultaneously the drug solution was added
to flask II keeping the levels of the liquids in the
two flasks approximately the same. When the
water addition to flask I was completed, flask II
was quickly filled to the top and the adapter (B)
was placed in position. More solution was added
through one of the arms (A) keeping the stopcock
of the other arm open for air displacement. Be-
cause the last traces of air were difficult to remove,
the last few milliliters of solution were added by
means of a fine-tipped pipet passed through the
bore of the stopcock. After all of the visible air
had been removed, the stoppers of the adapter were
closed tightly and the magnetic stirring bars were
started in both flasks. Samples were withdrawn
at various time intervals for analysis.

The solution concentration in flask II was de-
termined before and after each experiment. In
most instances the changes, as expected, were
negligible during the runs.

The cell constant, L, was determined using KCl
solutions and the following relationship,

I, =
Dxoi(Cy — Ch)

where Ce and G (with G, = 0) were the KCI con-
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centrations in flasks II and I, respectively, Dke is
the diffusion cocfficient for KCl, and Ggkol is
the KCl transport rate in the experiment.

A Dgcer value of 2.09 X 1078 em.2 sec.™ (4) was
used with 0.10 M KCl solutions. Gxc1 was de-
termined by K* analysis using the Perkin-Elmer
atomic absorption spectrophotometer model 303.

For the present apparatus it was found that at
30°

L = 245 £ 0.10 cm.

This value was also checked with benzoic acid
solutions and the agreement was satisfactory using
King’s value for the diffusion coefficient for benzoic
acid {(5).

. For the unknown solutes the diffusion coeflicients
were calculated from the data using the equation

(Eq. 5)

where G, is the rate of solute transport and AC is the
concentration difference between the two flasks.

It must now be pointed out that the D, value
obtained by means of experiment and Eq. 5 is the
appropriate apparent diffusion coefficient to be
used in either Eqgs. 1 or 3 when AC = (,. This
identity can easily be seen (Eq. 17a in Appendix)
by examining the theory for the diffusion cell
experiment in the same way as was done in the
derivation of Eq. 3.

The direct use of the experimentally obtainable
diffusion coefficient, D., in the theory for drug
rcelease from the matrix conveniently allows the
absolute test of Egs. 1 or 3 when ¢ and = values
arc available from the measurements described
later.

In Fig. 2 arc given typical diffusion cell experi-
mental data for two experiments. If the linear
portions of the curves are extrapolated, it can be
seen that in one curve (B) a positive intercept is
obtained, while in the other curve (A) the intercept
is negative. The magnitude of the intercept and
whether it is positive or negative depends upon how
the diffusion experiment is started. In the calcula-
tion of D, the intercept is disregarded and only the
straight line, steady-state portion of the data, is
used.

Tuable 1 presents some /), values determined by
this method.

Solubility Determination.—An amount of drug,
in excess of its reported solubility was placed in

TapLe 1.—Divrusion COBFFICIENTS AND SOLUBIL-
ITIES OF SoME CoMPOUNDS USED IN THis WORK

Diff, Concn. of
Coefl. Soln. Used
Solubility 106 to Determine
Drug 102 Gm./ml. em.?/sec. Diff. Coeff.
Sulfanilamide 1.08 12.9 1.089¢
Caffeine 2.50 6.3 2.509,¢
Potassium acid
phthalate 11.60 18.2 11.60%:*
Sodium
salicylate 65.00 23.1 65.009,°
Sodium
salicylate 65.00 10.0 6.80%,

¢ Saturated solutions,
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TABLE [[.—DATA INVOLVED IN THE [)ETERMINATION OF POROSITY FROM PHYSICAL MEASUREMENTS OF THE

TABLET AND 178 COMPONENTS

Wt. aof 1 1z LI v \73( of
Tablet, Vol. of Vol. of Vol. of Tablet Vol. of Air Air + Drug €

Tablet Compn. Gm. Drug w/p Plastic w/p Trih I11L — (I + ID) 141V V/II1
5% Sodium

salicylate 0.500 0.0159 0.5000 0.5820 0.0661 0.0820 0.113
10% Sodium

salicylate 0.500 0.0318 0.4737 0.5625 0.05670 (.0888 0.158
209, Sodium

salicylate 0.500 0.0637 0.4210 0.5340 0.0493 0.1130 0.211
209, Potassium

acid phthalate  0.300 0.0368 0.2500 0.3310 0.0546 0.0914 0.275
209, Caffeine (.300 0.0422 (.2500 (4.3351 (.0429 0.0851 0.254
209, Sulfanil-

amide 0.300 0.0400 0.2500 0.3280) 0.0380 0.0780 0.237
cach of several 100-ml. volumetric flasks and 50 Fﬁ o B . o4
ml. of solvent was added. The flasks were shaken -8
in a Burrell wrist action shaker for 24 hr. and 5 -
immersed in a water bath maintained at 30°. i »
These were then filtered with a Millipore filtering } S0
unit and the filtrate was analyzed spectrophoto- 4 A e
metrically. A rapid filtering process was adopted 5 i / s e

P P o

to prevent the precipitation of drug from the G3 e
saturated solution during filtration. Solubility of =4 e
the compounds investigated are reported in column - 2 ////
2 of Table 1. I

Drug-Matrix Partition Tendencies.—Where dis-
tribution of drug in the matrix was suspected, 1-
saturated solutions of the drug were shaken over-
night with the matrix material. High slurry den- SV i

50 100 150 200 250 300 350

sities were generally employed to inerease the sen-
sitivity of this mecthod for estimating K (Eq. 4).

Porosity.—In order to have a porosity valuc
that could be rcliably used in Eqgs. 1 or 3, two inde-
pendent methods were used to estimate this quan-
tity. The first method involved calculating the
maximum possible contribution to ¢ by air in the
tablets. The resulting e value would be the correct
one to use in Eqs. 1 or 3 only if all of the air spaces
were permeated by the solvent and became available
during the drug release process.

From knowledge of the tablet volume, the den-
sities of the drug and matrix material (and other
additives, if any), and the weight percentages of
all the components, these calculations werce carried
out. The tablet volumes were computed from
tablet dimensions determined with a micrometer
and the densities were determined with the Beck-
man air compression pycnometer.

Some typical data for polyethylene matrix—drug
tablets are presented in Table II. The last eolumn
gives the porosities calculated by this procedure.

I the second method for estimating e the tablets
were completely leached of the solute, and the
empty matrices were equilibrated with a dilate
solution of a known concentration. The equilibra-
tion times depended upon the matrix permeabilities,
but usually 1 to 2 weeks was adequate.  These
resaturated matrices were then exposed to fresh
solvent after a brief rinse, and the total amount of
solute released determined from the reclease time
data (Figs. 3 and 4). These steps were carried
out as described under 7'ortuosity.

Table 111 presents some of the data with the poly-
cthiylene plastic matrix.  Colunns 4 and 5 of Tablc

TIME'/, sec.

Fig. 3.—Solute release data from polyethylene
plastic matrices used in the calculations of poros-
ity and tortuosity. Solute release into 0.29
benzalkonium chloride of sodium salicylate from
matrices equilibrated with 59, sodium salicylate
solutions. Curves A, B, and C correspond to
disks that originally contained Z0, 10, and 5% solid
sodium salicylate, respectively, and which were
leached completely in 0.20%, benzalkonium chloride
solution.

— )
| e
16 e
(_E.j 1.2 v |
o ;
5 08 7
— 7"
04" /
100 200 300 400 500 600

TIME'/2, sec.

Fig. 4.—Release of caffeine into 0.10%; dioctyl
sodium sulfosuccinate (AOT) from a polyethylene
plastic matrix which was equilibrated with a
saturated caffeine salution. The matrix originally
contained 20%, solid caffcine which was leached
completely in 0.10%, dioctyl sodium sulfosuccinate
(AOT ) solutiou.
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TaBLE III.—PoRrosITY AND TORTUOSITY VALUES FOR SOME DRUG-POLYETHYLENE SYSTEMS DETERMINED
BY RELEASE FROM SOLUTION SATURATED MATRIX METHOD

b,
Concn. of Lsiqu};d e by 7 from
Leached Saturated Leaching Physical Liquid
Tablet Compn. Qut, mg. Soln., 10* Gm./ml. Method Measurement Leaching
209, Caffeine in poly-
ethylene 2.21 2.50 0.264 0.254 6.4
20% Sodium salicylate
in polyethylene 7.09 5.12 0.258 0.211 2.9
109% Sodium salicylate
in polyethylene 4.75 5.12 0.164 0.158 4.6
5% Sodium salicylate
in polyethylene 3.92 5.12 0.130 0.113 4.8

IIT compare the two methods for determining e.
The agreement of this instance was very satisfactory.

As will be seen in a later communication, the
ugreement between the two procedures is not aglways
so good. In these cases incomplete displacement of
air appears to be the cause of the discrepancies.

1t should be pointed out that good agreement be-
tween these two methods does not guarantee cor-
rectness of the e value for the solid leaching process
because air release may occur but only slowly during
the solid release experiment. CGood agreement be-
tween the two mecthods for determining « does as-
sure, however, a good reference point for evaluating
the data by means of Eqs. 1 or 3.

Tortuosity.—The procedure for the determination
of the tortuosity, r, has been described previously
(1). It is based upon the use of the following
equation for the release of solute from one planar
surface of a solution-saturated matrix

1
Q' = 2¢Cy (Q) /2
T

Here Q7 is the amount of solute released per em.?
at time, ¢, e is, as before, the porosity defined by
Eq. 2 and determined by the procedures deseribed
above, D is the diffusion coefficient obtainable by
the experiment described earlier, and (, is the
solution concentration.

Equation 6 was deduced for the present situation
from the general equation for the release from a
semi-infinite medium (6). Therefore, it would be
quantitatively applicable for initial rates (>~ up
to 30Y; release) only.

From the slopes of the initial linear portions of
the Q' wersus t'/2 plots, r may be calculated by
means of Eq. 6 as

(Eq. 6)

4e2CyD

= (slope)® (Eq. 7)

F =

A typical plot is presented in Fig. 3 and some
calculated 7 values are given in the last column of
Table III.

APPENDIX

Derivation of Eq. 3.—When steady-state dif-
fusion takes place from a region -of relatively high
solute concentration toward essentially pure sol-
vent, the movement of the solvent must be con-
sidered also in the problem. In the present problem
when the solute is diffusing from X = s to X = 0,

the solvent, which is usually water in the authors’

dCy
X
in the opposite direction and a tendency for solvent
diffusion will be established.

However, the net movement of the solvent,
G, must be zero, hecause at X = s the solvent is not
diffusing into the unleached region at steady state.
Conscquently, this must result in a bulk solution
flow in the channels of velocity, v, from X = s
to X = 0. The important consequence of this bulk
flow is that the solute transport rate is greater by

studies, will sel up a concentration gradient,

€
- ¢(C than that given by Fickian diffusion alone.
-

Mathematically we may write

ca 5 GCe | €
0=0Gy=" Doz’ + ;G (Eq. la)
and
e, dC [
G =D g+ >oC (Eq. 2¢)

Here G is the solute transport rate, /2, is the dif-
fusion coefficient of the solvent, C, and C are,
respectively, the solvent and the solute concentra-
tions at X, and the other terms have already been
defined.

Let us solve these equations assuming that both
D and D, arc concentration dependent. The final
results would then be more general and applicable
even when appreciable viscosity changes are en-
countered or when significant solute—solute inter-
actions occur.

Integrating Eq. la from X =

obtains
S 658
o [a- = [F0
0 0

C.

0

fcw DAC,

95 == . = K
C. i

0to X = s one

aCy
v

whence,
(Eq. 3a)

where Cy, and C? are the solvent concentrations
at X' = 0 and X = s, respectively. K is constant
for a given solvent—solute pair at a given tempera-
ture when diffusion takes places from a saturated
solution into pure solvent—the situation which
is of most interest.
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Equation 2a may now be solved after substituting
for v from BEq. 3a. Integrating Eq. 2¢ from X =
0to X = swhere C = 0and C = C,, one obtains

s - F Cs DdC
et =7 K
Jo 0 G- 2 ¢

s

(Eq. 4a)

Since the left side of Eq. 4a beconies s, we have

e f‘:s DdC
5= T e Eq. 5
m Jo Cs - fkxc (Eq. 52)
T
The s cancels, and
Lo J‘Cs pdc
T Eq. 6
TJo o6 - fke (Eq. te)

For Eq. 6a to be true the product Gs must not be a
function of C. Therefore,

s = K’, a constant
Now we may procced as was done previously

(2) for the derivation of Eq. 1. The amount of
solute release from the matrix per unit area, Q, is
Q=4s — M (Eq. 7a)

where M is the amount of drug in the pores from
X = 0to X = sassolution. M then is given by

A
M=c¢ f (65,4 (Eq. 8a)
0
Since from Eq. 2a, dX is given by
D dC
dx = —— =% <
r (G _ <& c) (Eq- 9a)
75

fcs eDCdC
M = se N y
. (SG & c) (Eq. 100)

Therefore,

C -
0=s A-—ezfs Deac___

(G—~KC)

Differentiation of Eq. 1le with respect to time gives

d(..) - 5/1 — e""J"(”lx o [)'(/—dv(iv._ﬂfl ds

dt 1 0 T(.s(, - Ac)f dt
T

(Eq. 11a)

(Eq. 12¢)
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But

dQ K’

kdlr =G = '—s* (Eq. L%a)

Now Eqs. 12¢ and 13a may be solved by integrating

from¢ = 0tot¢ = tandfroms = 0tos = s to give

' l,/z

C

¢ DdC

Q= ’ZK't A —~f — .
)\ TJe K'—-KC
T
(Eq. 14a)

If Eq. 14¢ is compared to Eq. 1, we find that
Cs of Eq. 1.

Therefore, an cffective (or an apparcnt) diffusion
cocflicient, D’, may be defined as

K'r Gst

K’ may be associated with the factor —

"= = 2q. 15
D! = <. G (Eq. 15a)
Therefore, Eq. 14¢ becomes
Cs 1y
D'eCs DCAC
= (L s -2
Q { - i[ZA _e‘j; il Cs jl}
(Eq. 16a)

Beecause Eq. 15¢ is general, this relation may be
used to calculate D’ from experimental data ob-

tained with a conventional diffusion cell. Thus,
1y = Gedere (Eq. 17a)
&Cs

where G, is the measured solute transport rate per
unit arca of the barrier in a diffusion chamber with
a diffusion barrier of thickness, S., porosity e,
and tortuosity, ..

To accurately determine the value of the term
involving the integral may be difficult unless ac-
curate D versus C data are available. If such data
are available and if ¢ and r are known, then XK
should first be determined by means of Eq. 6a by a
mumerical integration procedurc. Then, again by
nunerical integration, the integral term in Eq. 16a
could be computed.

A reasonably accurate estimate of the integral
term in Eq. 16a could frequently be made by employ-
ing a constant D value obtained from a diffusion
cxperiment at low concentration.
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