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Diffusion coefficients of theophylline and aminophylline in carrageenan gels of various
concentrations at 37°C were measured by means of drug sorption and permeation tests
using a diffusion cell. The permeation data were analyzed by Rogers’ method and a
lag time method. The diffusion coefficients determined by Rogers’ method coincided
reasonably well with those determined by means of the drug sorption test. They were
0.54 to 0.81 X 10-° cm?/s and 0.43 to 0.86 X 10~5 cm?/s for theophylline and aminophylline,
respectively. The diffusion coefficients determined by the lag time method were larger
than those determined by the other methods. The diffusion coefficient of aminophylline
was slightly larger than that of theophylline at the same initial concentration, e.g. 5.0 X 10-3
(g/ml). Ethylenediamine might loosen the carrageenan network, thus enhancing the
diffusion of the drug. The diffusion coefficient was dependent upon the carrageenan
concentration in the gel. The gel thickness had a less important effect on the diffusion
coefficient, although the lag time greatly depended on it.

The diffusion coefficients were also determined by means of drug release tests using
the same diffusion cell. When the drug was dispersed in the gel as a solution, the diffusion
coefficient agreed fairly well with that determined in the sorption test. In carrageenan
with dispersed solid particles, the drug transfer rate was enhanced by hydrodynamic
flow from the voids left after dissolution of the particles in the gel.

Keywords diffusion coefficient; theophylline; aminophylline; carrageenan gel;
drug sorption and permeation test; drug release test; diffusion cell

Introduction

Many controlled drug release devices have been developed to prolong drug action or to
prevent adverse effects of a drug due to local overdose.!~¥ Polymeric delivery devices are
most common. The measurement of the diffusion coefficient of a drug in polymeric networks
in a useful way to identify a suitable polymer material for such a device and to predict the drug
release behavior from the resultant device.®

The objective of the present study was to develop a method for determining the diffusion
coefficient of drug in a hydrogel, such as a polysaccharide gel, which is expected to be suitable
for use in drug delivery devices because of a lack of antigenicity in general.&?” In this study,
the diffusion coefficients of theophylline and aminophylline in carrageenan gel were determined
by means of drug sorption and permeation tests and a drug release test from the gel. The
diffusion coefficients determined by the three methods were compared and the characteristics
of each method were explored. The effects of gel thickness, carrageenan concentration in
the gel and drug loading in the gel on the diffusion coefficients were also clarified.

Experimental

Materials used Carrageenan (Genugel LC, Copenhagen Pectin Factory Co., Lot. 126341) was used
as a model material for a polysaccharide hydrogel, since it is widely used as a stable gel material in the food
industry. A preliminary test by the present authors also suggested excellent gel performance. As model
drugs, theophylline (Wako Pure Chemical Industries Ltd., Lot. DPM5563) and aminophylline (Maruishi
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Pharm. Co., Lot. Z46219) were used. The materials were used as received.

Preparation of Carrageenan Gel Carrageenan (10 to 20 g) was gradually dissolved in distilled water
(180 to 190 ml) uniformly at 80°C over several hours. The weight loss due to evaporation of water during
the dissolution procedure was compensated for by adding distilled water warmed to 80°C. The carrageenan
solution was slowly and carefully poured into a cylindrical die (internal diameter 25 mm, thickness 5, 10 or
20 mm) mounted on a flat glass plate so as to exclude bubbles. A flat glass plate was mounted on the upper
side of the die and the whole assemblage was stored in a refrigerator for an hour at 5°C for gelation. The
gel diameter and thickness were assumed to be 25 mm and 5, 10 or 20 mm, respectively. The die filled with
the gel was stored in a desiccator saturated with water vapor at 37°C for one hour, then the die was connected
with the diffusion cells as shown in Fig. 1 for drug sorption and permeation tests. Carrageenan concentration
in the gel was 6, 7 or 109, (w/v).
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Fig. 1. Apparatus for Drug Permeation and Release Tests

Dimensions in the figure are in mm.

(A) donor cell. (F) water bath.

(B) receptor cell. (G) stirrer bar.

(C) stainless steel die. (H) magnetic stirrer.
(D) O-ring. (1) cathetometer.
(E) capillary tube. (J ) sampling tube.

Other carrageenan gels containing the drugs were prepared by dispersing the drug particles or the drug
solution uniformly into 69, (w/v) carrageenan solution in a mortar warmed to 37°C. The carrageenan solution
containing the drug was poured into the die (internal diameter 25 mm, thickness 10 mm), one side of which
was sealed with an aluminium foil, and was gelled in the same way as mentioned above. These carrageenan
gels were used for drug release tests.

Drug Sorption and Permeation Tests The diffusion apparatus used in this study is shown in Fig. 1.
The stainless steel cylindrical die (25 mm internal diameter, 5 to 20 mm thickness) filled with carrageenan
gel was connected to two tubular glass cells (25 mm internal diameter) with a sampling tube. Flexible
rubber O-rings were inserted between the die and the cells to prevent liquid leakage from the diffusion appa-
ratus. One cell was equipped with an L-shaped capillary tube for monitoring changes in the level of solution
in the cell during the diffusion test. The whole assemblage was placed in a water bath controlled at 37°C.
The drug solution (35 ml) and distilled water (32 ml) were placed in the cell with an L-shaped capillary tube
(donor cell) and in the other cell (receptor cell), respectively. The two liquids (pre-warmed at 37°C) were
slowly placed in the cells alternately to keep the liquid levels in the cells nearly equal. By this procedure,
the same hydrostatic pressure was applied on both sides of the gel. Two magnetic stirrers were used to
agitate the liquids uniformly in the cells. Initial concentration of drug solution in the donor cell was 2.0 x 10-3
or 5.0x 10~2 g/ml. Saturated solution and aqueous slurry of the drug were also used as donor solutions.

After the start of the diffusion test, at suitable intervals, 0.1 ml and 1.0 ml aliquots were withdrawn
from the donor and the receptor cells, respectively. At the same time, the same volume of distilled water
at the same temperature was added to the receptor cell to keep the solution volume constant. The volume
loss of solution in the donor cell was considered to be negligible; this was confirmed by monitoring the water
level in the L-shaped capillary tube. When the saturated drug solution was used as the donor solution,
0.5 ml was sampled from the donor cell and the volume loss was replaced with the saturated solution. When
the donor solution was a suspension, sampling was done only from the receptor cell. Theophylline concen-

’
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tration in the sample was determined spectrophotometrically at 270 nm in 0.1 n hydrochloric acid with a
spectrophotometer (model 100-60, Hitachi Manufacturing Co.) as follows. The absorbance of carrageenan
at 270 nm was calculated by multiplying the absorbance at 305 nm by the absorbance ratio at 270 to 305 nm
(=1.50), since no absorbance of theophylline was observed at 805 nm. The net absorbance of theophylline
was determined by subtracting the calculated absorbance of carrageenan from the overall absorbance observed
at 270 nm. To examine the accuracy of the spectrophotometric analysis, a high-performance liquid chro-
matography (HPLC) analysis was also employed. The HPLC system consisted of a Shimadzu model LC-3A
pump (Shimadzu Manufacturing Co.), a Shimadzu model SPD-2A spectrophotometric detector (Shimadzu
Manufacturing Co.) operated at 254 nm and a Rheodyne model 7125 injector (Rheodyne Co.). All experi-
ments were performed on a Nucleosil C;g column (10 pm, 4.6 mm i.d.x 250 mm, Machery-Nagel Co.) at
ambient temperature. The eluent was 29 (v/v) acetic acid and 109% (v/v) acetonitrile in water, the flow
rate was 3 ml/min and the injection volume was 80 ul. Caffeine was used as the internal standard. It was
found that the two analytical methods gave essentially the same results. Therefore, spectrophotometry
was adopted in the present study for convenience.

The amounts of theophylline absorbed into the gel and passed through the gel were determined by
measuring the theophylline concentrations in the donor and the receptor cells.

Drug Release from the Gel The die filled with the gel containing the drug, one side of which was sealed
with aluminium foil, was connected to the diffusion cells. The carrageenan concentration in the gel was 69,
(w/v) and the gel thickness was 10 mm. The drug concentration in the gel was 1.0, 2.0, 4.0, 10.0 or 20.0%,
(w/v). When the drug concentration was higher than 2.0%, (w/v) for theophylline and 20.09, (w/v) for amino-
phylline, the drug existed as dispersed solid particles. Distilled water as a dissolution medium was placed
in the cell facing the open side of the die containing the gel. At suitable intervals, 1.0 ml was sampled and
the drug concentration was determined spectrophotometrically. At the end of the run, the whole gel was
recovered and the drug remaining in the gel was determined.

Determination of Diffusion Coefficient of Theophylline in Water——Diffusion coefficients of the drugs
in water at 37°C were determined by a diaphragm method.® The diaphragm used was made of sintered
glass and the diffusion cell constant was 4.28. The diffusion coefficients of theophylline and aminophylline
in water were found to be 1.14 and 0.91 X 10~% (cm?/s), respectively.

Theory

Drug Permeation through the Gel

In the case of diffusion of a drug through a thin film or membrane, a steady state in the
film is reached after a time. The diffusion process in such a steady state is described by
Fick’s first law. In the present system, the steady state was hardly reached, since the gel was
quite thick. In a non-steady state, the diffusion process is described by Fick’s second law,
represented by equation (1),

0 02C
5 =D ¢))

Where D is the diffusion coefficient, C is the drug concentration in the gel, x is distance and ¢
is time. Equation (1) can be solved by assuming suitable initial and boundary conditions.

Barrel® has obtained equation (4) by solving equation (1) under the initial and the
boundary conditions represented by equations (2) and (3), respectively;

t>0, C=C; at x=0}

3
C=0C, at x =1 @

where C,; and C, are constants, / is the gel thickness, and x=0 and x=/ represent the donor
and the receptor faces of the gel respectively.

C=Ci+(Ci—Cy) %_’_% i:, C. COS:;IL“—C! sin n;rxpxp(_Dnz,rzt/lz)

& 1 . (2m+1)nx
+ > omL1 Sin ( ] ) exp {—D(2m+1)2r2/12} “)
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The total amount of drug that passes through the gel into the receptor cell in time ¢, Q, is repre-
sented by equation (6), which is obtained by integrating the diffusion rate at x=I, F,.,, with
respect to £.

- 172
Foo=—D (%xg)x= ;= 2635(2) " expl~ @m+ 1)/ (4D0)} )

t 2l & Cyicosnr—C?
Q=D(C,—C») Tt Z—l"—?"—‘

+ 4231 > (2m1+1)2 - {1—exp(— D (2m+1)2z%/1%)} (6)

m=0

- {1—exp(—D n?n2t/1?)}

When Cy=C,==0, equation (6) is transformed into equation (7).

Q@ Dt 1 2
T T6 2
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lC1— —6_71’22
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exp (— Dnnt/1?) )

When a steady state is reached, equation (7) is transformed into equation (8).

0 2 b

The intercept, L, on the f-axis is the lag time for diffusion of the drug, represented by equation

).

L=012/6D 9

One can determine the diffusion coefficient from the lag time obtained by extrapolating the Q
vs. time curve at the steady state to Q=0. ,

Since the series in equation (5) converges rapidly for small ¢, Rogers et al.1® took only the
leading term and obtained equation (10).

1
In (A2 F) = In {2C (%) R (10)

A plot of In(f/2.F) vs. 1/¢ yields a straight line. From the slope of the straight line, the
diffusion coefficient is determined.

Drug Sorption into the Gel'V

Until a diffusing substance front in the gel reaches the receptor face of the gel, the diffusion
process is assumed to be a drug sorption phenomenon by the gel. Crank has solved equation
(1) under the initial and boundary conditions represented by equations (11) and (12) respecti-
vely, leading to equations (13) and (14);

t=0, C=0Co at 0<LxL! 11
t>0, C=C at x=0
oC (12)

—37=0 at x =1

)

4 = (== 2n+1)nx
C1-Co=1_7r',§'; (2n+)1 exp{—D(2n+1)27r2t/412}-cos—-—-—————( 21) (13)
Mo 8 D(2n+1)2a /42 14
M. =1~ 2 Carnee e {-D@n+1)int /4% (14)

where M, is the total amount of diffusing substance which has entered the gel in time ¢, and M.,
is the corresponding quantity after infinite time. Equation (14) can be solved graphically
for D¢/i% (Fig. 2). The diffusion coefficient can be obtained from the D¢/i? value corresponding
to the measured value of M,/M« on the curve in Fig. 2.
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Drug Release from the Gel

When the drug is released from one side
of a gel containing uniformly dissolved drug
under the sink condition, the initial and the
boundary conditions for the drug diffusion in
the gel are represented by equations (15) and
(16), respectively,

t=0 C=0C,
t>0, C=0C,

aC
T—

1.0

M/ M., (%)

at 0<Lx<L1

at x=0

(15)

(16)

at x =/

I |

0.25
Dt/I2(—)

dod b detod

where C,, is the initial concentration of the drug
in the gel and C;=0. The above initial and
boundary conditions coincide with the initial
and boundary conditions given by equations
(11) and (12). Therefore the solution to the
diffusion equation (1) is given by equations (18) and (14). For small times, the equation
corresponding to equation (14) is represented approximately by equation (17):1@

2"

where M is the initial drug loading in the gel. The diffusion coefficient is determined from
the slope of the straight line obtained by plotting M,/Me against /2,

When the drug exist as dispersed solid particles in the gel, the drug release process
under the sink condition is described by

Fig. 2. Drug Sorption Curve of Drugs into
the Gel from a Stirred Solution of Limited
Volume

M,
M.,

Dt
nl?

an

the Higuchi equation (18),!® 120
= {Dt(2M.,—Cs)Cs}V? (18) <
. 100 g
where M, is the drug loading in the gel ] e =
and Cs is the drug solubility. The diffusion — \‘:$5l‘.:tltt. L5 ©
coefficient is also determined from the slope 3 “*-Aiff:‘:-tf e g
of the plot of M, vs. /2. s 951 e o
3 ) &
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Results = -
g ]
2 90r =
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Drug Sorption and Permeation through .LZ los &
Carrageenan Gel g ]
(=3
The amount of drug entering the S et ©
receptor cell and the residual amount of =
drugin the donor cell are plotted against 0 60 120 180 240 300 360 420 480

time as a function of carrageenan concen- Time (min)

tration in the gel in Fig. 3. Asexpected,

Fig. 3. Effect of Carrageenan Concentration on

the decreasing and the increasing rates of
drug concentrations in the donor and the
receptor cells, respectively, increased with
decreasing carrageenan concentration in
the gel. The lag time extended with
increasing carrageenan concentration in

the Permeation of Aminophylline through the
Gel

Solid and broken lines are percent of the drug permeated
into the receptor cell and residual percent of the drug in the
donor cell, respectively. Initial concentration of aminophyl-
line was 5.0 x10-? g/ml.

Carrageenan concentrations: @, 6% (W/v); A, 7%(w/v);

W, 10%(w/v).
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Fig. 4. Effects of Gel Thickness and Initial Drug Concent-
ration in the Donor Cell on Drug Permeation through the
Gel

Solid and broken lines are percent of the drug permeated into the
receptor cell and residual percent of the drug in the donor cell,
respectively. Carrageenan concentration was 6% (w/v).

Open symbols, theophylline;
Solid and semi-solid symbols, aminophylline.
1 5.0x107% g/ml, 5 mm gel thickness.
: saturated solution, 5 mm gel thickness.
: 2.0x10-% g/ml, 10 mm gel thickness.
¢ 5.0x10-% g/ml, 10 mm gel thickness.
: saturated solution, 10 mm gel thickness.
: suspension, 10 mm gel thickness.
1 5.0x10-3 g/ml, 20 mm gel thickness.
: suspension, 20 mm gel thickness.

O
C@OD>OOI*

TaBLE I. Diffusion Coefficients of Theophylline and Aminophylline in
Carrageenan Gel and Tortuosities of Carrageenan Gel

Theophylline Aminophylline

Experimental conditions

Permeation test  Sorption test'? Permeation test Sorption test'?
Experiment Gel Carrageenan Gel Initial drug —_—— ————t———
thickness concentration porosity concentration Lag.time Rogers Lag time Rogers
(mm) (W w/v)) (%) (g/ml) method®  method'® method” method'”
(X107 (X107 (X107° (X107 (X107® (X107®
cm%/s) cm?/s) cm?/s) cm?/s) cm?/s) cm?/s)
5 6 94.2 5.0%x107® 1.1 (0.78) 0.70 (1.22) 0.61 (1.40)
5 6 94.2 Sallturated 1.0 (1.07)  0.54 (1.99) 0.55 (1.95)
. solution X .
5 6 94.2 Suspension 1.3 (0.83)  0.79 (1.36)
10 6 94.2 2.0X107 1.2 (0.89) 0.66 (1.63) 0.71 (1.51)
10 6 94.2 5.0X10° 1.2 (0.89) 0.69 (1.56) 0.71 (1.51) 1.2 (0.71) 0.84 (1.02) 0.79 (1.08)
o 10 6 9.2 Salsturated 1.2 (0.89)  0.75(1.43) 0.74 (1.45)
“ solution
10 6 94.2 Suspension 1.2 (0.89)  0.81 (1.33)
10 7 93.0 5.0x10° 1.1 (0.77) 0.68 (1.24) 0.67 (1.26)
10 10 90.3 5.0x10°° 1.0 (0.82) 0.51 (1.61) 0.43 (1.91)
20 6 94.2 5.0x10° 0.8 (1.07) 0.86 (1.00) 0.63 (1.36)
20 6 94.2 Salstqrated 0.9 (1.19) 0.66 (1.63) 0.63 (1.70)
solution
20 6 94.2 Suspension 0.9 (1.19)  0.77 (1.39)
G Drug dissolved in the gel 0.79 (1.36) 0.57 (1.50)
Drug suspended in the gel 2.23 (0.48) 0.97 (0.88)

a) - Drug permeation test and sorption test.
b) Drug release test from the gel.
Numbers in parentheses are tortuosities.
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Fig. 5. Amounts of Drug Permeating -5 o1
through Unit Area of the Gel vs. Time 1/1(X107 s71)
Carrageenan concentration and gel thickness Fig. 6. Relationship between In (#!/2-F) and 1/¢

were 6% (w/v) and 10 mm respectively. . . o
Open symbols, theophylline; Carrageenan concentration and gel thickness were 6% (w/v)

Solid symbols, aminophylline. and 10 mm, respectively. _
Q: 2.0x10-3 g/ml. Open symbols, theophylline;
O, @: 5.0x107° g/ml. Solid symbols, aminophylline.
A\: saturated solution. Drug concentration in the donor cell:

[: suspension. 0, 2.0x10~2 g/ml; 0, @, 5.0x10-% g/ml;
A\, saturated solution; [}, suspension.

the gel. Reproducibility of the data is represented by a standard deviation bar (n=4) for
69 (w/v) carrageenan concentration.

The effects of gel thickness on the drug permeation are shown in Fig. 4. Variation of the
gel thickness was the most effective means to vary the drug release, variation of gel concentra-
tion or the initial drug concentration in the donor cell was less effective. With increasing gel
thickness, the lag time extended extraordinarily and the rate of drug entry into the receptor
cell decreased. Variation of the initial drug concentration in the donor cell had little effect
on the drug entry into the receptor cell, as shown in Fig. 5.

According to Rogers’ equation (10),? In (¢/2. F) was plotted against 1/¢ as shown in Fig. 6.
The drug diffusion rate (F) at the receptor face of the gel was obtained by differentiating the
curve for the amount of drug passing through unit area of the graphically with respect to time
A linear correlation was found between In(¢2/2. F) and 1/¢ as can be seen in Fig. 6. The diffusion
coefficient (D) was determined by substituting the slope of the straight line (tan «) in Fig. 6
into equation (19).

12

D=T5na (19)

The diffusion coefficient was also determined by substituting the lag time (L) obtained in
Figs. 3, 4 and 5 into equation (20).

=L . (20)
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0 50 100 150
1 (s12) M. (X107% g/cm®)
Fig. 7. Amounts of Drug released from ) )
the Gel vs. Time as a Function of Drug Fig. 8. Relationship between the Slope
Loading of the Straight Line (M./4/7) in Fig. 7

Open symbols, theophylline; and Drug Loading (M)

Solid symbols, aminophylline. (O: theophylline, @: aminophylline.
O, @: 20.0% (w/v). O, @: 2.0% (w/v).
A, A 10.0% (w/v). V, ¥: 1.09% (w/v).

O, M 4.0% (w/v).

By substituting the expérimental data, M,/M», within the lag time into the correlation

curve of M,/Ms vs. Dt/I% in Fig. 2, the diffusion coefficient of the drug was also determined.
The diffusion coefficients determined by the above

three methods are tabulated in Table I.
T Drug Release from the Gel and Determination of
s 6l the Diffusion Coefficient
N Drug release data at the initial stage, in
§ 5+ which the drug release was less than 20 to 309%,,
b were employed tomeet theinitialand the boundary
S 4f conditions represented by equations (15) and (16)
X for using equations (17) and (18). The amount of
Q" 3+ o “ drug released (M,) is plotted against the square
~ root of time in Fig. 7. After a short induction
= gt time, all of the plots are linear, and the slope of
g the straight line increases with increase in the
& 1t : initial loading of the drug in the gel.
When the drug was dispersed in the gel as a

solution, the slope of the straight line, M,/s/7 in
Fig. 7, was plotted against the drug loading, M.,
as shown in Fig.8. For aminophylline,a straight

0 0z 04 06 08
(2Mo—Cs )12 ((g/em?)12)

Fig. 9. Relationship between the Slope : . . . .
of the Straight Line (Mia/F) and line was obtained and the diffusion coefficient was
(2M.—Cs)12 for Gel Containing Solid obtained from the slope.

Dispersed Theophylline For the drug release from the gel containing
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solid dispersed drug, M,/s/7 was plotted against (2Mw—Cs)!/2 in Fig. 9. The diffusion
coefficient was determined from the slope of the straight line. The diffusion coefficients
determined from the drug release test are listed in Table 1.

In the present experiment, the amount of drug that entered the receptor cell was less than
4% and the amount left in the donor cell was greater than 90%, as shown in Figs. 3 and 4.
Therefore it was assumed that the initial and boundary conditions represented by equations
(2) and (3) were approximately established, ¢.e. C;=0, C,= the initial concentration of drug in
the donor cell and C;=0. Before the drug passed through the gel, i.e. within the lag time,
the initial and the boundary conditions represented by equations (11) and (12) were approxi-
mately established (Cy=0 and C, is the initial concentration of the drug in the donor cell).
Therefore, the drug permeation and the drug sorption data in the present study were analyzed
by employing the lag time equation (9), Rogers’ equation (10) and the sorption equation (14)
described previously.

Determination of Diffusion Coefficients of the Drugs in the Gel

The amounts of drug that permeated through unit area of the gel (Q) are plotted against
time in Fig. 5. The amount of drug that entered the receptor cell in a given time was signifi-
cantly affected by the initial concentration of the drug in the donor cell. With increasing
initial drug concentration in the cell, the amount of drug that entered the receptor cell increased.
When the drug suspension was in the donor cell, the greatest amount of drug passed through
the gel. The lag time for the drug passing through the gel was almost independent of the
initial drug concentration in the donor cell.

Discussion

Drug Permeation and Sorption Tests

Little change in the gel structure occurred during the drug sorption test, since the data
were available immediately after starting the test. On the other hand, the data in the drug
permeation test were only available after detectable amounts of drug had passed through the
gel into the receptor cell. The diffusion coefficients determined by Rogers’ method in the
drug permeation test were in good agreement with those determined by the sorption method,
although some discrepancies were apparent (Table I). This finding suggests that the
structure change in the gel during the test was minor, if any. However, the diffusion coeffici-
ents determined by the lag time method deviated from those determined by the other methods
as shown in Table I.  This result indicated that the lag time determined in the test was shorter
than the intrinsic value. In the present system, only a quasi-steady state was attained, and
this may have resulted in the above deviation. Thus, it is important to ensure that the system
has achieved a steady state if diffusion coefficient is to be determined by the lag time method.

The diffusion coefficients of theophylline in Table I appear to be concentration-dependent.
The diffusion coefficients increased a little with increasing initial concentration of the drug in
the donor cell. Interaction between theophylline and the gel is probably not responsible for
the above concentration dependency, since no effect of carrageenan on the solubility of
theophylline in water was found. The gel thickness was a less important factor affecting the
diffusion coefficient, as shown in Table I, although the lag time greatly depended upon the gel
thickness as shown in Fig. 4.

The diffusion coefficient of aminophylline in the gel at the initial drug concentration of
5.0 X102 (g/ml) was found to be larger than that of theophylline, although the former was
smaller than the latter in water. The gel concentration influenced the diffusion coefficient, as
expected. The diffusion coefficients decreased with increasing carrageenan concentration.
The pore volume filled with the solvent in the gel was measured by drying the gel, and the
gel porosity was determined (Table I). The diffusion coefficient in the gel can be described
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as a function of tortuosity (r) and porosity (¢) in the gel, as in equation (21),

*
p=L2 (21)

where D* is the diffusion coefficient in water. - The tortuosity increased with the carrageenan
concentration. The tortuosity for the diffusion of aminophylline was smaller than for theo-
phylline. It was reported that polysaccharide solution became less viscous alkaline.!¥ In
the present system, ethylenediamine might loosen the carrageenan networks, thus enhancing
the diffusion coefficient of the drug.

Drug Release from the Gel

The diffusion coefficients determined in the drug release test (Fig. 8) agreed fairly well
with those determined by means of the drug sorption test. Little concentration dependency of
diffusion coefficient was found, as can be seen in Fig. 8. This might be due to the fact that the
range of drug loading in the gel employed in the drug release test was rather narrow compared
to those in the drug sorption and permeation tests.

The diffusion coefficient of theophylline in the gel containing dispersed drug particles
(Fig. 9) was found to be larger than the others. This finding might be interpreted in terms of
hydrodynamic flow from the voids left in the gel after the particels dissolved. The pressure
difference between the internal void and the outer surface of the gel brought about by the
agitation of the system could cause hydrodynamic flow from the void.'® The drug is transfer-
red by the flow as well as by the intrinsic diffusion, resulting in an increase of the apparent
diffusion coefficient.

In conclusion, it appears that the simultaneous testing of drug sorption and permeation
through a hydrogel is a useful method for measuring the diffusion coefficient of the drug in
the gel.
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