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Abstract A new approach to achieve controlled drug delivery is 
demonstrated for a triple-layer tablet, which simultaneously combines the 
principles of diffusion and dissolution. Heckel's equation was used to 
characterize the compression behavior of formulation components. A 
balanced proportion of each component and a model drug (theophylline) 
were selected to avoid lamination after ejection and ensure coherent 
compaction. In vitro release profiles over a period of 10 h in different 
dissolution media and hydrodynamic conditions were similar and re- 
sulted in an n value of 0.786, signifying anomalous release kinetics. The 
n value is calculated from a curve fit to the empirical equation: WMm = 
Kt", where 4 and M, denote the amount of drug released at time t and 
at infinite time, respectively, Kdenotes the proportionality constant, and 
n characterizes the type of release mechanism operative during the 
dissolution process. In vivo study in human subjects after administration 
of the experimental triple-layer system exhibited a steady rise in plasma 
concentration up to 7 h. The actual amount of drug absorbed by the body 
was calculated by the Wagner-Nelson technique, and a linear relation- 
ship was observed between the percentage absorbed in vivo and the 
percentage dissolved in vitro. The proposed triple-layer model appears 
to provide good correlation between in vitro and in vivo results with 
maximum flexibility with respect of dose, duration range, and ease of 
production. 

Peroral administration of drugs prepared in controlled- 
release delivery systems is extremely popular and has at- 
tracted the attention of pharmaceutical scientists during the 
last decade. This popularity has been due to the simultaneous 
convergence of various factors (e.g., discovery of novel poly- 
mers and devices, better understanding of formulation and 
physiological constraints, expiration of existing patents, pro- 
hibitive cost of developing new drug entities) involved in the 
development of these delivery systems.1 On the other hand, 
conventional solid dosage forms may lead to fluctuations that 
exceed the maximum safe therapeutic level and/or decline 
below the minimum effective level.2 It is recognized that 
many drugs for chronic administration should be adminis- 
tered on a schedule that maintains plasma drug concentration 
within the therapeutic range.3 Research in controlled-release 
delivery systems aims at designing a system with a zero-order 
input for specific biopharmaceutical requirements of an active 
agent, producing steady-state plasma drug levels. The basic 
controlled-release formulation consists of a drug and a carrier 
that may be a single polymer or combinations of polymers and 
other excipients arranged 80 as to allow the active agent to be 
released over a period of time at a controlled rate. Numerous 
design variations towards this objective have been pro- 
posed.- Controlled-release systems can be classified accord- 
ing to their major controlling mechanism (e.g., diffusion, 
erosion or chemical reactions, swelling, osmosis, etc.) based on 
different physical design, and the relative merits of each is 
well established.7.8 An ideal delivery system should be capa- 
ble of delivering a wide variety of drugs (i.e., with varying 
dose, drug clearance, and regimen preference) in various 

release profiles tailored for each specific drug and offer ease of 
manufacturing. Numerous polymeric drug delivery devices 
have been developed, and the application of this technology to 
peroral drug delivery has become a subject of intense interest 
in pharmaceutical sciences.e.10 Time-independent (zero- 
order) release for controllable durations would be preferred. 
However, because zero-order release kinetics from Fickian 
diffusion-controlled monolithic systems does not occur, sev- 
eral alternative approaches for obtaining zero-order release 
kinetics have been attempted.ll.12 In the present work, a 
direct compression method for a triple-layer controlled-drug 
delivery system that combines simultaneous diffusion and 
dissolution to achieve delivery profiles approaching those of 
zero-order kinetics is demonstrated (Figure 1). 

Multilayer tablets are made by compressing several differ- 
ent particulate systems fed into a die in succession, one on top 
of another, in layers. Usually, three-layer rotary presses are 
equipped with three die-filling and compression cycles for 
each revolution of the press. Each punch compresses thrice, 
once for the first layer, a second time for the second layer, and 
a third time for the third layer, Formulation of multilayer 
tablets is more demanding than that of single layer tablets 
(conventional tablets). For this reason, selection of additives 
is critical for proper bonding; otherwise, a batch of 100 000 
tablets can end up as 200 000 or 300 000 layers after several 
days if the layers are not sufficiently bonded. In the past, 
multilayer tablets have been formulated to separate incom- 
patible substances, identifjr the product by having layers of 
different colors, or provide immediate- and prolonged-release 
profiles.13 The objective of the layer technology in this study 
is to create an increasing surface area with time to maintain 
a constant drug delivery. Theophylline is used as a model 
drug because it is well absorbed throughout the gastrointes- 
tinal tract and is also stable within this organ system. 

Experimental Section 
Materials-Theophylline anhydrous BP was used as the test drug. 

Ethylcellulose 10 centipoise (Hercules Inc., Wilmington, DE) and 
Polymethacrylates Eudragit RS 100 (Roehm Pharma, Darmstadt, 
Germany) were chosen as the water-insoluble polymers. Dicalcium 
phosphate (Edward Mendell Company, Philadelphia, PA), magne- 
sium stearate, and talc powder BP (British Pharmacopeia) quality 
were used. 

Time = 0 Time - tx  

Ffgure 1-Schematic representation of drug release from a triple- 
layered matrix system in which the area at the zones of depletion 
increases as the interior phase gradually dissolves with time, maintaining 
pseudo-steady release rates. 
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Composition and the Preparation of Triple-Layer Matrix Sys- 
tem-The two types of particulate systems used for direct compres- 
sion are shown in Table I. All the powders were passed through a 
180-pm screen and blended up to 20 min in a cube-mixer in 
accordance with the previous report.14 

Individual matrices, with a diameter of 12 mm and thickness of 
-3.5 mm corresponding to 160 mg of theophylline, were produced by 
direct compression. An instrumented Manesty type F3 single station 
machine with flat punches was used for compression as well as 
compactibility-compressibility characterization of formulation com- 
ponents. Various combinations of the two particulate systems at 
compression range of 100-180 MPa were compressed, and the opti- 
mum batch with regard to tensile strength, dissolution profiles, ease 
of ejection, and acceptable friability values was selected for further 
evaluation. 

Dissolution Studies-The dissolution profiles were determined in 
accordance with the USP XXII paddle method as described previous- 
ly.16 The amounts of theophylline released were determined by U V  
spectrophotometry at 273 nm. The dissolution media were distilled 
water, 0.1 N HC1 (pH 1.2), phosphate buffer (pH 5.5 and 7.2), a 
solution of 0.05% polysorbate 80 in water (surface tension, -40 
mNm-'), and an aqueous solution of 2% methylcellulose (viscosity, 
-40 mPa - 8).  These testa were conducted at 37 "C at both 50 and 100 
rpm. Samples were taken at appropriate time intervals for analysis 
and each was replaced by equal amounts of the same dissolution 
medium at 37 "C. 

In Vivo Study, Blood Sampling, and Data Analysis4ix 22-24- 
year-old healthy, nonsmoking, male volunteers participated in the 
two-way crossover study (each subject gave written consent and the 
study protocol was approved by the University Ethics Committee). 
Xanthine-containing beverages, other medications, and alcohol were 
disallowed for 72 h prior to and throughout the entire study. 
Theophylline kinetics were studied after overnight fasting in each 
subject, once following ingestion of a commercially available ami- 
nophylline tablet (250 mg as reference formulation) with 240 mL of 
water, and once following ingestion of an equal amount of water and 
the formulated triple-layer tablet (160 mg of anhydrous theophyl- 
line). Blood samples were drawn at predetermined intervals through- 
out the trial and centrifuged, and the serum was separated and frozen 
until analyzed. Theophylline serum levels were evaluated by a 
fluorescence polarization immunoassay method routinely used in our 
laboratories.16 

The pharmacokinetic parameters relevant to this particular study 
based on single dosing [terminal rate constant (B), half-life (tl,2), and 
area under the curve from zero to infinity (AUC,,,)] were derived 
with the model-independent AUC-RPP program.17 With the method 
of Wagner-Nelson, modified for the single-compartment model,16 the 
percentages absorbed versus time were calculated with eq 1. An 
aminophylline instant-release tablet, which is totally absorbed, was 
used as a reference. 
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In eq 1, C(t) is the plasma concentration at time t, Ke is the 
elimination rate constant, AUC,, is the area under the curve from 
zero to time t ,  and AUC,,, is the area under the curve from zero to 
infinity. 

Table I-Formulatlon Components of a Trlple-Layer, 
Dlrect-Compresslon, Controlled-Release System" 

% 
WhH 

External Layer Interior Layer % 
WlW 

~~~~~~ ~ ~ 

Eudragit RS and -25 Theophylline anhydrous -55 

Dicalcium phosphate -25 Dicalcium phosphate 3040 
Theophylline anhydrous 50 Eudragit 8-1 2 
Talc -2.5 Talc 2 
Magnesium stearate 2-6 Magnesium stearate 2-5 

Ethylcellulose 

a Formulation components were optimized for compressibility and 
release rates and compressed into a three-layer sandwich laminate. 

Results and Discussion 
In the present study we have proposed a triple-layer tablet 

that combines the principles involved in drug liberation and 
particulate compaction to achieve desirable release profile for 
pseudo-steady absorption as well as an acceptable delivery 
system in terms of its physical properties. 

With the Heckel equation, the compressibility behavior and 
yield pressures of the two particulate systems were deter- 
mined according to the previous reports.19+'0 In the Heckel 
equation, the relative density, D, is directly related to the 
applied compression force, P: 

In (1/(1 - D))  = KP + c 

In eq 2, Kand c are constants. The plot of In (1/(1 - D))  versus 
increasing applied compressional force P should produce a 
straight line with a positive slope. Yield pressures during 
compression were determined by calculating the reciprocal of 
the slope of the Heckel plots. In multi-layer tablet technology, 
layers with similar compressibility and compactibility (i.e., 
low yield pressure values) are likely to reduce or prevent 
tablet lamination after ejection and during storage. Conse- 
quently, a balanced proportion of brittle, plastic and other 
components for the formulation was selected to avoid lami- 
nation after ejection and ensure coherent compact. Many 
different combinations of formulation components were uti- 
lized for compression and release profile studies, resulting in 
n values in the range >0.45-~0.89. "he n value is calculated 
from a curve fit to the following empirical equation: 

MJM,  = Kt" (3) 

In eq 3, Mt and M, are the amounts of drug dissolved at time 
t and infinite time, respectively. K is a constant that incor- 
porates characteristics of the formulation components and the 
drug, and n characterizes the type of release mechanism 
operative during the dissolution process. Figure 2 shows the 
amount of drug released in water as measured by the USP 
XXII paddle method. By visual observation, the accelerated 
release commenced from the initial time of sampling, and 
nearly 50% of the drug dose was released within 3 h. The 
release rate, however, continued in the controlled manner up 
to 7 h when >90% of the drug had been released. The 
remainder of the drug content was completely released before 
8-9 h of the dissolution studies. By this time, the delivery 
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Flgure 2-In vitro theophylline release profile from a triple-layer delivery 
system (USP XXII, paddle method, 50 rpm, water at 37 "C). 
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Flgure 3-Photograph showing typical appearance of a triple-layer 
matrix system after 6 h of dissolution process. 
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Figure &-Comparison of the  in vitro release profiles for different pHs 
[lower panel; (8) pH 1.2, (0) pH 5.5, (m) pH 7.51 and hydrodynamic 
conditions [upper panel; (0) 100 rpm, (0) 50 rpm]. 

system was completely dissolved. The in vitro release and 
associated physical changes are representative of the pre- 
dicted model presented in Figure 1 (see Figure 3). Drug 
release from this delivery system appears to be a combination 
of both diffusicn and dissolution. Figure 4 and 5 show that the 
drug release is nearly independent of pH, viscosity, surface 
tension, and hydrodynamics of the dissolution media. These 
release profile studies were also determined by the USP XXII 
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Flgure 5-Comparison of the in vitro release profiles for surface tension 
[upper panel; (0) 40 mN/m, (0) 75 mN/m] and viscosity [lower panel; (0) 
mPa. s]. 
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Figure &Linear plot for the release of theophylline from a triple-layer 
delivery system. 

basket method. The results showed that for both dissolution 
methods neither pH, viscosity, surface tension variation, nor 
changes in the dissolution model affected the drug release by 
> 10% for all the experiments. This shows that the delivery 
system is the rate-determining step for theophylline release. 
In Figure 6 the data are presented according to eq 3. The 
calculated value of n for the release of theophylline from the 
delivery system was 0.786, as shown on the linear plot. This 
value, however, appears to be indicative of a coupling of 
diffusional and dissolution release mechanisms.21 so-called 
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Table Il--<jeometrlc Dependence of Dlffurlonal Exponent n of 1.0 - 
Equatlon 3 

Diffusional Exponent Transport 
Cylinder Sphere Slab Mechanism 

0.45 0.43 0.5 Fickian (Case I) ; os- 
>0.45,<0.89 >0.43,<0.85 >0.5,<1 Anomalous e 

0 
s 0.7- 
m 
Ln 0.89 0.85 1 Case II 

“anomalous diffusion” (see Table 11). The relative complexity 
of this formulation and its components may indicate that drug 
release is controlled by more than one process. 

The in vivo release performance of an instant-release, 
commercially available aminophylline tablet (250 mg) that is 
100% bioavailable and of the designed delivery system (160 
mg anhydrous theophylline) in six subjects after peroral 
administration of 1 unit of each dosage form over a 24-h period 
is shown in Figures 7A and 7B. The plasma theophylline 
concentrations versus time (h) demonstrate the difference in 
rise in plasma concentration for an instant-release and the 
experimental formulation (controlled release). The actual 
amount of drug absorbed of ultimate absorbed dose by the 
body was calculated by the Wagner-Nelson technique.18 
Linear absorption with high correlation coefficients (first- 
order ? = 0.9949; zero-order ? = 0.9958) was observed when 
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Flgure 7-Serum theophylline concentrations as a function of time after 
peroral administration of one unit of conventional dosage form (A) and 
one unit of a triple-layer, controlled-release system (8); (n = 6). 
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Flgure &Fraction absorbed as a function of time during the first 7 h, 
estimated by the Wagner-Nelson method. 
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Figure +Relationship between in vivo percent absorbed and in vitro 
percent released for the triple-layer, controlled-release formulation in six 
subjects. 

1-fraction absorbed versus time data were plotted in accor- 
dance with both zero- and first-order kinetics. This result can 
probably be explained by the fact that the drug is released 
very slowly and even a first-order kinetic would appear as 
zerosrder. To obtain meaningful information on kinetics of 
absorption, the goodness of fit was evaluated by estimating 
the residual sums of squares of the deviations from the least 
square line22 in a manner described previously.23 For com- 
parisons, the sums of squares of the deviations have been 
converted into variance estimates by dividing by the number 
of degrees of freedom (i.e., n - 2). The kinetics with the least 
variance estimate was considered to be the best fit. The 
variance estimates were 5.624 for first-order and 3.975 for 
zero-order kinetics. The least variance estimate belonged to 
the zero-order kinetic, indicating that absorption was in 
accordance with zero-order kinetics (Figure 8). A linear 
relationship was also demonstrated between the percentage 
absorbed in vivo and the percentage dissolved in vitro (Figure 
9, Table 111). The bioequivalence of the formulated dosage 
form in terms of EBA (extent of bioavailability) against the 
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Table Ill-Percentage of Theophylllne Released In Vltro and 
Absorbed In Vlvo from the Multllayer, Controlled-Dellvery 
System. 

Time, h 
Amount of Theophylline Release, % 

In Vitro In Vivo 

19.5 f 1.2 
37.5 f 2.1 
47 f 3 

64.8 f 2.5 
75 f 3 
87 f 3 
92 f 5 

8.9 2 4.3 
22.9 ? 6.6 
28.8 f 4.8 
41.6 & 5 
46.4 rt 4.7 
57.7 ? 5.6 
65.7 rt 7.7 

~___  ~ 

a Results are expressed as means f standard deviations; t,,,, = 7 h, 
AUC = 69.64 pg/mUh, (h) = 17.1 h, AUMC (area under the first 
moment curve) = 1926.6 pg/mUh, and MRT (mean residence time) = 
27.66 h. 

corrected dose for the instant-release formulation was in 
excess of 0.83. 
The designed triple-layer delivery system appears to pro- 

vide a dosage form with maximum flexibility with respect to 
dose, duration range, and ease of production. It is important 
to have a balanced formulation with respect to individual 
ingredients and their physico-mechanical behavior under 
compression force to overcome problems encountered in layer 
tableting. This system should be a suitable design for most 
perorally administered drugs and can be tailored for each 
drug to achieve desirable release kinetics and maximum 
bioavailability by taking biopharmaceutical parameters into 
consideration. 
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