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Abstract O Dissolution studies were carried out with the USP rotating-basket
apparatus in both simulated gastric and intestinal fluids. Four different brands
of sustained-release theophylline products of different strengths (nine for-
mulations) were studied. The percentage of the dose released in 1 h in gastric
fluid ranged from (mean £ SD) 6.6 + 0.9 to 50.1 £ 3.8%. By 6 h, the per-
centage of the dose released ranged from 10.8 £ 1.8 t0 86.5 £ 5.2%. Similar
formulations of different strengths released significantly different fractions
of their dose at respective sampling times. In intestinal fluid, some formulations
released 100% of their dose within 3-4 h, behaving more like enteric-coated
preparations. One dosage form appeared to release drug by an apparent
zero-order rate. From one brand of theophylline (two strengths), only 48.1
+ 5.6 and 29.9 & 4.1% of label strength, respectively, dissolved in 25 hin in-
testinal fluid. Some of these in vitro results were rank-correlated to previously
reported bioavailability and pharmacokinetic studies.

Keyphrases D Sustained-release formulations—dissolution, USP rotating-
busket apparatus, theophylline DO Theophylline—dissolution, sustained-release
formulations, USP rotating-basket apparatus, O Bioavailability—theo-
phylline, sustained-release formulations, USP rotating-basket apparatus

The importance of using sustained-release theophylline
dosage forms for the treatment of respiratory diseases in adults
(1-4) and children (5-9) is well established. The absorption
characteristics of many sustained-release theophylline products
have been defined by several investigators (10, 11), and cor-
relations with in vitro dissolution studies have been described
(12, 13). However, disintegration and dissolution tests are still
the compendial standards of content release and uniformity
(14), and only minimal data for theophylline sustained-release
products are available. Therefore, dissolution studies were
performed on several sustained-release dosage forms, some of
which have already been evaluated for bioavailability and
pharmacokinetic characteristics (10, 15).

EXPERIMENTAL SECTION

Dosage Forms— Nine commercially available sustained-release theophytline
dosage forms were evaluated. Products A', B!, C2, and D2 were capsule forms,
and products E%, F3, G3, H4, and J4 were tablets.

Dissolution Apparatus—The USP rotating-basket dissolution apparatus
(14) was used in all experiments. Studies were carried out in simulated gastric
or intestinal fluids. Simulated gastric fluid was prepared by dissolving 2 g of
NaC)3 and 3.2 g of pepsin® in 7 mL of concentrated HCI® and sufficient water
to make 1000 mL; the pH of this solution was 1.2. Simulated intestinal fluid
was prepared by dissolving 6.8 g of KaH,PO43 in 250 mL of water. To this
were added 190 mL of 0.2 M NaOH? and 400 mL. of water. The solution was
thoroughly mixed, 10 g of pancreatin® was added, and the pH was adjusted
t0 7.5 £ 0.1 with 0.2 M NaOH before the volume was made up to 1000 mL
with water.

Procedure—In cach study, six dosage forms were tested simultaneously,
with one dosage form in each position of the dissolution apparatus. The dosage
forms were not added until 900 mL of the solution had reached 37°C in a water
bath. This temperature was maintained throughout the study. The baskets
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3 Theo-Dur 100-, 200-, and 300-mg S-A tablets; Astra Pharmaceuticals, Mississauga,
Ontario, Canada L4X 1M4 (Key Pharmaceuticals, Inc., Miami, Fla.)
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werc rotated at 100 rpm. All dosage forms were tested in both simulated gastric
and intestinal fluids under sink conditions. In simulated gastric fluid studies,
1-mL samples were removed at 0.5- or 1-h intervals for up 10 6 h. In simulated
intestinal fluid, the sampling times were adjusted so that the rate of release
of theophylline from each different dosage form could be optimally evaluated.
For dosage forms A, B, E, F, and G, 3-mL samples were removed at 1-h in-
tervals for 12 h and at 25 h. For dosage forms C and D, 3-mL samples were
removed every 15 min for a total of 3 h. For dosage forms H and J, 3-mL
samples were removed at 10, 20, 30, 40, 50, 60, 75, 90, 105, 120, and 240 min.
Samples were not filtered, as no particles were observed, and the volume of
sample removed was replaced by fresh dissolution medium at 37°C. All
samples were refrigerated until the theophylline content was determined by
a spectrophotometric or HPLC procedure (15).

Theophylline Quantitation—Stock solutions of theophylline were prepated
in simulated gastric or intestinal fluid at concentrations of 5, 10, 15, 20, and
25 ug/mL. The theophylline content in gastric fluid samples was determined
by diluting the samples 2-20 times with gastric fluid and measuring the ab-
sorbance at 271 nm’. Appropriately diluted simulated gastric fluid samples
were used as a reference.

In simulated intestinal fluid samples, the theophylline content had to be
cxtracted before the absorbance could be determined spectrophotometrically.
A 0.5-mL aliquot of 2.5 M acetate® buffer (pH 6.4) and 6 mL of chloro-
form-isopropy! alcohol® (20:1) were added to 2-mL samples of intestinal fluid.
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Figure 1— Percent theophylline dissolved in simulated gastric fluid versus
time. Results are mean + or — SD; data are from six dosage forms.

7 Acta 111 Spectrophotometer; Beckman Instruments, Inc., Palo Alto, Calif.
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Table 1—Percent Theophylline Dissolved in Simulated Gastric Fluid at Various Times

Theophyliine Dissolved, %?

Product 0.5h 1.0h 1.5h 20h 25h 30h 35% 40h 45h 50h 55h 6.0h
A 4.1 9.1 11.4 13.7 15.0 15.9 16.6 17.7 18.3 19.0 195 20.3
(0.9) (1.7 (1.6) {1.8) (1.8) (1.8) (1.7 (1.9) (1.5) (1.6) (1.5) (1.5)

B 6.1 6.6 7.3 1.7 8.1 8.6 9.0 9.2 9.5 9.8 10.2 10.8
(0.8) (0.9) (0.8) (1.1) (1.3) (1.2) (1.3) (1.3) (1.6) (1.5) (1.7) (1.8)

C 6.1 38.0 48.2 55.1 58.8 61.9 65.0 67.3 69.5 71.2 73.0 75.0
(2.8) (4.6) (5.0) (4.9) (5.0) (5.2) (4.9) (4.8) (4.9) 4.7) (5.1) (4.5)

D 91 50.1 58.7 66.0 69.8 723 77.3 78.9 80.5 82.2 84.9 86.5
(2.4) (3.3) (4.8) (4.4) (4.8) (4.3) (5.6) (5.0) (5.2) (4.9) (5.4) (5.2)

E —b 21.2 — 29.6 — 34.0 - 394 — 43.5 — 46.1
(3.2) (0.9) (1.2) (. (1.5) (2.5)

F — 14.8 — 218 — 26.8 — 35.3 - 39.4 — 45.6
(1.4) (2.8) (4.4) .1 (7.1) (6.5)

G — 11.2 — 15.8 — 224 — 30.6 — 38.2 — 45.0
(1.9) (2.9) (4.4) (7.0} (7.0) (8.3)

H 7.3 228 26.2 294 33.2 35.3 3713 389 41.1 42.8 44.0 45.9
(0.5) (1.1) (0.9) (1.1) (0.9) (0.7) (1.0) (0.9) (1.0) (1.3) (0.8) (0.7)

J — 15.8 — 21.2 — 26.3 — 30.1 -- 337 — 36.6
(0.5) (0.6) (1.0) (.1 (1.2) (1.2)

7 Mcan values; SD in parentheses. ¢ — Samples not collected.

Samples were extracted by shaking on a reciprocating shaker for 5 min and
then centrifuging for 5 min. The upper aqueous phase was removed by aspi-
ration, and 5 mL of the organic layer was extracted with S mL of 0.1 M
NaOH? by shaking for 5 min and centrifuging for 10 min. The upper aqueous
phasc was transferred directly to a spectrophotometric cuvette, and the ab-
sorbance was measured at 271 nm’. Simulated intestinal fluid samples con-
taining no drug and extracted by the same procedure werc used as refer-
ences.

Calibration curves were constructed by plotting absorbance versus theo-
phylline concentration with simulated gastric and intestinal fluid stock solu-
tions. Theophylline concentrations from studies of dosage forms E, F, and G
were determined by an HPLC procedure described previously (15). Analytical
procedures were compared, and results from both tests were identical.

RESULTS AND DISCUSSION

It is not usually possible to differentiate between structurally related
compounds. such as decomposition products or metabolites, by spectropho-
tometric methods of analysis. However, for dissolution studies of a dosage form
containing a single chemical entity, this spectrophotometric procedure had
cxcellent sensitivity and specificity. Since the results from these spectropho-
tometric assays were identical to those obtained by HPLC analysis, it was
assumecd that no detectable decomposition occurred during these dissolution
studics. In the gastric fluid medium, calibration curves were linear over the
concentration range of §-50 ug/mlL., and through a 10-week period they had

4 maximum coefficient of variation of 9.6%. Nevcrtheless, calibration curves
were determined daily for each set of analyses. Similar results were obtained
for the intestinal fluid samples, with a maximum coefficient of variation of
10.6% over a 10-week period. The results from the HPLC procedure had a
maximum coefficient of variation of 3.6%. In all individual curves, correlation
coefficients were always >0.995.

The maximum dose of theophylline evaluated in these studies was 300 mg,
and the volume of sample removed for analysis was replaced by fresh disso-
lution medium at 37°C, so that the 900-mL initial volume was always main-
tained. The solubility of theophylline a1 25°C is 1 g/120 mL in distilled water
(16), so that if the total 300-mg dose dissolved during the study, only 4% of
the total solubility of theophylline would be achieved. Therefore, sink condi-
tions were maintaincd in all studies (17).

The absolute bioavailability of orally administered theophylline in aqueous
solutions was calculated to be 100%; absorption was rapid, with peak serum
concentrations occurring at | h after dose administration (18). The rate and
cxtent of theophylline absorption after administration of sustained-release
products would, therefore, be controlled by the rate and extent of drug relcase
from the dosage form. Also, since these dosage forms may contain larger doses
ol drug than conventional preparations, the rate and completencss of drug
relcase from the matrix must be uniform and well controlled. Fluctuations
in serym theophylinc concentrations will then be minimal, and efficacy will
be achicved without toxicity.

The efficacy and safety of most sustained-release theophylfine dosage forms
has been well documented (1-9). However, variability and incompleteness

Table 11— Percent Theophylline Dissolved in Simulated Intestinal Fluid at Various Times

Theophylline Dissolved, %

Produet TOR — 20h  30h  40h  30h 60k 70N §Oh 50N T00h — 17.0h  T20h  250h
A 3.0 64 115 142 18.4 19.5 21.6 24.4 26.2 28.8 321 37.1 48.1
2.9) (23) (20 (25  (4.4) (4.7) (5.3) (4.9) (5.2) (5.7) (4.7) (53 (56)
B 7.1 1.2 147 178 199 22.3 22.3 23.5 23.3 24.7 24.5 24.0 29.5
(0.8) (32 (29) (28)  (28) (33 (338) (3.8) (a.3) (36 (3.0 32 &1
E 29.1 372 431 472 523 56.0 61.0 64.5 67.7 72.0 75.2 784 95.1
(2.3) (38 (a7 (49) (5.5 64)  (6.6) (6.9) (7.5) (72)  (8.6) (79)  (7.6)
F 14.0 218 268 353 394 45.6 50.1 54.5 58.9 61.6 622 666 876
(1.9) (28)  (44) Gn an 65)  (1.4) (8.9) (8.5) (6.0) (7.4) (7.0)  (10.5)
G 1.2 158 224 306 382 45.0 53.9 56.6 68.0 71.6 75.9 729 894
(1.9) (2.5)  (4.4) (100 (7.0) 83) (9.4 (9.6) (3.9) (2.0) (4.2) (109)  (4.1)
0256  05® 0756 106 1256 .58 1756 2.0% 2.25% 2.5% 2,756 3.0
C 18.4 394 507 602 701 79.4 87.7 949 95.5 95.5 94.9 93.9
(4.2) (3.8 G (42)  (3.5) 1) (10.7) (10.8) (5.3) (6.0) (5.0) 2.8)
D 18.5 400 557 657 732 78.5 86.3 90.5 91.4 96.4 94.3 95.7
(3.9) (58)  (58) (19) (5.6 (42)  (3.6) (6.1) (3.3) (4.7) (1.8) 5.1
10¢ 20¢ 30° 40¢ 50° 60° 75¢ 90¢ 105¢ 120¢ 240¢
H 77 143 217 266 324 36.0 417 52.9 56.7 63.3 88.5
(1.8) (39 @7 (56) (12 (1) (9.3) (143) (127 (37 (18.5)
J 3.3 84 135 184 220 24.9 30.6 38.8 436 488 77.0
a1 (20)  (24) Q@n (30 (36)  (38) (4.6) (5.0) (4.8) (5.7)

@ Mean values; SD in parentheses. & Adjusted time intervals (h) < Adjusted time intervals (min).
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Yigure 2— Percent theophylline dissolved in simulated intestinal fluid versus
time. Results are mean + or — SD; data are from six dosage forms.

of theophylline release from some sustained-release preparations after sin-
gle-dosc administration to asthmatic paticnts has been demonstrated (10).
Similar results have been found in the present dissolution studies with the
rotating-basket dissolution apparatus (14) and by evaluating the products
in both simulated gastric and intestinal fluids.

The percentages of theophylline dissolved at various times from the simu-
lated gastric fluid studies are presented in Table 1, and the percent dissolved
rersus time plot is shown in Fig. 1. The dosage forms studied released 6.6 +
0.9 10 50.1 £ 3.8% of their drug content within 1 hin simulated gastric fluid.
Although no simple correlation exists. the values obtained for the percentage
of the dosc released in | hin citro from these products exhibit the same rank
order as the valucs obtained at 1 h ineivo with some of these same products
(10).

After the initial release of drug through the first 0.5-1.0 h, all of the
products displayed some type of sustained-release characteristics (Fig. 1).
Howecver, the variability between products clearly demonstrates that these
products are not readily interchangeable. Since the mean gastric residence
lime has been reported to be 3.61 £ 1.47 h (19), the dissolution studies in
simulated gastric fluid were terminated after 6 h. At that time, the mean
percentage of the dose released ranged from 10.8 + 1.8 10 86.5 £ 5.2% (Table
1.

Of greater concern is the differences in the rate of release of drug from
similar preparations of different strength. Both at 3 and 6 h, products A and
B, C and D, and H and J all released significantly different amounts of drug
(p < 0.005). Product E released significantly more drug than Fand G at 3
h (p < 0.005), but not at 6 h. Products I and G released similar amounts of
drug at 3 and 6 h (p = 0.005). Theophylline doses are often individualized by
using a combination of different strengths of the same brand of product (4).
However, different strengths of the same brand cannot be arbitrarily assumed
to rclease drug at similar rates. A more rational approach may be to adjust
the dosc by taking one-half of the higher strength dosage form 1o individualize
the dosages. No significant difference was detected in vivo when this approach
was used for product E (15). In addition, these in vitro studies may not reflect
the in vivo situation. The in vivo results for products E and G were not sig-
nificantly different (10).

Since these products were all sustained-release dosage forms, the dissolution
studies in simulated intestinal fluid provide additional information. The
percentage of theophyllinc dissolved at various times in simulated intestinal
fluid is shown in Table 11, and percent dissolved versus time plots for all dosage

forms are presented in Fig. 2. The results from these studies show cven greater
product variability.

Almost all of the theophylline content, 93.9 £ 2.8 and 95.7 + 5.1% from
products C and D, respectively, was released in 3 h in simulated intestinal fluid.
This means that the rate of rclease of drug from these dosage forms may be
very dependent on gastric emptying time. These two products also yiclded the
fastest rate of drug release in simulated gastric fluid (Table I, Fig. 1) and
displayed the characteristics of enteric-coated formulations rather than sus-
tained-release dosage forms. These products also exhibited similar charac-
teristics in vivo (10), as virtually 100% of the dose was absorbed in 6 h from
these formulations. The rcsults obtained from the two different strengths of
this dosage form in simulated intestinal fluid were not significantly different
at any time (p = 0.005).

Although the results from products E, F, G, and H were not significantly
different in gastric fluid at 6 h (p = 0.005), the results obtained in intestinal
fluid were different (p < 0.005). Products H and J released 88.5 + 18.5 and
77.0 £ 5.7%, respectively, of their drug content within 4 h, whereas products
E, F,and G released only 47.2 + 4.9,35.3 £ 5.1, and 30.6 £ 7.0%, respectively.
Unfortunately, products H and J were not studied in vivo previously (10).

Onc interesting aspect of products E, F, and G is that the percent theo-
phylline released versus time plots are linear after 3 h (Fig. 2). These results
indicate that an approximation to zero-order relcase from these dosage forms
was achieved. These findings have also been reported in previous studies in
vivo (15). Despite the delayed release, virtually all of the dose was released
from these products between 12 and 25 h. Thesc results confirm the earlier
in vivo studies (10) in which 100% of the dosc appcared to be absorbed by 16
h.

Products A and B demonstrate very poor drug availability both in simulated
gastric and intestinal fluids. At 25 h, only 48.1 £ 5.6 and 29.5 + 4.1% of the
dosc was released, respectively, for products A and B. These results mirrored
the earlier in vivo findings in which only 70% of the dose appeared to be ab-
sorbed by 20 h. Again, the results from the two dosage forms of different
strengths were significantly different (p < 0.005).

All results were also analyzed by plotting the log percentage of the labeled
dose remaining to be dissolved versus time. In some instances these plots were
lincar. However, the fact that these relationships may be simply artifacts of
the systems has been thoroughly cxamined and discussed previously (20).
Thercfore, these results are not presented.

In conclusion, the in vitro dissolution results in this study were obtained
with the rotating-basket dissolution apparatus and independent trials in both
simulated gastric and intestinal fluids (14). The pattern of drug release from
these sustained-relcase products obtained in vitro mirrored the in vivo ab-
sorption results obtained with some of these products (10, 15). These rank-
order comparisons provide additional information as to the uscfulness of
dissolution studies as compendial mcthods for determining product content,
uniformity, and rate and extent of drug release.
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Abstract O A new dosage form of levodopa, which has the characteristics of
loading high concentrations of levodopa at the upper part of the intestine, has
been developed to improve its bioavailability. }t is shown that an effervescent
tablet formulation, coated with hydroxypropyl methylcellulose phthalate
(carboxybenzoyl radical content: 20-24%) as the enteric material, is suitable
for the purposc of dissolution. This was confirmed from animal experiments,
which showed that tablets of this composition disintegrate instantly on
reaching the upper part of the intestine. This tablet was considered appropriate
for the bicavailability tests described in this paper.

Keyphrases O Levodopa—effervescent enteric-coated tablet, intestinal ab-
sorption, dissolution O Effervescent enteric-coated tablet—Ievodopa, intestinal
absorption, lag time of dissolution and absorption, ¢ffect of siz¢ and shape O
Film material—hydroxypropyl methylcellulose phthalate, cffervescent en-
teric-coated tablet, levodopa

It has been shown in previous work in this series (1, 2) that
the bioavailability of levodopa could be improved by loading
high concentrations of the drug at the upper part of the intes-
tine, the optimum site of absorption, and then inducing tem-
porary saturation of levodopa decarboxylase. The present work
describes the preparation of an oral solid dosage form of le-
vodopa with improved bioavailability. The in vitro dissolution
and in vivo disintegration behavior also are reported.

EXPERIMENTAL SECTION

Preparation of Effervescent Enteric-Coated Tablets of Levodopa [I}—A
granular mixture of levodopa USP and carboxymethylcellulose! was prepared
by the wet granulation method using an aqueous solution of hydroxypropyl
cellulose? as a binder. All other diluents, effervescent agents, lubricants, and/or
coloring agents were mixed with the dried granulation, and the mixture was
compressed into tablets. These tablets were coated successively with hy-
droxypropyl methylcellulose USP (11) (5% w/w) and then with hydroxypropy!
methylcellulose phthalate (11)* (10% w/w) in methylene dichloride-ethanol
(1:1, w/w) solution* to obtain enteric-coated tablets. All the coating agents
that were used here are accepted for drug use by the FDA.

! Marketed as NS300, Gotoku Yakuhin, Tokyo, Japan; acid form of sodium car-
box}methylccllulosc USP.
Nippon Soda Co., Lid., Oiso-machi, Kanagawa, Japan; F.C.C. 111 P280.
3 Shinetsu Chemicals Co., L.td., Tokyo, Japan: Biddle Sawyer Corporation, 2,
Penn-Plaza, New York, N.Y. 10121, U.S.A.; Master File No. DMF-2151.
4 A substitute solution is acetone-ethanol solution (1:1, w/w) or acetone-isopropy!
alcohol (1:1, w/w).
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Dissolution Tests—A modified disintegration test apparatus was used in
the dissolution tests of levodopa and/or dyes (3). The frequency rate of the
basket-rack assembly was set between 5 and 20 cpm. Ten-mesh stainless steel
cloth was fitted over the top of the basket-rack assembly to prevent the tablet
from floating out of the tube of the assembly during dissolution.

Dissolution media (900 mL) at various pH values, prepared by mixing test
solutions 1 and 2 (JP IX), were heated to 37 & 0.5°C and placed in the dis-
solution apparatus. One tablet was placed in the basket. The solution was
drawn from the flask through the flow celt (length 5 mm) by a pump® and
rcturned to the flask at a flow rate of ~25 mL/min. The differences in ab-
sorbance between A, (258.5 nm) and A\, (281 nm) for levodopa, A, (620 nm)
and A, (662 nm) for methylene bluc, and A (600 nm) and A; (522 nm) for
erythromycin were measured with a dual-wavelength spectrophotometer® and

100 ! g
% —+ 4
inmdiom ¢ inmedion ¢
ph2 ¢ of pH 6-15;
A
E ! ]
X .,'.‘ .n.'
]0 ..;l '.
0k — d
time retained —
inmedium of pH 1.2 7 ty,,
t9-10

Figure 1—Dissolution patterns of levodopa. The solid line shows the desired
pattern; the dotted lines show conventional dosage forms.

3 Type MBP-100, Iwaki Co., Ltd., Japan.
6 Hitachi- 156 Spectrophotometer; Hitachi Co., Ltd., Tokyo, Japan.
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