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Summary 

The dissolution of 4 controlled-release theophylline formulations was studied in a low-fat (0.75%) milk and in a buffer of pH 6.5. 
A flow-injection dialysis-UV speetrophotometric method was developed to determine the drug in the milk samples. Calibration 
curves were linear up to 250 ~g/ml for theophylline and aminophylline and up to 450 t~g/ml for choline theophyllinate, with 
detection limits of 18.5, 5.4, and 14.7/~g/ml, respectively, in a 5.0 ml minimum sample volume. Lower dissolution profiles in milk 
than in buffer were observed for 3 of the formulations examined. One theophylline formulation exhibited relatively similar 
dissolution profiles in both media. The use of milk as a food-simulating medium in dissolution studies is suggested for the in vitro 
evaluation of the release rate of drugs from controlled-release formulations. The proposed technique can be applied in such studies. 

Introduction 

Controlled-release formulations function as ef- 
fective carriers for prolonging drug release for 
sustained biological action. These drug products 
are designed so that the rate of systemic drug 
absorption is limited by the rate of drug release 
via the drug delivery system. The objective of each 
design is to control the release rate from the 
delivery system so that relatively stable serum 
concentrations can be maintained. 

Theophylline is a bronchodilator for the treat- 
ment of bronchial asthma exhibiting maximum 
potential benefit with minimal risk of toxicity 
when the serum concentration is maintained within 
the 10-20 rag/liter therapeutic range (Jacobs et 
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al. 1976; Hendeles et al. 1977; Kordash et al. 
1977). Based on this therapeutic necessity, over 
the last few years a number of controlled-release 
theophylline formulations have been developed to 
offer the advantage of reduced fluctuation of serum 
theophylline concentrations and decreased fre- 
quency of administration (Spangler et al. 1978; 
Lonnenholm et al. 1980; Meyer et al. 1980; Mel- 
lstrand and Svedmyr 1980; Leeds et al. 1982a). 
However, a number of studies have shown that the 
rate and extent of theophylline absorption varies 
significantly among the controlled-release formu- 
lations (Weinberger et al. 1978; Spangler et al. 
1978, 1980; Jonkman et al. 1981a; Lesko et al. 
1981; Williams et al. 1982, 1983). In addition, it 
has been found that the influence of food on the 
absorption of theophylline is dependent upon the 
formulation (Jonkman et al. 1981b; Pedersen 1981; 
Leeds et al. 1982b; Osman et al. 1983; Thompson 
et al. 1983; Lagas and Jonkman 1983; Pedersen 
and Moller-Petersen 1984; Sips et al. 1984). It is 
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conceivable, therefore, that these findings call for 
in vitro methods to predict the extent a n d / o r  the 
rate of absorption in patients for all such products 
under fasting and non-fasting conditions. 

Two groups of investigators, Jonkman et al. 
(1981b) and Wearley et al. (1985) have described 
in vitro dissolution methods to explore interac- 
tions between food and controlled-release theo- 
phylline formulations under conditions which 
simulate the normal gastrointestinal environment. 
The first group, based on the principle that the 
effect of food on theophylline absorption is a 
result of influence of food on gastric pH, sug- 
gested the exposure of controlled-release theophyl- 
line formulations to an acid, then to a buffered 
solution of pH 1 and 6.8 respectively. This group 
reported that only formulations with pH indepen- 
dent dissolution kinetics correlated well with the 
in vivo data. The second group studied the disolu- 
tion of controlled-release theophylline formu- 
lations in buffers ranging in pH from 1.2 to 8.0 
containing a bile acid, a fatty acid and a combina- 
tion of these media. The conclusion of their study 
is that the combined action of fatty acids and bile 
salts appears to play an important role in altering 
the release rate of theophylline controlled-release 
products dosed with a high-fat meal. 

The present report describes further studies on 
this topic. The dissolution of 4 commercially avail- 
able controlled-release theophylline formulations 
is studied in milk. The use of milk as a food- 
simulating medium and the importance of examin- 
ing the dissolution of controlled release formu- 
lations under conditions which are more akin to 
the in vivo situation, have been pointed out re- 
cently (Macheras et al., 1986). Investigations into 
the effect of milk on the dissolution of conven- 
tional oral solid dosage forms showed that both 
the rate and the extent of dissolution could be 
profoundly affected by milk (Macheras et al., 
1986). The fundamental feature of the controlled- 
release theophylline formulations is that the dis- 
solution of drug is not dependent upon environ- 
mental factors such as pH, type of dissolution 
medium etc. Therefore, a study was undertaken to 
establish the dissolution profiles of these formula- 
tions in milk. For comparative purposes their dis- 
solution was also studied in buffer. 

Experimental  

Reagents 
Concentrated stock standard solutions in phos- 

phate buffer, 250 # g / m l  for theophylline and 
aminophyUine, and 500 # g / m l  for choline theo- 
phyllinate, were prepared from pure drugs ob- 
tained from local manufacturers 1. Working stan- 
dard solutions in phosphate buffer, in the range of 
20-250 # g / m l  for theophylline and aminophylline 
and 50-450 # g / m l  for choline theophyllinate, were 
prepared daily from the stock solutions, kept in 
the refrigerator, by appropriate dilutions with 
phosphate buffer. Similar stock and working 
standard solutions were prepared in milk daily. 

Phosphate buffer 0.010 M of pH 6.5 was pre- 
pared using KH2PO 4 and concentrated 18 M 
N.aOH solution. Low-fat milk 2 (cow milk, 0.75% 
in fat) was used as dissolution medium. 

Controlled-release formulations theophylline 
( T h e o - d u r  3, 200 mg) ,  a m i n o p h y l l i n e  
(Phyllotemp 4, 225 mg) and choline theophyllinate 
(oxtriphylline) (Xantair 5, 424 mg; Choledyl 6, 400 
mg) were used in this study. 

Instrumentation and procedures 
The rotating basket method was used for the 

dissolution studies, using a 250-mesh screen basket, 
rotating at 100 rpm. Volumes of 900 ml of milk or 
buffer, thermostated at 37 + 0.5°C were used as 
the dissolution medium. Aliquots of 5.0 ml, for the 
dissolution experiments in milk, and 2.0 ml for the 
comparison experiments in buffer, were withdrawn 
at appropriate time intervals using plastic syringes 
with +0.05 ml accuracy. Samples were filtered 
using paper filter in in-line plastic holders 7 fitted 

1 Anhydrous theophylline: Laviphann, Greece. Aminophyl- 
line: Remek, Greece. Choline theophyllinate: Elpen, Greece. 

2 Landgenossenschaft Ennstal, Austria. 
Theo-dur tablets, Key Pharmaceuticals, Inc., Miami, FL 
(U.S.A.), formulated by Lavipharm, Greece; Lot Nr. 60202. 

4 Phyllotemp retard tablets, Mundipharma SA, Switzerland; 
Lot Nr. WD007. 
Xantair retard membrane-coated tablets, Zyma, Cheshire, 
England, formulated by Ciba-Geigy, Greece, Lot Nr. L001 L 
84. 

6 Choledyl film-coated tablets, Warner Lambert Co., U.S.A., 
formulated by Elpen, Greece, Lot Nr. 85478. 

7 Millipore, U.S.A. 
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Fig. 1. Schematic diagram of the automated flow-injection 
dynamic dialyzer for drug measurements in milk. P, peristaltic 
pump; RV, 3-way (6-position) rotary valve with pneumatic 
actuator (Rheodyne, U.S.A.). 

on the syringe tips. The withdrawn volume was 
substituted immediately with fresh dissolution 
medium kept at the same temperature. 

Milk samples and standards (5.0 ml) were di- 
alyzed using an automated flow-injection dynamic 
dialyzer (Macheras et al., 1986) shown in Fig. 1. A 
semipermeable membrane 8 with 20-/~m pores, hy- 
drated for a short time before use, was set in the 
dialyzer unit to establish two identical compart- 
ments of 1.0 ml volume each and 670 mm 2 dialysis 
surface. This system, interfaced to a microcom- 
puter, permits the cartier solution (H20) to stop 
in the "receiving chamber" for a preselectable 
very precise "dialysis time" while the milk sample 
is being circulated continuously through the 
"donor  chamber" at a rate of 5.0 ml /min  (the 
dead volume of the tubings and the donor cham- 
ber is 2.5 ml). Then, the dialyzed drug is trans- 
ferred by the carrier solution and the whole is 
collected in tubes for measurement. In succession 
the carrier solution washes out the "receiving 
chamber", for a preselectable very precise "wash 
time". A "dialysis time" of 60 s and "wash time" 
of 30 s were found appropriate for these experi- 
ments. 

A double-beam spectrophotometer 9 was used 
for the manual absorbance measurements, using 
the phosphate buffer as blank in the reference 
beam. The milk dialysates, of 1.5 ml volume, were 
measured after the addition of 2.0 ml of phos- 

8 Cuprophan membranes, Technicon Chem. Co. 
9 Perkin Elmer, lambda 7, UV/VIS spectrophotometer. 
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phate buffer. Samples (and standards) of the 
phosphate buffer dissolution medium were mea- 
sured after a 1 :10  dilution with buffer. Ab- 
sorbance measurements were performed at the 
Xma~ of the drugs in phosphate buffer pH 6.5, i.e. 
271 nm for theophylline and aminophylline, and 
277 nm for choline theophyllinate. 

Results and Discussion 

In order to develop and optimize a method for 
the determination of the drugs in milk samples, 
based on dynamic dialysis-UV spectrophotome- 
try, the dialysis characteristics of the drugs at pH 
6.5, similar to that of milk, must be examined. 

The dialysis rate constants K d of the 3 drugs 
were determined, according to Eqn. 1: 

ln (D O - D i / D o )  = - K d t  (1) 

using a special computer program to increase step- 
wise the dialysis time t (Macheras et al., 1986). D o 
is the drug concentration in the solution under 
dialysis of large enough volume so that the drug 
conCentration remains constant through the 
successive dialysis runs, and D i is the drug con- 
centration in the "receiving compartment", calcu- 
lated from the drug concentration in each succes- 
sive dialysate after the correction for the dilution 
by the cartier solution. Standard solutions of the 
drugs in phosphate buffer of D O equal to 100 
/xg/ml and volume of 100 ml were dialyzed, the 
"dialysis time" being increased from 0.5-5 min 
with a step of 0.5 rain. Table 1 shows the dialysis 
rate constants for the 3 drugs at pH 6.5 and 25°C 
along with the statistical treatment of the data. 

TABLE 1 

Dialysis rate constants of the drugs at pH 6.5 at 25°C 

Drug Ka ( +_ S.D.) r 
(rnin -1) 

Theophylline 0.0776 + 0.0025 0.996 
Aminophylline 0.0832 +_ 0.0032 0.994 
Choline theophyUinate 0.0760 + 0.0026 0.995 

S.D., standard deviation of 10 runs; r, correlation coefficient 
of Eqn. 1. 
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TABLE 2 

Cafibration curves for the determination of drugs in milk with the dynamic dialysis-UV spectrophotometric method 

Drug Equation of linear regression r 
(range, # g / m l )  

Theophylline milk: A = 0.1912 ( -+ 0.0134) + 0.00217 ( + 0.00009) • C 0.997 
(20-250) buffer: A = 0.0003 ( -+ 0.0053) + 0.00246 ( + 0.00004)- C 0.9996 

Aminophylline milk: A ~ 0.2115 ( + 0.0034) + 0.00187 ( -+ 0.00002) • C 0.9997 
(20-250) buffer: A = 0.0059 (-+ 0.0038) + 0.00200 (_+ 0.00002) • C 0.9997 

Choline theophyllinate milk: A = 0.1976 ( _+ 0.0065) + 0.00133 ( +_ 0.00002). C 0.9994 
(50-450) buffer: A = 0.0065 ( + 0.0096) + 0.00134 ( + 0.00004). C 0.999 

Samples of  5.0 ml volume were dialyzed once for 60 s. Dialysates of 1.50 ml volume were diluted with 2.0 ml of  phosphate  buffer and 
measured. Values are means  (+  S.D.). 

The good linearity ( r  = 0.994 - 0.996) and the low 
relative standard deviations obtained ( + 3 . 2 -  
3.8%) show the validity of the technique for the 
rapid evaluation of experimental dialysis rate con- 
stants. 

By choosing 60 s dialysis time the percent of 
dialysis (%Di), as it was calculated by the equa- 
tion: 

%D i = 100 (1 - e-K~'), (2) 

was found to be 7.47% for theophylline, 7.98% for 
aminophylline and 7.32% for choline theophyl- 
linate. Consequently, sink conditions prevailed 
during dialysis runs. 

Typical calibration curves for the determina- 
tion of the drugs in milk samples, using the pro- 
posed dynamic dialysis-UV spectrophotometric 
method, are shown in Table 2, along with calibra- 

tion curves from standard solutions in phosphate 
buffer for comparison. Good linearity was ob- 
tained in all cases ( r  = 0.997 - 0.9997). A blank of 
about 0.2 absorbance units was found for the 
milk, due to dialysable species in milk absorbing 
at the wavelength of measurement. This blank 
remained very reproducible for the same lot of 
milk. A slight decrease in the slopes of the calibra- 
tion curves in milk, in comparison with those in 
buffer, show a partition of theophylline (11.8% 
decrease) and aminophylline (6.5% decrease) in 
the milk phases. No decrease was observed for 
choline theophyllinate. 

From the statistical treatment of the calibration 
curves in milk, the detection limits for the de- 
termination of the drugs can be evaluated (con- 
centration giving analytical measurement, greater 
than the blank, 3 × the standard deviation of the 
blank). Detection limits equal to 18.5 / tg /ml  for 

TABLE 3 

Dissolution of theophylline controlled-release tablet (Theo-dur 200 rag) in milk and phosphate buffer, pH 6.5, at 37°C 

Time 5[ Dissolved (-+ S.D., n = 4) % Difference 

(h) Milk Buffer (milk-buffer)  

t-test 

Experimental Theoretical (95 %) 

1.0 11.2 ( _+ 2.0) 19,2 ( + 1.4) - 41.7 6.554 * 
2.0 27.8 ( _ 2.8) 24,5 ( + 0.7) 13.5 2.286 n.s. 
3.0 35.4 ( -+ 4.0) 29.2 ( -+ 1.0) 21.2 3.007 * 
4.0 42.8 (_+4.0) 36.8 (_+2.8) 16.3 2.458 * 
5.0 48.6 ( + 3.4) 48.2 ( -+ 4.7) 0.8 0.138 n.s. 
6.0 58.6 (-+4.0) 56.7 (-+4.9) 3.4 0.600 n.s. 
7.0 68.6 ( _+ 4.1) 63.6 ( _+ 4.6) 7.8 1.623 n.s. 

2.447 

* = significant at 0.05 level; n.s. = not significant at 0.05 level. 
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Fig. 2. Dissolution curves of: (a) Theo-dur (theophylline), (b) 
Phyllotemp (aminophylline), (c) Xantair (choline theophyl- 
linate) and (d) Choledyl (choline theophyllinate) tablets, in 
milk ( ) and phosphate buffer, pH 6.5 ( . . . . . .  ), at 
37°C. Each point is mean-+ S.D. of 4 experiments. 

theophylline, 5.4 IAg/ml for aminophyll ine and 
14.7/~g/ml for choline theophyllinate, were found. 
The  min imum volume of  the milk sample is 5.0 ml 
(twice the dead volume of  the dialyser) to provide 
sample circulation without  air bubbles. 

The precision of  the developed method for the 
determinat ion of the drugs in milk samples (dialy- 
sis, dilution of  dialysates with buffer  and ab- 
sorbance reading), was tested by performing 5 
successive measurements  of  two s tandard milk 
solutions containing 50 and 4 5 0 / ~ g / m l  of  choline 
theophyllinate. S.D.s (in absorbance units) of  
+0 .0046 (mean 0.3244, R S D  % 1.4) and +0.0128 
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(mean 0.1502, R S D  % 1.3) were respectively ob- 
tained. 

Dissolution profiles in both  media for the for- 
mulat ions studied are shown in Fig. 2. The preci- 
sion of  the dissolution experiments was excellent 
for such type of work, the s tandard deviation 
(expressed in % of dissolved drug) varying f rom 
+0.1% to +6.1% for the studies in milk and f rom 
+0.4% to +4.9% for the studies in buffer (n = 4). 
The mean percentages of  dissolution for each time 
point  in milk were tested for any significant dif- 
ference with that in buffer, using a t-test at 95% 
confidence level (Tables 3-6) .  Two of the formu- 
lations studied, Phyl lotemp and Xantair,  showed 
lower dissolution profiles in milk than in buffer  as 
demonst ra ted  by  the statistically significant dif- 
ferences found in the percentages of  theophylline 
dissolved for all t ime points examined (Tables 4 
and 5). A lower dissolution profile in milk than in 
buffer  was also observed for Choledyl, but  statisti- 
cal equivalence was noted in the percentage of 
theophylline dissolved for the last time point  of  
the experimental period (Table 6). Cont rary  to 
these, Theo-dur  tablets showed a slightly higher 
dissolution profile in milk than in buffer  though 
not  statistically significant for all time points at 
the level considered (Table 3). It  is interesting to 
note, however, that  the dissolution of theophylhne 
f rom the Theo-dur  tablets was remarkably lower 
at the first hour  probably  due to the limited 
wetting of  the tablets in milk. Overall, though, 
Theo-dur  showed a similar pat tern  of  dissolution 
in bo th  media. 

TABLE 4 

Dissolution of aminophylline controlled-release tablet (Phyllotemp 225 rag) in milk and phosphate buffer, pH 6.5, at 37°C 

Time % Dissolved ( 4- S.D., n = 4) % Difference t-Test 
(h) Milk Buffer (milk-buffer) Experimental Theoretical (95%) 

1.0 30.1 ( +_ 1.6) 36.0 ( 4-_ 1.4) - 16.4 5.550 * 
2.0 43.7 ( -+ 1.3) 51.7 ( + 1.9) - 15.5 6.950 * 
3.0 56.8 ( _+ 1.6) 63.7 ( _+ 1.9) - 10.8 5.556 * 
4.0 64.3 (_+ 2.2) 72.8 (_+ 1.5) - 11.7 6.384 * 
5.0 69.8 ( + 1.6) 80.0 ( + 2.0) - 12.8 7.964 * 
6.0 73.6 (+_3.2) 85.1 (_+1.5) -13.5 6.508 * 
7.0 81.8 (+_4.1) 88.4 (_+1.4) -7.5 3.047 * 

2A47 

* Significant at 0.05 level. 
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T A B L E  5 

Dissolution of choline theophyllinate controlled-release tablet (Xantair 424 rag) in milk and phosphate buffer, pH 6.5, at 37°C 

Time  % Dissolved ( _+ S.D., n = 4) % Difference t-Test  

(h) Milk Buffer (milk-buffer) Experimental Theoretical (95%) 

1.0 17.5 ( -+ 2.6) 41.4 ( -+ 3.7) - 57.7 10.570 * 
2.0 42.2 (_+ 5.4) 74.4 ( + 4 . 4 )  - 4 3 . 3  9.245 * 
3.0 54.5 ( -+ 5.2) 91.5 ( -+ 3.4) - 40.4 11.911 * 
4.0 67.6 ( 4- 3.4) 98.4 ( -+ 1.8) - 31.3 16.012 * 
5.0 75.0 ( + 2.3) 102.5 ( +  1.1) - 26.8 21.573 * 
6.0 80.8 ( + 2 . 8 )  103.6 (_+0.5) - 2 2 . 0  16.032 * 
7.0 86.5 ( -+ 1.6) 104.9 ( + 0.7) - 17.5 21.072 * 

2.447 

* Significant at 0.05 level, 

T A B L E  6 

Dissolution of choline theophyllinate controlled-release tablet (Choledyl 400 rag) in milk and phosphate buffer, pH 6.5, at 370C 

Time  % Dissolved ( + S.D., n = 4) % Difference  t-Test  

(h) Milk Buffer (milk-buffer) Experimental Theoretical (95%) 

1.0 29.1 (__+0.1) 38.0 (_+0.3) - 2 3 . 4  56.288 * 
2.0 38.7 ( + 3.4) 49.2 ( _4- 0.8) - 21.3 6.012 * 
3.0 45.6 (_+2.3) 57.6 ( + 0 . 9 )  - 2 0 . 8  9.717 * 
4.0 52.0 ( -+ 3.2) 64.4 ( + 0.5) - 19.2 7.657 * 
5.0 58.4 ( -+ 2.1) 70.0 ( -+ 0.4) - 16.6 10.852 * 
6.0 65.4 ( -+ 1.3) 74.7 ( -+ 0.7) - 12.4 12.598 * 
7.0 73.3 ( _+ 6.1) 78.7 ( _+ 0.4) - 6.9 1.767 n.s. 

2.447 

* = s ignif icant  at 0.05 level; n.s. = not significant at 0.05 level. 

The diversity of the results obtained could be 
attributed to the different mechanisms involved in 
the release of drugs from the formulations. 
Whatever the reasons, the fact that the rate of 
dissolution of theophylline in milk is dependent 
upon the formulation can be related with the 
remark made by Welling (1984), based on in vivo 
studies, that the extent of the interaction between 
food and controlled-release theophylline formula- 
tions appears to be formulation-dependent. In ad- 
dition to this, the retarding effect of milk on the 
dissolution of theophylline can be linked with the 
delayed appearance of drug in plasma in non- 
fasted individuals observed in the studies of Hei- 
mann et al., 1982; Leeds et al., 1982b; and Osman 
et al., 1983. 

Effects such as those summarized above are 
likely also to be important for drugs which, like 
theophylline, are marketed in controlled-release 

formulations. The proposed dissolution testing in 
a food-simulating medium, milk, may indeed have 
more general applications in rationalizing the ef- 
fect of food on bioavailability of drugs formulated 
in controlled-release dosage forms. 
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