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a b s t r a c t
Even though various multi-layered tablets have been developed for sustained release formulations, evaluations
of mechanical properties during dissolution with drug release and imaging in the tablets have been limited. A
novel geometric system consisting of an inner immediate release layer and two extended release barrier layers
with swellable hydrophilic polymers was suggested as a once-a-day formulation. To evaluate drug release
mechanisms with geometric properties, various mechanical characteristics during swelling were investigated
to comprehend the relationship among in vitro drug release, human pharmacokinetics, and geometric characteristics. Imaging of drug movement was also studied in real-time using Raman spectroscopy. Drug delivery in the
tablets might be divided into three processes through the geometric properties. When exposed to aqueous environments, the drug in the mid-layer was released until wrapped by the swollen barrier layers. Then, the drug in
the mid-layer was mainly delivered to the barrier layers and a small amount of the drug was delivered to the contact region of the swollen barrier layers. Finally, the delivered drug to the barrier layers was consistently released
out in response to the characteristics of the polymer of the barrier layers. Using Raman spectroscopy, these processes were conﬁrmed in real-time analysis. Moreover, in vitro drug release proﬁles and human pharmacokinetics showed consistent results suggesting that drug release might be dependent on the various geometric
properties and be modiﬁed consistently during the formulation development.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Oral solid drug dosage formulations have been regarded as the most
convenient and commonly used method of drug administration due to
their numerous advantages, such as ease of drug administration, high
patient compliance, least aseptic constraints, and ﬂexibility for the design of the dosage forms [1]. The advantages and the various types of
dosage forms have been developed continuously and they are classiﬁed
according to their release proﬁles, which include immediate release,
modiﬁed release, delayed release, extended release, and sustained release. Immediate release forms dissolve above the small intestine with
the intention of fast dissolution or absorption of drugs. Both delayed
and extended release forms belong to the modiﬁed release class.
Delayed release forms have a special release proﬁle dissolved at the target area. Extended release forms have been developed to optimize the
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therapeutic efﬁcacy of drugs by providing constant release over the entire dosing interval and increase patient convenience by reducing the
frequency of drug administration [2].
Generally, modiﬁed systems should ideally exhibit zero-order drug
release kinetics in which a constant amount of drug is released over
an extended period of time [3,4]. Studies have been conducted
attempting to develop systems with zero-order drug release [5–9]. A
matrix type, in which the drug is uniformly dissolved or dispersed, is
the most common one [10,11]. Hydrophilic polymers are mainly incorporated for the matrix formulation as they provide a typical time dependent dissolution curve of drug release [12–15]. However, the drug
release of the hydrophilic matrix follows near ﬁrst-order diffusion for
the initial stage with a high release rate, owing to the drug existence
at the surface of the matrix (burst effect). This undesirable effect may
have negative therapeutic effects. Moreover, this phenomenon signiﬁcantly increases the contact region of the systems with aqueous medium, so the physical properties of the hydrophilic matrix such as
swelling, water absorption, mass loss, and gel hardness are changed
with the absorption of the aqueous medium.
To overcome the undesirable inﬂuence of the hydrophilic matrix,
geometric matrix tablets have been investigated to achieve zero-
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order kinetics as the tablets induce a constant surface area for drug
release [16–19]. Various geometric matrix tablets have been suggested to achieve a constant release rate (zero-order kinetics). The
multi-layered matrix tablets are one of the various techniques.
They are composed of a matrix core containing the drug and one or
more barriers (control layers). The control layers modulate the interaction of the drug with an aqueous medium by limiting the surface available for the solute release and controlling the solvent
penetration rate [20,21]. In other words, the control layers organized
mainly with hydrophilic polymers such as hydroxypropyl methyl
cellulose and polyethylene oxide perform swelling and erosion processes during contact with the aqueous medium. Drug release can be
controlled by diffusion, path-length and the area available for drug
release. Therefore, the mechanical properties of the control layers
can play an important role for the successful development of formulations [2].
The mechanical properties of the control layers are dependent on
various factors that include drug solubility, drug-to-polymer ratio,
polymer viscosity, particle size of the drug and polymer, and the
water-soluble excipient ratio [22]. For these reasons, drug release
tests of multi-layered matrix tablets should be conducted with the
evaluations of mechanical properties as well. Moreover, due to the
characteristics of geometries, it is important to study the pathways
of drug movement in the system. The macroscopic drug movements
can be evaluated by a dissolution test, because the drug movement
in the system is not easy and is quite limited. In this study, a spectroscopic method was utilized for real-time analysis of drug distribution in the system.
Imaging techniques using spectroscopic methods provide unique information about complicated drug delivery processes and pharmaceutical process analytical techniques. Typical examples are infrared and
Raman spectroscopy. Infrared spectroscopy has good sensitivity to
moisture and has been utilized for pharmaceutical applications such
as end-point determination in blending and process controls (granulation, drying, and coating) [23–26]. However, the infrared spectrum of
water is too intense to be used in aqueous systems. On the other
hand, the Raman spectrum of water is weak so that data collection is
possible in an aqueous environment. Raman spectroscopy investigates
the same range of energies as infrared with different applications. In
the case of infrared transition, dipole moment, is associated with a molecular vibration that decides the intensity of the transition. However,
Raman scattering relies on the subsequent scattering of a photon from
dipole [27,28]. The electronic structure of water is the σ-bond, which
has a strong dipole moment. Therefore, the electrons of water are not
polarized with weak Raman scattering. On the other hand, many active
pharmaceutical ingredients (APIs) have π-electrons in molecules providing strong Raman scattering as they are polarized [29]. Due to the
good sensitivity for APIs and the insensitivity for water, Raman spectroscopy may be utilized to investigate drug movement in dosage
forms during dissolution.
A novel geometric system consisting of an inner immediate release
layer and two extended release barrier layers with swellable hydrophilic polymers has been suggested as a once-a-day formulation [30]. In this
system, the aqueous medium rapidly penetrates to the mid-layer of
water-soluble excipients and the two barrier layers swell to wrap the
lateral side of the mid-layer. After oral administration, tablet hydration
might occur quickly and the hydrated tablet might reach the colon
where water is quite limited. Therefore, it was assumed that the hydrated state of the tablet might induce continuous drug release even in the
colon. To conﬁrm these assumptions, various mechanical properties of
the geometric system were investigated especially to comprehend the
relationship among in vitro drug release, human pharmacokinetics,
and geometric characteristics. Moreover, imaging of drug movement
in the system was performed in real-time using Raman spectroscopy
for better understanding of drug release proﬁles in the geometric
multi-layered system.

2. Materials and methods
2.1. Materials
The model drug, tamsulosin HCl dihydrate, was purchased from
Cadila Healthcare (Gujarat, India). As a hydrophilic polymer in the
three-layered tablets, polyethylene oxide (PEO; Polyox WSR-303) of average molecular weight 7 × 106 grades was used and obtained from
Dow Chemical (Midland, MI, USA). Polyethylene glycol 6000 (Macrogol
6000) was purchased from Sanyo Chemical Industries (Ibaraki, Japan).
Pearlitol 160C was obtained from Roquette Korea (Seoul, South
Korea). Sodium chloride (NaCl) was purchased from Sigma-Aldrich
(St. Louis, MO, USA). The NaCl was milled with a mortar and pestle
and sieved with a US standard sieve #200. Magnesium stearate was purchased from Faci Asia (Jurong Island, Singapore). All other reagents
were of analytical or high-performance liquid chromatography (HPLC)
grade and used as received.
2.2. Preparation of three-layered tablets
Table 1 summarizes the formulation components of the geometric
three-layered tablets. The batch size was selected to be 500-tablets.
Before the mixing process, all materials were passed through a #20
mesh sieve to remove any aggregates. For the preparation of the midlayer, the model drug was mixed manually with the excipients except
magnesium stearate with a mortar and pestle and then blended with
magnesium stearate for 5 min. The component of the barrier layer
was blended with magnesium stearate. Exact amount of each layer
was loaded one-by-one into a die and compressed on a hydraulic laboratory press (Carver Press, Wabash, IN, USA) using place-face punches
with a diameter of 9.0 mm. The compression pressure was 10.0 mPa.
2.3. Evaluation of water uptake and mass loss
The degree of water uptake was calculated when test tablets were
immersed in 500 mL of dissolution medium (0.05 M phosphate buffer,
pH 6.8) at 37 °C and stirred with a magnetic bar operating at 250 rpm.
The test tablets were removed from the medium at predetermined time
intervals (30, 60, 90, 120, 150, 180, 240, and 300 min), blotted with absorbent tissue to remove any excess dissolution medium on the surface,
and the weight of the swollen tablets was measured. The degree of
water uptake was calculated using the following equation [31]:
Water uptake ð% Þ ¼



W 2 −W 1
 100
W1

ð1Þ

where, W1 is the initial weight of the dry tablet and W2 is the weight of
the hydrated tablet. Mass loss values were calculated using the same
tablets. After weighing, the hydrated tablet was dried in an oven at
60 °C until a constant weight was achieved and the remaining dry

Table 1
Formulation composition of the geometric three-layered tablet.
Layer components
Upper barrier layer
Mid-layer

Lower barrier layer

Polyox WSR 303
Magnesium stearate
Tamsulosin HCl
Pearlitol 160C
Macrogol 6000
NaCl
Magnesium stearate
Polyox WSR 303
Magnesium stearate

Weight (mg)/tablet

Percentage (%)

89.50
0.50
0.40
30.00
20.00
9.60
0.30
89.50
0.50

37.2
0.2
0.2
12.5
8.3
4.0
0.1
37.2
0.2
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weight, W3, was obtained. Percent (%) mass loss (erosion) was calculated according to the following equation [31]:


W 1 −W 3
 100:
Mass loss ð% Þ ¼
W1

ð2Þ

2.4. Mechanical properties of swollen three-layered tablets
Swelling properties and mechanical gel strength of the hydrated tablets were evaluated using a texture analyzer. The tablets were placed in
a beaker under the same conditions as explained in the water uptake
and mass loss evaluations. The hydrated tablets were removed from
the medium at predetermined time intervals, patted lightly with tissue
paper, and subjected to textural proﬁling to determine the swelling proﬁles, movement of erosion and swelling fronts, and mechanical gel
strength [32,33]. All measurements were carried out in triplicate for
each time point. Analysis of textural proﬁles was performed using a
TA.XT express texture analyzer (Stable Micro Systems, Godalming,
UK) equipped with a 5 kg load cell and Texture Expert software. The
textural proﬁles were monitored using the force–displacement properties associated with the penetration of a 1.5 mm round-tipped probe
into the swollen tablets [34]. When a trigger force reached 0.001 N,
the signal began to be recorded and the probe was advanced into the
sample at a test speed of 0.1 mm/s until the maximum force of 60 N
was reached. The swelling proﬁles were determined by measuring the
total probe displacement value recorded and observing the textural
proﬁles. The axial swelling was calculated according to the following
equation [31]:
Axial swelling ð% Þ ¼



T 2 −T 1
 100
T1

ð3Þ

where, T1 is the original thickness and T2 is the swollen thickness of the
test tablets. Total work of penetration (WT), which is a measure of gel
strength and resistance to probe penetration, was also determined
from the textural proﬁles. F is the force applied and D is the distance
traveled, according to Eq. (4).
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2.6. Drug diffusion of the barrier layer
The preliminary diffusion study of the hydrophilic polymers using
side-bi-side diffusion cells gave so much variation due to the inconsistent
erosion after swelling. Therefore, a special experimental device was
designed. Fig. 1 shows a schematic view of the diffusion test using sidebi-side cells with polyacrylate plates and a cellulose acetate membrane.
The barrier layer tablet was prepared with a single-punch hydraulic laboratory press, identical to those described above for the rheology
evaluation.
For the pre-gelling step, the barrier layer tablets were inserted into
the housing made of polyacrylate (15 × 20 mm, 9 mm hole) and both
sides of the central part were supported by a cellulose acetate membrane (0.20 μm pore size). The pre-gelling device was tied tightly with
rubber bands as shown in Fig. 1a. The barrier layer tablets were immersed in 500 mL of dissolution medium (50 mM phosphate buffer,
pH 6.8, 37 °C) and stirred with a magnetic bar (250 rpm) to gelation
for 5 h. After gelling, the two polyacrylate plates located on the outside
of the central part were removed carefully; and the swollen barrier layer
tablet, wrapped on both sides by the membrane ﬁlters, was transferred
to the side-by-side diffusion cells (Fig. 1b and c). The donor cell was
ﬁlled with 4 mL of the drug solution (500 μg/mL in 50 mM pH 6.8 phosphate buffer) and the receptor cell was ﬁlled with 4 mL of the same
buffer. Samples were withdrawn from the receptor cell at predetermined time intervals and the fresh buffer of the same volume
was compensated. The acquired sample was centrifuged for 30 min
and then the supernatant was analyzed using the HPLC system. To
achieve consistent diffusion rates, the barrier layer tablet needs to get
to a steady-state at the initial stage. When the steady-state portion of
the line is extrapolated to the time axis, the point of intersection is
known as the lag time (tL). This is the time required for a drug to establish a uniform concentration gradient within the barrier layer tablet
[35,36]. The lag time is given by
tL ¼

h2
6D

ð5Þ

where, tL, D, and h are lag time, diffusion coefﬁcient, and tablet thickness
of the swollen barrier layer, respectively.
2.7. Drug release test

Z
Total work of penetration ðW T Þ ¼

FdD

ð4Þ

2.5. Rheological properties of the barrier layer
Rheological properties of the barrier layers were measured using an
Advanced Rheometric Expansion system (ARES; Rheometric Scientiﬁc,
Piscataway, NJ, USA) equipped with a parallel-plate ﬁxture, having a
radius of 12.5 mm and a gap size of 2.7 mm. The barrier layer tablets
were prepared separately for this study. Granules of the barrier layer
were put in the die, and then compressed on a single-punch hydraulic
laboratory press using plane-face punches with a diameter of 9.0 mm.
The barrier layer tablets were placed in a beaker under conditions identical to those described for the water uptake and mass loss evaluations.
The hydrated samples were removed at predetermined time intervals
and patted lightly with tissue paper. Before loading the sample, two
plates were covered with sandpaper to get rid of a wall slippage
between the test material and the plates. The frequency-sweep tests
in the small amplitude oscillatory shear ﬂow ﬁelds were carried out
over an angular frequency range from 0.01 to 100 rad/s with a logarithmically increasing scale at a constant strain amplitude of 0.1% (from
strain–sweep tests, this strain value was conﬁrmed to lie within the
linear viscoelastic region for the sample).

Drug release tests were carried out according to the USP 27 Apparatus 2 guidelines (paddle method) (Varian 705 DS; Varian, Cary, NC,
USA) with 900 mL of dissolution medium maintained at 37 ± 0.5 °C
and a paddle speed of 100 rpm. Each tablet was enclosed in a stationary
basket to prevent the tablet from ﬂoating on the surface of the release
medium or sticking to the inner surface of dissolution vessels (n = 4).
The dissolution medium was simulated gastric ﬂuid (pH 1.2) for the
ﬁrst 2 h and then was exchanged with simulated intestinal ﬂuid (SIF;
pH 6.8, 50 mM phosphate buffer) from 2 to 24 h without any enzymes.
Samples were withdrawn at predetermined time intervals and analyzed
for drug content using an Agilent 1100 Series HPLC system (Agilent
Technologies, Santa Clara, CA, USA) with UV detection at a wavelength
of 225 nm. A Kromasil C18, 5 μm (4.6 × 250 mm) (Sigma-Aldrich)
column was used and maintained at 40 °C. The mobile phase was a
mixture of aqueous buffer (pH 3.2, 35 mM phosphate buffer) and acetonitrile in a volume ratio of 70:30. The ﬂow rate was 1.0 mL/min and
the injection volume was 20 μL. The cumulative percentage (%) of
drug released was calculated and the results were presented as the
mean value of at least four tablets.
2.8. Imaging of drug migration with Raman spectroscopy
Due to its good sensitivity for the model drug and insensitivity for
water, Raman spectroscopy was utilized to monitor drug migration in
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Fig. 1. Schematic view of the modiﬁed diffusion test using side-bi-side diffusion cells with
polyacrylate plates and a cellulose acetate membrane. (a) Depiction of the in-house pregelling device. (b) Swollen barrier layer positioned between the diffusion cells. (c) Photograph of diffusion test equipped with the swollen barrier layer.

the system during hydration and drug release. The drug in the system
can be dissolved in the release medium and migrate with the movement
of the medium. To monitor the pathways of the drug migration in the
system, three points of a cross section in a sample were imaged: a)
the area neighboring the surface in the swollen barrier layer, b) the interface between the mid-layer and the barrier layer, and c) the interface
between the mid-layer and the contact region of the swollen barrier
layer. Test tablets were placed in a beaker under the conditions identical
to those described for water uptake and erosion evaluations. The hydrated tablets were removed at predetermined time intervals and patted lightly with tissue paper. The samples were cut vertically giving
clear-cut cross sections.
Raman spectroscopy utilized the Raman RXN1™ Systems (Kaiser
Optical Systems, MI, USA). Using a set of lenses, the instrument was collimated to form a circular illumination area with a diameter of 6 mm to
cover a large sampling area. This wide area illumination scheme reduces
the errors due to focusing and improves the reproducibility of sampling
[37,38]. A holographic transmission grating was used to disperse the
collected backscatter from the optical ﬁbers and signal integration was
performed using an air-cooled CCD detector. Data collection and data
transfer were automated using the Matlab® software package, version
6.5 (The MathWorks, Natick, MA, USA) and the collected data was imaged by HoloMap™ (Kaiser Optical Systems).

form after they had been informed of the nature and details of the study
in accordance with the revised Declaration of Helsinki and the Good
Clinical Practice guidelines (KGCP) (KFDA 2009). After an overnight
fast (12 h), volunteers were given test tablets with 240 mL of
water. The subjects were hospitalized (Ajou University Hospital) at
10:00 p.m. on the evening prior to the study and fasted overnight for
4 h after drug administration. About 7.0 mL of blood samples were collected from each volunteer using a catheter inserted into the median
cubital vein into heparinized tubes before (0 h) and at 1, 2, 3, 4, 5, 6,
7, 8, 9, 10, 12, 24, and 48 h after dosing. The plasma was separated by
centrifugation at 3000 rpm for 7 min and kept frozen at −70 °C until
analysis.
Standard and quality control samples were calibrated and prepared
as follows. A stock solution of tamsulosin was prepared in 50% acetonitrile at 918 μg/mL. This stock solution was further diluted with 50%
acetonitrile to obtain tamsulosin calibration standard solutions with
concentrations of 2, 4, 10, 40, 100, 200 and 400 ng/mL. Plasma calibration at concentrations of 0.1, 0.2, 0.5, 2, 5, 10, and 20 ng/mL were
obtained by the addition of stock solution to blank plasma. Quality control (QC) samples (0.3, 3, and 15 ng/mL) were also similarly prepared.
To prepare stock solutions (918 μg/mL) of internal standard (IS), 1 mg
of tamsulosin-d4 was dissolved in 1 mL of 50% acetonitrile and diluted
further to the ﬁnal concentration of 30 ng/mL. After thawing the samples at room temperature, an aliquot of each sample (200 μL) was
pipetted into a polypropylene tube and 20 μL of IS working solution
(30 μg/mL) was added. After vortexing brieﬂy, 1.5 mL of the organic solvent (methyl tert-butyl ether) was added to each sample, shaken for
20 min, and then centrifuged for 5 min at 13,000 rpm. The upper organic layer was transferred to another tube and evaporated to dryness
in a MG-2100 (Eyela, Tokyo, Japan) evaporation system at 50 °C. The
residue was resolved in 300 μL of acetonitrile (50%, v/v) and then
injected (5 μL) onto the liquid chromatography-tandem mass spectrometry (LC–MS/MS) system.
A Shiseido nanospace SI-2 HPLC system (Shiseido, Tokyo, Japan) and
an API 4000 mass spectrometer (Applied Biosystems/MDS SCIEX,
Concord, ON, Canada) equipped with a Turboionspray® or ™ ionization
source operating in electrospray ionization (ESI) positive ion mode
were used for the LC–MS/MS analysis. Two channels of a positive ion
MRM mode were used to detect tamsulosin and the IS. The most abundant product ions of the compounds were at m/z 228.1 from the precursor ion m/z 409.3 of tamsulosin and at m/z 228.1 from the m/z 413.2 of
the IS. Data acquisition was performed with Analyst 1.4.1 software (AB
SCIEX, Toronto, ON, Canada). The analytical column used was Hypersil
Gold (150 × 2.1 mm i.d. 5 μm, Thermo Scientiﬁc, Hudson, NH, USA).
The mobile phase consisting of 50% methanol and 50% 5 mM ammonium formate buffer was ﬁltered through a 0.2 μm ﬁlter and degassed before use. A ﬂow rate of 0.25 mL/min was used for sample analysis. The
temperatures of the autosampler and column oven were 10 °C and
40 °C, respectively.

2.9. Pharmacokinetic study in humans

3. Results and discussion

The experiments for the pharmacokinetic evaluations were approved by the institutional review board of Ajou University Hospital
(Suwon, Gyeonggi, Korea). All subjects were enrolled in this study
after performing a medical history assessment, physical examination,
and standard laboratory testing. As part of the laboratory analyses,
blood analyses included hemoglobin, hematocrit, red blood cell (RBC)
count, white blood cell (WBC) count, platelet count, differential
counting of WBC, total protein, albumin, serum glutamic oxaloacetic
transaminase (sGOT), serum glutamic pyruvic transaminase (sGPT), alkaline phosphatase, total bilirubin, cholesterol, creatinine, blood urea
nitrogen, and (fasting) glucose. Laboratory analyses also included examination of urine for speciﬁc gravity, color, pH, sugar, albumin, bilirubin, RBC, WBC and cast. All of the participants signed a written consent

3.1. Evaluation of water uptake and mass loss of the three-layered tablets
The extent of water uptake might be dependent on many factors
including the ratio among excipients, geometrics of a tablet, and compression pressure. Moreover, drug solubility may inﬂuence water penetration into the system and also the water uptake process [39–41]. The
geometric characteristics of this system are intended to control drug release for once-a-day use by designing induced “self-dissolution” as the
system moves down the lower gastrointestinal (GI) tract, where the dissolution medium is limited. For this purpose, the hydrophilic polymer
was used to absorb and maintain water for a longer period of time in
the upper GI tract, where dissolution medium is abundant. The drug
can move down with the absorbed aqueous medium and, hence, the

D.H. Choi et al. / Journal of Controlled Release 172 (2013) 763–772

767

evaluations of the water uptake and mass loss might be important to
understand drug migration and release proﬁles in the system.
The water uptake and mass loss evaluations were performed by
comparing the weight of the swollen and the dried tablets. As shown
in Fig. 2a, after 5 h of the experiment, the test tablets had about 8-fold
their initial weight and consistently absorbed the aqueous medium.
The barrier layers seemed to absorb the aqueous medium steadily to
the maximum capacity of the polymer. Moreover, it might be possible
that, compared to simple matrix formulations, continuous water
absorption of the system might be affected by the presence of the
mid-layer. The mid-layer was composed of water-soluble excipients.
During the initial stage of the water uptake, the lateral surface of the
mid-layer was eroded before it was wrapped or covered by the swollen
barrier layers. The eroded area of the mid-layer might be ﬁlled with the
aqueous medium, which may affect the mid-layer's erosion and the
drug migration.
The mass loss was sharply increased up to 10% in 30 min and about a
35% loss occurred after 5 h (Fig. 2b). As already suggested, the initial
mid-layer's erosion affected the initial mass loss before the complete
wrapping of the mid-layer by the barrier layers. The mass loss was increased gradually from 0.5 h to 2.5 h suggesting a minimal mass loss
from the mid-layer during this time. The swollen barrier layers fully
wrapped the mid-layer while swelling continuously. However, the erosion properties were more signiﬁcant than the swelling after 2.5 h so
the mass loss increased signiﬁcantly. After 2.5 h, this system, totally
surrounded by the swollen barrier layers, was eroded on the outer surface. These swelling/erosion properties affected the overall thickness of
the tablets, which might inﬂuence the drug release kinetics due to the
change of the distance to move [42].
3.2. Evaluation of swelling properties and penetration work with a
texture analyzer
Drug migration of the system is dependent on the pathways of the
dissolution medium similar to the hydrophilic matrix system. Hydrophilic polymers exposed to an aqueous medium swell ﬁrst instead of
disintegrating because of the rapid gel formation. When the aqueous
medium contacts the polymers, the size of the polymer molecules increases as the polymer passes from the crystalline state to the gel
layer. From this gel layer, the aqueous medium enters further to the inside of the system and the dissolved drug moves to the outside of the
system. The continuous supply of aqueous medium causes an increase
of the gel thickness and the system erodes steadily. At the same time,
the polymer chains gradually slacken until erosion begins [22].
According to the interactions between drug migration and the polymer physical properties, swelling proﬁles and total penetration work of
the probe were evaluated by the texture analyzer. Textural proﬁles
were used to study the dynamics of gel strength and movement of gel
boundaries. This helps the understanding of the water/drug movement
in the test tablet. Fig. 3a shows the resulting proﬁles of the test tablet
obtained at predetermined time intervals. The thickness was gradually
increased for 3 h. However, it was signiﬁcantly decreased after 4 h
due to the barrier layer's erosion and disintegration of the mid-layer.
The resistance force peak on the mid-layer appeared at 1 h and 2 h.
However, it did not appear after 3 h, suggesting that the mid-layer
was completely dissolved by 3 h [31]. Therefore, the disintegrated
drug in the mid-layer may have freely moved to the barrier layer or
the contact regions of the swollen barrier layer.
As shown in Fig. 3b, axial swelling properties were increased up to
150% for 3 h and then decreased to 97% until 6 h. When test tablets
were immersed, the physical interactions, including hydrogen bonding
between the barrier layer's polymers and water, occurred strongly at
the initial stage. At this time, the polymer chains started to unfold and
the size of the polymer molecules increased. Therefore, the thickness
of the system increased as more aqueous medium entered the system
for 3 h. However, the polymers on the surface of the system, which

Fig. 2. In vitro evaluation of (a) weight gain (%, water uptake) and (b) mass loss (%) of the
three-layered tablets (n = 4).

became hydrated earlier than the others, gradually relaxed until they
began eroding. The axial swelling properties decreased after 3 h. Relaxation of the polymer chains represented the total penetration work
(Fig. 3c). The interaction force of the polymer chains was gradually decreased from the initial stage. As water penetrated, the polymer might
change from a crystalline state to a rubbery state. In this case, the binding force between the polymers was reduced. The force of penetration
was mainly inﬂuenced by the binding forces between the barrier layer's
polymer and the mid-layer's disintegration. Before the mid-layer was

Fig. 3. Evaluation of the gelling properties of the swollen tablets (n = 4). (a) Dynamics of
gel strength and movement of gel boundaries with force–displacement properties of the
swollen tablets, (b) axial swelling percent proﬁles of tablets, and (c) representative total
penetration work proﬁles.
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disintegrated, the total penetration work was inﬂuenced by the barrier
layer's gel-forming/non-gel-forming and the mid-layer's hardness.
However, the total penetration work was mainly inﬂuenced by the extent of the barrier layer's gel formation. The total penetration work
was sharply decreased by 3 h. The mid-layer might have disintegrated
and the barrier layer's polymer may have continuously formed a gel
by 3 h, drastically changing the force of penetration. As the binding
force between the polymers was continuously reduced after 3 h, erosion gradually began. Erosion affected the thickness of the tablets and
the interaction between the polymers. Therefore, the force and the distance of penetration were decreased after 3 h. In other words, the total
penetration work was decreased along with erosion progress after 3 h.

3.3. Rheological properties of the barrier layer
Solid-gel transition is an important physical property in a system involving a hydrophilic polymer. When the solid form of the hydrophilic
polymer is exposed to an aqueous medium, a solid–gel transition occurs
and a drug can move through the gel core [43–45]. Especially, the viscoelastic properties might be an important factor as the system needs to
maintain geometric integrity while the drug is released until moving
to the large intestine [46].
The frequency dependencies of the elastic modulus (the storage
modulus: G′) and the viscous modulus (the loss modulus: G″) for the
barrier-layer are shown in Fig. 4. The general trend emerging at almost
predetermined time points was that G′ is much larger than G″,
suggesting that the elastic response dominates, which is typical for gel
materials. However, as indicated in the circles of Fig. 4, G″is larger
than G′ between 10−2 rad/s and 10−1 rad/s after 3 h. It can be suggested that the barrier layer is in contact with the aqueous medium
formed gel. This change progressed with additional water absorption,
so the rheological properties of the hydrated barrier layer displayed
the elastic modulus at the time points. However, the erosion of the
barrier layer began as continuous gelation progressed. Generally, the

hydrophilic polymer is beginning to be eroded from the outer portion
of the gel.
As the gel layer gradually disappeared, the rheological properties of
the barrier layers were changed in some degree. Therefore, the viscous
modulus was larger than the elastic modulus at speciﬁc ranges
(between 10−2 rad/s and 10−1 rad/s) after 3 h. Moreover, as gelation
progressed continuously, the elastic modulus G′ and the viscous modulus G″were simultaneously decreased along with the continuous progress of gelation (Fig. 5).
3.4. Diffusion of the barrier layer
Diffusive drug transfer is important for many pharmaceutical applications using hydrophilic polymers. Generally, drug release through a
hydrated polymer involves processes of drug diffusion through the gel
layer formed by the swelling of the polymer chains [47]. The swelling
is a result of the entry of water, which produces the swelling of the polymer or the drug dissolution [48,49]. Due to the geometric properties of
the tablets, it was important to evaluate the diffusion proﬁles of the barrier layer to understand the drug migration.
As shown in Fig. 6, the drug diffusion proﬁle of the barrier layer
showed a steady state after 8 h. A steady state can be described in
terms of Fick's second law. In the experiment, lag time and the diffusion
coefﬁcient were 8.29 h and 1.93 mm2/h, respectively. Drug release
could be sufﬁciently delayed through the barrier layer. Owing to the
geometric properties of the test tablets, the initial drug release was dependent on the coverage of the mid-layer by the swollen barrier layer.
After the mid-layer was wrapped, the drug in the mid-layer moved to
the barrier layer, and the contact region of the swollen barrier layers
suggested that the drug release was controlled by the diffusion at the
barrier layer. However, the actual drug release kinetics may be faster
than the assumption because the test tablet's erosion increased as
more water penetrated. The thickness of the swollen barrier layer was
steadily reduced as erosion of hydrophilic polymer began.
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Fig. 4. Angular frequency dependencies of the dynamic moduli using the Advanced
Rheometric Expansion system. The solid and open symbols represent the elastic modulus
(the storage modulus: G′) and the viscous modulus (the loss modulus: G″) for the barrierlayer, respectively. The red round symbols represent the contact regions of G′ and G″. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)
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Fig. 6. In vitro drug diffusion proﬁles through the swollen barrier layer using side-bi-side
diffusion cells to achieve its lag time and diffusion coefﬁcient (n = 4).

3.5. In vitro drug release proﬁles
The test tablets showed sigmoidal-type drug release proﬁles
(Fig. 7a). The drug release rate decreased sharply after the initial high
rate for 1 h, increased from 2 to 6 h, and then decreased again after
6 h (Fig. 7b). The drug release proﬁles might be divided into three
stages according to the geometric characteristics of the test tablet and
the drug release proﬁles. For the ﬁrst stage (about 1 h in duration),
drug release can take place on the surface of the mid-layer, as long as
the mid-layer is not completely covered by the swollen barrier layer

Fig. 8. Schematic view of the drug diffusion stages in the test tablet during the dissolution
test. (a) The ﬁrst stage as the mid-layer was not completely covered by the swollen barrier
layer. (b) The second stage as the mid-layer was completely wrapped by the swollen barrier layer. (c) The last stage as the drug release from the mid-layer to the barrier layer was
mainly controlled by the diffusion and erosion of the barrier layer.

(Fig. 8a). In the second stage (from 1 to 6 h), the mid-layer was
completely wrapped by the swollen barrier layer. The dissolved drug
in the mid-layer moved to the barrier layer and the contact regions of
the swollen barrier layer (Fig. 8b). In the last stage (after 6 h), the
drug release from the mid-layer to the barrier layer was mainly controlled by the diffusion and erosion of the barrier layer (Fig. 8c).
For the initial stage, the drug release proﬁles can be explained by the
disintegration kinetics of the mid-layer. The mid-layer consisting of
highly water-soluble excipients quickly disintegrated and dissolved.
Therefore, the drug was rapidly released from the disintegrated midlayer. At the same time, the aqueous medium penetrated easily leading
to continuous disintegration of the layer. At the second stage, the
dissolved drug in the mid-layer moved to the barrier layer and the contact region of the swollen barrier layer with the penetrated aqueous medium in the layer. The binding force between the polymers in the barrier
layer may be larger than the force of the lateral contact region. The contact region of the swollen barrier layer had swollen already with more
relaxation of the polymer chains, and so might erode faster than the
barrier layer. On the other hand, the polymer in the barrier layer progressively swells [22,50]. The empty space comprising the disintegrated
mid-layer during the initial stage was formed between the mid-layer
and the contact region, which blocked the migration of the drug toward
the contact region. Therefore, the drug was mainly released through the
contact region exposed to the release medium during the second stage.
At the last stage, the release mechanisms were enacted by polymer
swelling, polymer erosion/degradation, and diffusion. The drug migrating
from the mid-layer to the barrier layer was released through the barrier
layer. Thus, the properties of the polymer in the barrier layer were an important factor in the control of drug release at the last stage. Generally, the
properties of the polymer dictate the relaxation of the polymer chains and
aqueous medium absorption. The aqueous medium penetrates into the
barrier layer and begins to modify the characteristics of the swelling gel,
which becomes thicker due to the enlargement of the polymer chains
[51]. As the thickness of the barrier layer was changed with the absorption
of aqueous medium, the distance to release it out of the barrier layer was
also increased. This increase of the distance had an effect on the drug release rate. The barrier layer began to erode as more aqueous medium
came into the test tablet, and the barrier layer became thinner [52].
3.6. Imaging of in vitro drug release proﬁles using Raman spectroscopy

Fig. 7. Evaluation of in vitro drug release. (a) Drug release proﬁles and (b) drug release
rates of the test tablets (n = 4).

Based on the in vitro drug release proﬁles, three points were selected
for the Raman spectroscopy at predetermined times (1 h, 3 h, and 5 h).
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Fig. 9. Raman spectra analysis to distinguish intensive bands of the model drug. (a) Representative spectrum of the model drug. (b) Spectrum of the mid-layer measured at 1 h during the experiment. (c) Barrier layer surface before the experiment. The arrows indicate
the bands used for determination of the drug.

Fig. 9 depicts the characteristic vibrational bands of the model drug. The
spectrum of tamsulosin HCl showed three distinguishing intensive
bands of 788 cm−1, 648 cm−1, and 475 cm−1. The spectra were measured for the model drug itself (a), the mid-layer was measured at 1 h
during the experiment (b), and the drug-free barrier layer surface before the experiment (c). Comparison of the Raman spectra of the samples revealed that, except for the above three vibrational bands, there
were no distinguishable vibrational bands. Therefore, imaging was
performed with an emphasis on these three bands.

Fig. 10 shows Raman imaging of the three different regions with the
hydrated test tablet at 1 h, 3 h, and 5 h. The Raman shift region from
800 cm−1 to 470 cm−1 was used and emphasized in the software.
The red color denoted the higher drug concentration compared to yellow, green, and blue. The imaging results were consistent with the pathways of drug migration in the drug release proﬁles. The dissolved drug
in the mid-layer at 1 h began to move to the barrier layer and the contact regions of the swollen barrier layer. The concentration of the drug
that had moved from the mid-layer to the barrier layer and the contact
region had gradually increased at 3 h. Moreover, the moved drug at the
contact region did not consistently accumulate, but was gradually
released, whereas the drug accumulated at the barrier layer and was
released after 5 h.
Fig. 10a depicts the swollen barrier layer in the area neighboring the
surface. The drug moved from the mid-layer to the barrier layer at the
initial 1 h mark, despite its very low concentration. However, a large
amount of the drug moved to the barrier layer and it consistently accumulated at 3 h. This suggests that the dissolved drug in the mid-layer
consistently migrated to the barrier layer. On the other hand, due to
the continuous increase of the barrier layer's thickness and the coherence of the polymer chains, the drug that had moved to the barrier
layer at 3 h was not sufﬁciently released. After the erosion/degradation
of the swollen barrier layer began according to the relaxation of the
polymer chains, the drug that accumulated in the barrier layer was
released through the wide spaces between the polymers. Therefore,
the color intensity at 5 h was completely paled compared to 3 h.
The distribution and movement of the drug at the contact region of
the barrier layer with the mid-layer are depicted in Fig. 10b. At 1 h,
the drug was mainly distributed in the mid-layer and was evenly distributed between the mid-layer and the barrier layer after 3 h. The
drug in the mid-layer likely moved to the barrier layer due to the disintegration of the mid-layer. The disintegration resulted in a dappled

Fig. 10. Raman spectroscopy imaging of the three different regions of the hydrated test tablet. Representative spectra of (a) the swollen barrier layer neighboring the surface, (b) contact
part of the barrier layer with the mid-layer, and (c) contact region of the swollen barrier layer neighboring the mid-layer. (For interpretation of the references to color in this ﬁgure, the
reader is referred to the web version of this article.).
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Table 2
Pharmacokinetic parameters of the geometric three-layered tablet.
t1/2a

Tmax

Cmaxb

AUClasta

AUCinfa

CL/F

(h)

(h)

(h)

(h·ng/mL)

(h·ng/mL)

(L/h)

11.01 ±
3.50

7.70 ±
1.75

7.74 ±
2.46

153.43 ±
58.66

166.68 ±
69.22

2.86 ±
1.29

a
b

Calculated from mean plasma concentrations.
Geometric mean values.

pattern of distribution of the drug, not evenly dispersed. After 5 h, the
concentration of the drug in the barrier layer increased more than in
the mid-layer, so the area of the barrier layer was expressed as red,
while the area of the mid-layer was evident in blue.
Fig. 10c shows a contact region of the swollen barrier layer neighboring the mid-layer. At 1 h, the concentration of the mid-layer was higher
than that of the contact region. At 3 h, the drug had moved from the
mid-layer to the contact region. The distribution of the drug was again
dappled due to the disintegration of the mid-layer. However, the
drug migration was limited. The exposed surface of the mid-layer
disintegrated during the initial stage, so an empty space was observed
between the mid-layer and the contact region. Therefore, the drug did
not move from the mid-layer to the contact region after a certain time,
and the drug did not appear at the contact region after 5 h.

3.7. Pharmacokinetic analysis in humans
Evaluating the physical properties of test tablets and in vitro dissolution can clarify drug movement and release mechanisms. Previous studies
conﬁrmed that the drug could be absorbed in the large intestine and that
it may present feasible formulations for once-a-day drug administration
[30,53]. Therefore, an in vivo pharmacokinetic study using human volunteers was carried out to evaluate the pharmacokinetic proﬁles from the
geometric mechanism.
Table 2 and Fig. 11 present the statistical summary for the pharmacokinetic data and mean plasma drug concentration proﬁles. Mean plasma concentrations throughout 48 h for the test tablet increased until
9 h and then gradually decreased after 10 h, while the mean plasma
concentrations increased until 9 h in a sigmoid proﬁle. It was signiﬁcantly increased for the ﬁrst 1 h, slightly increased from 2 to 3 h, and increased gradually from 4 to 6 h. This showed that the mean plasma
concentrations and in vitro dissolution had similar proﬁles. Due to the
geometric properties of the test tablet, the drug was released from the
mid-layer for the ﬁrst 1 h then the mid-layer was wrapped by the swollen barrier layers for 2–3 h. At this time, very little drug was released
from the barrier layer that surrounded the mid-layer. After 4 h, the
drug in the mid-layer moved with the absorbed medium to the barrier
layers and it was gradually released into the dissolution medium. Moreover, the half-life, Tmax, and Cmax were 11.01 h, 7.70 h, and 7.74 h,
respectively, indicating that the model drug from the swollen barrier
layer after 4 h was continuously released and absorbed in plasma.
The absorption rate in vivo was calculated using the Wagner–Nelson
equation and deconvolution of mean plasma concentration (Fig. 11b).
Comparing the in vitro dissolutions demonstrated a similar proﬁle of
the total extent of in vivo absorption from the test tablet. As mentioned
already, the two proﬁles displayed an initial rapid absorption of about
10% of the total at 1 h. After that time, the rate of absorption was decreased until 3 h and then the rate was increased about 50% of the total
absorption until 6 h. However, the in vivo fractional absorption rate
was not comparable to the in vitro dissolution due to the half-life
(11.01 h) and clearance rate (2.86 L/h). This result suggested that the
in vitro dissolution proﬁles and in vivo plasma drug concentration–time
proﬁles showed similar proﬁles showing decent geometric properties.

Fig. 11. (a) Pharmacokinetic proﬁle of the test tablet in humans (n = 27) and (b) in vitro
dissolution and in vivo drug absorption for the test tablet after deconvolution of plasma
drug concentration–time proﬁles according to the Wagner–Nelson method.

4. Conclusions
Using the physical properties of the matrix tablets, the geometric
three-layered tablets were evaluated to trace the drug migration in the
tablet and to better understand the correlation between geometric properties and in vitro/in vivo drug release. The test tablets were quickly permeated by the aqueous medium and rapidly swelled to form gelled layers
surrounding the surface of the mid-layer, which produced controlled
drug release proﬁles. The thickness of the gelled layers was increased
with continuous aqueous medium absorption, relaxing the polymer
chains gradually. A sigmoidal type of drug release was observed and
could be modiﬁed to release the incorporated drug for a longer period
of time. It could also overcome the initial burst effect or dose dumping
of a common matrix tablet by incorporating drugs mainly in the midlayer than in the barrier layers. Raman spectroscopy mapping indicated
the pathway of the drug in the geometric tablet and these results
corresponded well with the drug release proﬁles. The pharmacokinetic
study indicated that in vitro dissolution proﬁles and in vivo plasma absorption concentrations had similar sigmoid types of drug release due
to the geometric properties of the test tablet. These results provide valuable information for the understanding of the geometric dose system, especially using hydrophilic polymers.
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