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Abstract. The aim was to design a pH-sensitive pulsatile drug delivery system that allows for an on–off
pulsed release of a drug using polyacrylic acid (PAA) blended with ethyl cellulose (EC) in different
ratios. PAA, a polyelectrolyte polymer, exhibits a highly coiled conformation at low pH but a highly
extended structure at high pH. Fumaric acid, which is an internal acidifying agent, was incorporated into
the hydroxypropyl methylcellulose-based core tablets to create an acidic microenvironmental pH (pHM).
The concentration of fumaric acid inside the core tablet and the ratio of PAA/EC in the coating layer
were very crucial in modulating drug release behaviors. When the fumaric acid was retained in the core
tablet, it gave a more acidic pHM, so that the PAA was kept in a highly coiled state in the coated film,
which hindered drug release (“off” release pattern). Interestingly, the release profiles of the drug and
fumaric acid from coated tablets showed the on–off pulsed pattern upon dissolution. Imaging analyses
using scanning electron microscopy, near-infrared imaging, confocal laser scanning microscopy, and
Fourier transform infrared spectroscopy confirmed this on–off release behavior of the drug and fumaric
acid from coated tablets.

KEY WORDS: fumaric acid; microenvironmental pH; on–off drug release; pH-sensitive pulsatile drug
delivery system; polyacrylic acid.

INTRODUCTION

Pulsatile drug delivery systems have gained much interest
lately due to their high applicability in delivering drugs to
specific sites and at specific times, thus providing targeted drug
therapies and increased patient compliance (1–3). The drug
release of these systems is a complete and rapid release that is
achieved in a pulsed manner after a predetermined lag time.
These systems are very beneficial for drugs that are affected by
circadian rhythms or drugs where nighttime dosing is required
for treatment (such as treatments for asthma). In recent
decades, chronotherapy, which is another term for controlled
drug delivery systems, has been investigated to allow the pulsed
release of the drug and the synchronization of drug release with
circadian rhythms of the body to achieve maximum health
benefits and minimum harmful effects (4). For example,
moderate to severe asthma, particularly where severe nocturnal
symptoms can occur during the night, may not be adequately
controlled even with high doses (over 1,000 μg per day) of
inhaled steroids (5). In addition, conventional β-agonist aerosol
medications possess a rather short duration of action. Thus, an
advanced drug delivery system that synchronizes asthma treat-

ment with circadian biochemical changes and has a 24-h
duration of activity would be effective.

Bambuterol (BAM) was selected as a model drug. BAM
belongs to a group of long-acting β2-agonists and enables
asthma treatment by once-daily dosing via the oral route. BAM
is a prodrug that produces terbutaline as its active metabolite in
a slow and controlled manner which exhibits a high affinity for
lung tissue and a high pre-systemic metabolic stability (6–8).
Because asthma worsens or asthma attacks frequently occur
during nighttime in most patients, evening dosing using a pulsed
release of BAM can be effective for nocturnal asthma treat-
ment. Currently, numerous immediate released BAM tablets
are commercially available. So far, there has been no pulsed
delivery system that synchronizes the circadian release of BAM
in a controlled manner after a lag time.

Polymeric coating techniques have been widely used in
pharmaceuticals for many purposes including most applications
for controlled release of drugs in the preparation of various
dosage forms (9,10). EC is one of the well-known polymeric film-
coating materials frequently used to control drug release from
solid dosage forms (11–13). Importantly, EC is a water-insoluble
and pH-independent polymer throughout the gastrointestinal
tract and is generally recognized as a polymer that is nontoxic,
nonallergenic, nonirritant, and safe (14). Because of the low
permeability and slow drug release of EC films, a hydrophilic
polymer such as hydroxypropyl methylcellulose (HPMC) is
commonly added to the EC films. Unfortunately, these two
polymers may be incompatible and produce inhomogeneous
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films. TheHPMC levels commonly used in EC-based controlled-
release coatings often fall into the flocculation region (15–17).

In this study, we designed a novel pH-sensitive oral delivery
system using nonenteric polymeric coatings of a core drug-
loaded tablet; these coatings consisted of a binary blend of ethyl
cellulose (EC) and poly(acrylic acid) (PAA) and provided “on–
off” pulsed release of BAM. PAA is a pH-responsive weak
polyelectrolyte polymer that exhibits a highly coiled conforma-
tion at low pH but a highly extended state at high pH (18,19). In
other words, PAA is uncharged at low pH but becomes highly
anionic as the pH is increased. Furthermore, the PAA was
combined with EC to efficiently control the release of BAM
from the coated film. This binary blend of coated film was
expected to render the drug sensitive to pH conditions for the
on–off release system, i.e., a systemwith an “off” or “on” release
when the PAA was tightly coiled or highly extended, respec-
tively, upon the change of the pH environment. Furthermore, an
internal acidic agent such as fumaric acid can be added to core
tablets to create an acidicmicroenvironmental pH (pHM), which
controls the on–off pulsed release of the drug even at the higher
pH of the gastrointestinal tract. Although the pulsed release can
be commonly obtained by enteric coating or other methods, we
originally designed the on/off release of drug using pH-sensitive
PAAwith an aid of fumaric acid as a pH modifier in the dosage
form.Moreover, it should be noticed that neither PAAnor EC is
an enteric coating material. Scheme 1 illustrates a novel pH-
sensitive delivery system for the on–off pulsed release of the
drug upon pH changes, ensuring effective overnight drug
release for the treatment of asthmatic disease.

In addition to designing such a drug delivery system, we
characterized the release rate of the drug in the gastric fluid
(pH 1.2) and the intestinal fluid (pH 6.8). The release rate of

fumaric acid was also evaluated to link microenvironmental
pH changes of coated films with the control of the on–off
release of BAM. The surface morphology of the coated films
at different intervals of the dissolution test was characterized
by scanning electron microscopy (SEM). Near-infrared imag-
ing (NIR imaging) and confocal laser scanning microscopy
(CLSM) were also utilized to investigate the on–off pulsed
behaviors of the tablets’ coated films upon dissolution. The
molecular interaction of the coated films was also investigated
using Fourier transform infrared (FTIR) spectroscopy.

MATERIALS AND METHODS

Materials

BAMpowder was received fromKoreaUnited Pharm. Inc.
(Seoul, Korea). EC (45 cps), PAA, triacetin and fumaric acid
were obtained from Sigma (St. Louis, MO, USA). HPMC
(4,000 cps) was supplied by Richwood Inc. (Seoul, Korea).
Lactose was obtained from Meggle (Wasserburg, Germany).
Magnesium stearate (Mg stearate) was purchased from
Katayama Chemical Co. (Osaka, Japan). The solvents used
were high-performance liquid chromatography (HPLC) grade.
All other chemicals were of analytical grade and used without
further purification.

Solubility Study

The solubility of BAM was determined in simulated
gastric fluid (pH 1.2), simulated intestinal fluid (pH 6.8), and
distilled water by adding excess amounts of BAM to snap-cap
Eppendorf tubes (Hamburg, Federal Republic of Germany)

Scheme 1. Structural illustration of pH-sensitive matrix tablets coated with ethyl cellulose (EC) and poly
(acrylic acid) (PAA) at different pH conditions
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containing 1 mL of media, following the methods previously
reported elsewhere (20,21). The resulting mixtures were
sufficiently vortexed and then placed in a constant temperature
in an incubator at 37°C for 2 days. Aliquots were centrifuged at
15,000 rpm for 10 min. The supernatant layer was carefully
taken out and then diluted with a solution with components as
themobile phase in theHPLC analysis based on the preliminary
solubility test. The concentration of BAM was then quantified
by HPLC from a standard calibration curve.

Preparation of Core Tablets

Core HPMC tablets (160 mg) were prepared by the
direct compressing method. All of drugs and excipients were
dried under vacuum at room temperature before use. BAM,
HPMC, fumaric acid, and lactose were thoroughly mixed for
10 min. The uniform mixture was then mixed with Mg
stearate (1% w/w) for 3 min. Finally, the resultant powders
were passed through a 40-mesh sieve (425 μm). Thereafter,
the homogeneous mixtures were directly compressed into
tablets using a rotary tablet machine (Korea Machine, Anyang,
Korea). The diameter and hardness of core HPMC tablets were
5 mm and 50.0±5 N, respectively. The theoretical drug content
per core tablet was 20 mg. The detailed formulation composi-
tions of core tablets are shown in Table I.

Preparation of Coating Solutions

PAA and triacetin were initially dissolved in ethanol; EC
was added to this mixture; and the solution was stirred
completely until homogeneous mixture was obtained. Triacetin
was selected as a plasticizer at 5% or 10% (w/w compared with
the total weight of polymers in the formulations). The coating
solutions were stored overnight at room temperature until use.
For the evaluation of tablet-coated films using CLSM,
fluorescein (1% w/w compared with the polymer weight) was
added into the coating solution. The detailed formulation
compositions of coating solutions are shown in Table II.

Tablet Coating Process

The coating process was carried out using a pan coater
(Sejong, Korea) under the following conditions with the pan
charge: inlet temperature (60°C), outlet temperature (37°C),
tablet bed temperature (40°C), spray rate (6 mL/min), air
pressure (2 kgf/cm2), and pan speed (10 rpm). The tablets were
sampled at regular intervals and weighed to determine the
coating levels based on the weight gains of tablets. When the

required coating weight gain was achieved, spraying of the
solution was stopped, and the coated tablets were then dried in
the coating drum for another 10 min before the samples were
taken out. Based on primarily screening of weight gains of tablet
coating in the range from 3% to 7%, tablets with coating levels
at 4% (w/w) weight gains were optimally obtained and stored in
plastic bags at room temperature until use.

In Vitro Dissolution of Drug and Fumaric Acid

Dissolution studies of coated tablet were conducted
using the USP I apparatus (100 rpm, 37°C, and a 900-ml
dissolution medium) with a dissolution tester (DCM-D12,
DCM Korea, Siheung, Korea). The immediate release BAM
tablet (Bambec™ from AstraZeneca Korea) commercially
available was also tested for comparison. Tablets were
exposed to the simulated gastric fluid (pH 1.2) for the first
2 h and then switched to simulated intestinal fluid (pH 6.8).
Samples were withdrawn at predetermined intervals and
replaced with an equivalent amount of fresh medium to
maintain a constant dissolution volume. The samples were
filtered through a 0.45-μm membrane filter. The simulated
gastric fluid and intestinal fluid were prepared according to
the method reported previously (22). The concentrations of
drug and fumaric acid were determined by HPLC as
described below.

HPLC Analysis for the Determination of Drug and Acid
Fumaric Concentrations

Based on the British Pharmacopoeia 2001 (23) and a
research by Tran et al. (24), BAM and fumaric acid
concentrations were analyzed by the HPLC system (Water,
USA) consisting of the pump (Waters™ 600 Controller), the
UV–VIS spectrophotometer detector at the wavelength of
214 nm (Waters™ Tunable Absorbance Detector), the
autosampler (Waters™ 717 plus Autosampler), the degasser
(Waters™ In-line Degasser) with the reverse phase column
(Phenomenex® Luna C18, 150×4.6 mm, 5 μm diameter,
100 A), and the Borwin 1.20 software. The mobile phase
consisted of the mixture of acetonitrile, methanol and 0.05 M
potassium phosphate buffer adjusted to pH 3 by acid
phosphoric at the ratio of 10/30/60 (% v/v). The flow rate
was 1.3 mL/min, and the injection volume was 20 μL. The
retention time was 5 and 3 min for BAM and fumaric acid,
respectively. The entire solution was filtered using a 0.45-μM
membrane filter (Millipore™, Millipore Corporation, Bed-
ford) and degassed before running the HPLC analysis. Each
result was obtained by triplicate measurement.

NIR Imaging of Coated Films

After some predetermined intervals (145, 155, 180, 230,
and 235 min) of the dissolution test, tablets were removed
from the dissolution vessels. After removing the excessive
water from the samples using tissue paper, the tablets were
dried at room temperature in the dark overnight. The coated
films of the dried samples were then observed using a
MatrixNIR™ chemical imaging microscope and Isys™ 3.1.1
chemical imaging software (Spectral Dimensions) to analyze
the spatial distribution of PAA in the coatings.

Table I. Formulation Compositions of Core Tablets (Unit, Milligram;
Tablet Weight, 160 mg)

Codes F1 F2 F3

BAM 20 20 20
HPMC 4,000 60 40 20
Fumaric acid 8 8 8
Lactose 70.4 90.4 110.4
Mg stearate 1.6 1.6 1.6

HPMC hydroxypropylmethylcellulose,Mgmagnesium,BAM bambuterol
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CLSM of Coated Films

To visualize the transformation of the coated films upon
on–off drug release, fluorescein was used as a marker and
incorporated into the coating solution as mentioned above,
and then CLSM (FLUOVIEW-FV300, Olympus, Japan) was
utilized for taking images. Coated tablets containing fluo-
rescein were exposed to the dissolution test in the dark and
then collected from the dissolution vessel at different times
corresponding to predetermined intervals given in NIR
imaging. The excessive water of the samples was gently
removed using tissue paper. The wetted tablet was then dried
and placed onto the glass slide to observe the CLSM images
of coated films at 488 nm using an argon ion laser.

Surface Morphology of Coated Films

Surface views of the tablet coatings before and during the
dissolution test at different times corresponding to predetermined
intervals given in NIR imaging were observed with a SEM. The
dried tablets were coated with gold under an argon atmosphere
using a Jeol JFC-1,100 sputter coater (Jeol, Japan) for about
2 min. Micrographs were taken with a Cambridge Stereo Scan
200 (London, UK) at an accelerating voltage of 15 kV.

FTIR Spectroscopy

A FTIR spectrophotometer (Excalibur Series UMA-500,
Bio-Rad, USA) was used to investigate the molecular
interaction of the coated films at different times correspond-
ing to predetermined intervals taken in NIR imaging. The
wavelength was scanned from 500 to 4,000 cm−1 with a
resolution of 2 cm−1. KBr pellets were prepared by gently
mixing 1 mg of the sample with 200 mg of KBr.

RESULTS AND DISCUSSION

Release Profiles of Drug and Fumaric Acid

The solubility of BAM was studied to determine its pH
dependence, if any. The solubility of BAM in distilled water,
simulated gastric fluid (pH 1.2), and simulated intestinal fluid
(pH 6.8) were as follows: 183.59±3.79 mg/mL, 173.35±0.85
mg/mL, and 170.79±0.47 mg/mL, respectively. This result
indicates that BAM is a highly soluble drug, and this solubility
is pH independent. Various cellulose derivatives such as HPMC
and EC are commonly used in controlled-release drug delivery
systems such as matrix tablets or coated tablets (25–27). HPMC
is the most commonly used hydrophilic polymer among
cellulose derivatives for oral sustained-release tablets (28,29).

However, the design of core matrix tablets based on HPMC
alone did not show a pulsatile drug release with a lag time of
drug release rate, but, rather, it showed zero-order release
(30–32). On the other hand, EC is the rate-controlling polymer
well-known in the controlled-release dosage forms, but unluckily,
the use of EC alone in a coating formulation usually leads to a
very slow drug release (14) which is not suitable to deliver drugs
in a pulsed manner for patients with nocturnal asthma.

In this study, we designed a new pH-sensitive polymeric
system by coating of the core tablet using a binary blend of EC
and PAA for on–off pulsed drug release to modulate an efficient
retardation after a lag time. Furthermore, fumaric acid (acidic
agent) added to the formulation of core tablets can readily
create an acidic microenvironment to the coated films because
of the intrinsic structural transformation of PAA from a highly
coiled state to an extended form depending on the pH
conditions. An acidic agent is widely used in the formulations
to enhance poor water solubility of a weakly basic and pH-
dependent drug (33,34). However, this method is useless
because BAM is not a weakly basic drug with poor water
solubility. Instead, fumaric acid is used to modulate the micro-
environment of coated films and can temporarily turn off the
drug release by the PAA transformation under low pH
conditions. Among acidic agents, fumaric acid has a high acidic
strength with pKa1 3.03 and pKa2 4.54 (25°C) and relatively low
solubility in lower pH ranges. Thus, fumaric acid can provide a
sufficiently low pH in the matrix tablet for a long period of time
even at low proportion. Such an effect of fumaric acid for a well-
maintained pH has been shown in many reports (24,35–38).
Moreover, HPMC as a hydrophilic polymer has been shown by
many previous studies to produce a sufficient matrix system
containing acidic agents, especially for fumaric acid, for the
controlled release of drugs (39–43). Two reasons to choose
HPMC as a polymer of the core matrix tablet are as follows: a)
its capability of maintaining fumaric acid inside the dosage for as
long as possible, and b) the nonionic property that does not
induce the pH effect on solubility and swelling behavior (40).
For all of these reasons, the HPMC core matrix tablets
containing fumaric acid coated with the coating solution of EC
and PAAwere introduced in the study. In addition, the coating
levels of tablet were screened in the range from 3% to 7% and
the coating level at 4%weight gain was optimally obtained with
the desired pulsatile drug release profiles for the lag time as well
as the complete drug release after the end of the dissolution test.
On the other hand, drug release profiles from the tablets with a
coating level at 3% weight gain could not acquire the lag time,
whereas drug release from the tablets with coating level above
4% weight gain were too slow and were not completed after 8 h.

Figure 1 shows the photo images of the coated product,
including intact coated tablet and cut coated tablet which

Table II. Formulation Compositions in 1,000 mL of Ethanol for the Preparation of Coating Solutions (Grams)

Codes C1 C2 C3 C4

EC 12.62 11.36 10.33 10.33
PAA 6.31 7.57 8.61 8.61
Triacetina 1.89 (10% w/w) 1.89 (10% w/w) 1.89 (10% w/w) 0.95 (5% w/w)
Ratio of EC/PAA 3: 1.5 3:2 3:2.5 3:2.5

EC ethyl cellulose, PAA polyacrylic acid
aThe parenthesis indicates the percentage based on the total weight of EC and PAA
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clearly exposes the coating layer clearly separated from the
inner core. Figure 2 shows the dissolution profiles of drugs
from core tablets in simulated intestinal fluid (pH 6.8) for 6 h
(Fig. 2a) as well as the coated tablets tested in simulated
gastric fluid (pH 1.2) for 2 h and continued in simulated
intestinal fluid (pH 6.8) for 6 h (Fig. 2b). The commercial
product was also compared. Drug release rates from the core
HPMC matrix tablets were retarded and completed in a near-
zero-order manner irrespective of the ratio between drug and
HPMC, whereas the drug release rates from the tablets
coated with PAA and EC showed a lag time followed by a
pulsed drug release. Conversely, the drug release from the
commercial tablet was completed within 10 min at pH 1.2,
indicating the immediate release of drug from this product.
The core F2 tablet was chosen for further coating process due
to its appropriate drug release compared with F1 and F3 core
tablet. The extent of drug release rate from coated tablets
after the lag time depended on the coating levels, showing an
increased order of drug release after 8 h as follows: C1
(10.54%), C2 (30.07%), C3 (78.63%), and C4 (100%). As the
amount of PAA relative to EC in the coating formulation
with the same amount of plasticizer increased, the drug
release rates highly increased (C1, C2, and C3). Obviously,
the increased amount of PAA simultaneously reduced the
ratio of EC in the coating formulation by decreasing the
hydrophobic nature of this polymer, a key factor that
obstructs tablets from imbibing water (44,45). Furthermore,
the higher amount of plasticizer in the formulation at the
same EC/PAA ratio contributed to the slower drug release
(C3 compared with C4).

An increased PAA amount could induce a higher grade
of its structural transformation from the coiled to the
extended forms upon the change of pH environment from
low pH to intestinal fluid (pH 6.8), and hence, leading to a
greatly increased drug release. In contrast, an increase of the
plasticizer amount facilitated a higher penetration of the
pH 1.2 fluid into the coated tablets due to the hydrophilic
property of triacetin, leading to the maintenance of the highly
coiled state of PAA for a longer period of time. Thus, the
delayed time for an extended transformation of PAA in the
coated films could decrease the drug release when switched to
intestinal fluid. Based on the release profiles of the drug,

the C4 formulation showing a 135-min lag time followed by
a complete drug release could deliver the drug in a
pulsatile manner and was chosen for the investigation of
the pharmaceutical mechanism of coated films using
instrumental analyses.

The in-depth impact of the PAA on the on–off release
patterns of the drug and the fumaric acid from the coated
tablet (C4) was further characterized from 120 to 240 min in
the intestinal fluid, and the on–off release patterns during the
dissolution periods could be clearly observed. Aliquots were
withdrawn from the dissolution vessel every 5 min in this
period. The equation to determine whether the sample taken
out from the dissolution medium at the time corresponding to
the “on” or “off” pattern was as follows:

D %ð Þ ¼ C2 � C1ð Þ=C1 � 100%

in which C1 and C2 are the cumulative percentage of drug
released at a specific time point, t1 and t2 (t2= t1+5 min),
respectively. D (%) is the difference in the cumulative drug
release between the two consecutive sampling times. The

Fig. 1. Photo images of the intact and cross section of the coated
tablet

Fig. 2. Release profiles of the drug from core tablets in simulated
intestinal fluid (pH 6.8) for 6 h (a) and from coated tablets with
various coating formulations in simulated gastric fluid (pH 1.2) for
the first 2 h and in simulated intestinal fluid (pH 6.8) for 6 h (b)
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times when D (%) was at least 17% implied that the drug
release was “on”. The “on” pattern of drug release was
observed at time points such as 135, 145, 150, 160, 165, 180,
190, 200, 210, 220, 225, and 235 min; the “off” drug release
occurred during the remaining time intervals.

The release profile of the fumaric acid was also well
matched with the on–off drug release mechanism during
the dissolution test. The release rate of fumaric acid was
higher at some intervals but decreased a little or was
almost unchanged and then greatly increased, which
corresponded to the on–off drug release behaviors as
described above. As the release of fumaric acid occurred,
the release of the drug was induced and vice versa. In other
words, fumaric acid was not released in the gastric media
due to the highly coiled structure of PAA so that the
release of the drug did not occur. When the intestinal fluid
was penetrated into the coated tablet, the drug release
started occurring in advance through the extended PAA
structure and then the release of fumaric acid occurred due
to the difference in solubility. This is why the release
profile of fumaric acid was lower than that of the drug
(Fig. 3). However, the release of the drug was stopped as
the fumaric acid diffused to the coated films and induced
the PAA to transform into a coiled structure. This is the
reason that the on–off drug release is matched with the on–
off release of the fumaric acid. Hence, fumaric acid was not
detected in the gastric fluid and its appearance was further
delayed for about 15 min in the intestinal fluid, producing
a lag time of drug release.

The amount of fumaric acid determined was low or
constant at some interval times as there was no release of the
acidic agent from the coated tablets. The fumaric acid
remaining in the coated films could readily facilitate greater
acidic pHM of the dosage form, which transformed the PAA
into a highly coiled state that hindered drug release and
hence, the release pattern was “off”. On the other hand, the
higher amount of fumaric acid released together with the
release of the drug in the intestinal media implied that the

PAA on the coated films was transformed into a highly
extended structure. The imbibing of the intestinal fluid could
result in increased pHM of the dosage form to restart the
release of the drug and the fumaric acid, which corresponded
to the “on” pattern. As a result, the on–off release of the
fumaric acid could modulate the structural transformation of
PAA for the on–off drug release patterns because of the
alteration of pHM in the coated films as the dosage form was
placed in the intestinal medium. The pHM modulation
between core (pH=3 by fumaric acid) and outer intestinal
media (pH=6.8) could induce the structural transformation of
PAA in a coated film for the pulsed on–off release. A
complete drug release after a lag time ensured that this pH-
sensitive delivery system was suitable for the asthmatic
patient during night sleep against nocturnal asthma. The
detailed structural transformations of PAA and the molecular
interactions investigated using instrumental analyses were
described below.

Mechanistic Investigation of Coated Films upon the On–Off
Pulsed Drug Release Using Instrumental Analyses

Figure 4 shows the surface morphology of the coated
films of the tablets at the different release times using SEM.
The surface morphology of the coated films removed from
the dissolution test at different interval times was compared
with the intact coated tablet before introduction into the
dissolution media. The coated tablets were taken out from the
vessels at different release times, 145, 155, 180, 230, and
235 min, based on the dissolution results of the drug and
fumaric acid. The surface morphology of the coated films
before the test was homogenous and smooth. However, the
coated films of the tablet taken out at 145, 180, and 235 min
showed the numerous microcrystals on the surface whereas
much fewer crystals appeared on the surface of the samples
taken out at 155 and 230 min. This indicated that the
appearance or disappearance of the microcrystals on the
surface of the coated tablets resulted from the on–off release

Fig. 3. Release profiles of the drug and fumaric acid from coated tablets (C4), showing the
“on/off” pulsed release pattern
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behaviors of the drug and fumaric acid on the coated films
because of the changes in the pHM.

To observe the imaging analyses of the coated films that
followed the on–off release behaviors of the drug and acidic
agent, CLSM images and spatial PAA distributions of the
coated films of the tablets using NIR spectroscopy at different
release times are also visualized in Figs. 5 and 6,
respectively. Both CLSM and NIR images were clearly
matched with the on–off release behaviors of the drug and
fumaric acid as mentioned previously (also see Fig. 3). For
CLSM, fluorescein was selected as a marker because of its
pH-sensitive fluorescence property (pKa∼6.4), which is
gradually reduced below pH 6 (46). This property of
fluorescein allows for the observation of the structural
transformation of the coated films, indicating the on–off
pulsed release mechanism.

The CLSM images matched the dissolution behaviors of
the drug and fumaric acid well; the fluorescence intensity of
the samples at 155 and 230 min was reduced on some
positions of the coated films, corresponding to the “off”

release pattern. The very acidic pHM value created inside the
coated films could transform the PAA to a highly coiled state
to hinder drug release. In contrast, the fluorescence intensity
of the samples at 145, 180, and 235 min was homogenous
without any reduced fluorescence positions due to the higher
pH of the intestinal fluid changing the coiled PAA to an
extended state for “on” release pattern.

Similarly, the NIR imaging also displayed results that
matched the on–off pulsed release of the drug. The NIR
chemical imaging is practical and preferentially used nowa-
days based on the unique spectroscopic signature of a
component, providing a visual distribution of the component
within a sample (47,48). The structural transformation
behaviors of the PAA from the coiled to an extended state
were clearly visualized through NIR imaging. Figure 6 reveals
the correlations between the PAA structures and the drug
release kinetics. The higher NIR absorbance of the PAA was
fixed all throughout the samples; the color red in the NIR
images represents the higher concentration of the PAA in
coated films. The intensity of the color red of the samples

Fig. 4. Surface morphology of coated films of the tablets (C4) at different release times using SEM

Fig. 5. CLSM images of coated films of the tablets (C4) at different release times
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decreased at 145, 180, and 235 min but increased at 155 and
230 min, clearly indicating the transformation of PAA into
a highly coiled or a highly extended state for the on–off
pulsed release of the drug with the aid of the fumaric acid
release.

FTIR spectroscopy often supplies information about the
molecular interactions among functional groups, reflecting
the structural behaviors of the current samples (49). In this
study, the FTIR spectra of the coated films were used to
figure out the structural transformation of PAA upon pH
changes at different release times (Fig. 7). Samples used in
this analysis included film coatings of tablets taken at 145,
155, 180, and 230 min compared to pure PAA and EC as
references. Two distinct areas of the adsorption bands of the
carboxylic acid functional groups of PAA were considered:
one was the asymmetric stretching band of COO− in the
range of 1,565–1,542 cm−1 and the other was the C=O
stretching of the COOH in the range of 1,710–1,700 cm−1.
Specifically, the display of the COO− band and C=O
stretching at about 1,560 cm−1 and 1,710 cm−1, respectively,
were analyzed. When the PAA was exposed at an acidic pH,
the COOH acid peak appeared with high intensity but the
COO− peak was of low intensity. In contrast, when the PAA
was exposed at a higher pH towards a basic pH, the peak
intensity of the COOH band decreased but the peak intensity
of the COO- band increased as the acidic COOH groups
become ionized (50). Based on this, there was evidence that
the on–off pulsed drug release via the coated films occurred.
The FTIR spectra in this study showed that the intensity of
the COOH peak in coated films during the dissolution test
was higher in the cases of samples at 155 and 230 min,
corresponding to the lower intensity of COO− band of these
samples. On the other hand, the COOH peak intensity was
lower and the COO− band intensity was much higher for the
samples at 145 and 180 min. Therefore, these results revealed
that the coated films containing PAA were in a contact with
an acidic pHM at 155 and 230 min, and that the PAA was
transformed into a highly coiled states for the “off” drug
release mechanism. Conversely, the “on” pulsed release
mechanism was indicated through the FTIR spectra of

samples taken at 145 and 180 min when the PAA
encountered a basic pHM and adopted its extended form.

CONCLUSIONS

Taking advantage of the structural transformation of
PAA induced by pH changes allowed for the development of
a pH-sensitive pulsatile drug delivery system of BAM to treat
nocturnal asthma in a circadian rhythm. The incorporation of
PAA into the EC-based film coating revealed complete drug
release following on–off release behaviors after a lag time.

Fig. 6. Spatial distributions of PAA in coated films of the tablets (C4) using NIR spectroscopy at different
release times

Fig. 7. FTIR spectra of coated films of the tablets at different release
times
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The on–off pulsed drug release behaviors corresponded to
those of fumaric acid. While the fumaric acid was retained in
coated films to modulate the high acid pHM, drug release was
hindered because of the structural transformation of PAA
into a highly coiled state. These results were matched with
SEM, CLSM, and NIR images. Furthermore, the FTIR
analysis also indicated the changes of PAA characteristic
peaks because of the structural transformation in the PAA
leading to the on–off drug release. The current pH-sensitive
pulsatile system is innovative and can be used to deliver drugs
such as BAM, in coordination with circadian rhythms after a
predetermined lag time, to treat asthmatic patients during
nighttime sleep.
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