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Abstract. The objective of the present study was to evaluate the feasibility of using model drug metoprolol
succinate (MS) as a pore former to modify the initial lag phase (i.e., a slow or non-release phase in the first
1–2 h) associated with the drug release from coated pellets. MS-layered cores with high drug-layering
efficiency (97% w/w) were first prepared by spraying a highly concentrated drug aqueous solution (60%
w/w, 70°C) on non-pareils without using other binders. The presence of MS in ethylcellulose (EC) coating
solution significantly improved the coating process by reducing pellets sticking, which often occurs during
organic coating. There may be a maximum physical compatibility of MS with EC, and the physical state of
the drug in the functional coating layer of EC/MS (80:20) was simultaneously crystalline and non-
crystalline (amorphous or solid molecule solution). The lag phase associated with hydroxypropylcellulose
(HPC) as a pore former was not observed when MS was used as a pore former. The drug release from EC/
MS-coated pellets was pH independent, inversely proportional to the coating levels, and directly related to
the pore former levels. The functional coating layer with MS as a pore former was not completely
stabilized without curing. Curing at 60°C for 1 day could substantially improve the stability of EC/MS-
coated pellets. The physical state of the drug in the free film of EC/MS (85:15) changed partially from
amorphous to crystal when cured at 60°C for 1 day, which should be attributed to the incompatibility of
the drug with EC.
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INTRODUCTION

Ideal ethylcellulose (EC)-coated pellets should release
the drug upon entering the target environment and allow large
drug loading to minimize the dosage size with a minimum
number of ingredients (1,2). However, a slow/non-drug-re-
lease phase (lag phase) prior to the constant release phase
and declining rate phase was often observed from
ethylcellulose-coated pellets (3–5). It is known that the initial
drug release from coated pellets is through diffusion of the
dissolved drug from the core through the polymeric coating
(6). After coated pellets are introduced into a release medium,
the medium penetrates through the polymeric coating, accu-
mulates inside the formulation to solubilize the drug or excip-
ients, and builds up a hydrostatic pressure gradually which
drives the drug release. Therefore, an initial lag phase is
inevitable before the formation of sufficient hydrostatic

pressure (7). The lag phase leads to a slow drug onset, espe-
cially when the drug has a short biological half-life (8). For this
kind of drug, the drug concentration in the blood will decline
rapidly over time unless a means is found to provide continued
absorption of the drug at a rate that is fast enough to over-
come the clearance rate at a therapeutic blood level (9).

Several formulation techniques have been evaluated to
reduce the lag phase, but each has its own drawback. One
technique involves adding partial immediate-release drug
doses in the formulation, but additional processing steps are
required that lead to two different release rates, which may be
undesirable for mass production (9,10). Thin coatings around
the dosage form is an alternative approach to provide high-
permeability and fast initial release (11,12). However, the thin
coating lacks strength and often bursts in use or provides
insufficient protection to the dosage form which becomes
vulnerable to damage during handling (2). Adding water-
soluble particles/material as a pore former in the polymeric
coating layer is the most popular and widely used approach to
increasing the coating permeability (13,14). After administra-
tion of the dosage form, the pore former dissolves and forms
pores or channels in the coating, or leaves the polymer coating
micro-porous so that the drug-release rate is increased (15).
The hydrophilicity and levels of the pore formers and the
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coating levels mainly govern the lag phase and the release rate
(16).

To date, different pore formers in the release-controlling
membranes have been evaluated (17), such as inorganic
agents including dibasic calcium phosphate (15), or water-
soluble organic agents including D-mannitol (18), lactose
(19), dextran (20), polyethylene glycol (PEG) (21), glycerin
(22), and dibutyl phthalate (23), or water-soluble polymers
such as hydroxypropyl methylcellulose (HPMC) (13), polyvi-
nylpyrrolidone (PVP) (24), poly(vinyl alcohol)–poly(ethylene
g l y co l ) g r a f t copo l ymer (PVA–PEG) (14 ) , and
hydroxypropylcellulose (HPC) (5,25). Among those pore for-
mers, water-soluble polymers are also soluble in the organic
coating solution and compatible with the polymeric coat ma-
terials and therefore are most commonly used (26,27).
However, those water-soluble polymers could not completely
leach out from the polymeric coatings and do not create well-
defined porous structures (16,28). In addition, the coating
process is often not smooth due to the electrostatic charge
effect in the presence of the hydrophilic polymer in the coating
solution (29). Hence, searching for alternative pore formers
for polymeric film coating is valuable.

In the present study, the model drug was used as a pore
former in order to modify the lag phase and increase overall
drug loading. Metoprolol succinate (MS), a β-blocker clinical-
ly used to treat hypertension, angina pectoris, and arrhythmia,
was chosen as the model drug because of its good solubility in
water (15.7% at 25°C, pH 5.5) (30) and short half-life (3–4 h)
(31). MS-layered cores were first prepared by layering a high-
ly concentrated drug solution without any binder to eliminate
the possible effects of excipients in the drug layer on the drug
release of EC-coated pellets. To understand how model drug
MS in the coating layer improves the initial drug release, the
drug-layered cores were also coated with EC using HPC as a
pore former for comparison. The physical state of the drug in
the functional coating layer and the effects of such formulation
factors as the pore former levels and coating levels on drug
release were studied. The curing effects of EC/MS-coated
pellets and EC/MS free film were further investigated.

MATERIALS AND METHODS

Materials

Metoprolol succinate (99.5% purity, Beijing Jiashi Lianbo
Medical Development, Co. Ltd., Beijing, China), non-pareils
(sugar sphere, 212–355 and 600–710 μm, Hangzhou Gaocheng
Biotech&Health, Co. Ltd., Hangzhou, China), ethylcellulose
(EC, Ethocel standard 10 premium, Dow Chemical,
Wilmington, USA), hydroxypropyl cellulose (HPC, grade LF,
Hercules Incorporated Co., Wilmintong, USA), and ethanol
(95%, Beijing Zhenyu Minsheng Pharmaceutical, Co. Ltd.,
Beijing, China) were used as received. Other chemicals and
reagents were of analytical grades.

Preparation and Characterization of Drug-Layered Cores

Preparation of Drug-Layered Cores

Drug layering was performed in a fluidized bed coater
(GPCG-1, Glatt GmbH, Binzen, Germany) using a bottom

spray technique. The highly concentrated solutions of meto-
prolol succinate (25, 45, or 60%, w/v) were prepared in hot
water (30, 50, or 70°C, respectively) and sprayed on non-
pareils (212–355 μm, 400 g) until a drug loading of 80% (w/
w) was achieved. The process parameters were as follows:
inlet temperature 70°C, product temperature 46–52°C, outlet
temperature 43–48°C, air flow rate 40–60 m3/h, nozzle
diameter 0.8 mm, spray pressure 1.5 bar, and spray rate
20 ml/min. The drug was first dissolved in water at 70°C
within 40 min before layering onto 400 g of non-pareils,
without using a binder. During the drug-layering process, the
concentrated drug solution was maintained at 30, 50, or 70°C,
respectively, to prevent drug recrystallizating in the passage-
way. After layering, the drug-layered cores were further dried
at 70°C for 15 min in the coating chamber and subsequently
transferred out of the fluid-bed mesh screening (mesh 30/40).

Drug-Layering Efficiency

Drug-layering efficiency (%) was calculated by compar-
ing the actual drug content with the theoretical drug content.
The actual drug content in drug-layered cores was determined
by solubilizing drug-layered cores in water and measuring UV
spectrophotometrically (λ=274 nm; UV-1750, Shimadzu,
Japan). The theoretical drug content was equivalent to the
amount of drug in the drug solution.

Moisture Content

Moisture content of the drug-layered cores was deter-
mined as a percentage of constant weight loss upon drying at
105°C for 2 h. Three parallel determinations were performed
in each case.

Surface Morphology and Particle Size

The surface morphology, particle size, and drug layer
thickness of the drug-layered cores were characterized using
an S-4800 Analytical Electron Microscope (Hitachi, Japan).
The samples were loaded onto the copper sample holder,
sputter coated with carbon followed by gold in a vacuum using
a sputter coater (E-1010, Hitachi, Tokyo, Japan), and then
observed under an excitation voltage of 15 kV.

Preparation and Characterization of Coated Pellets

Preparation of Coated Pellets

Firstly, drug-layered cores were coated with EC/HPC
(80:20) solution in 95% w/w ethanol in a GPCG-1 fluidized
bed coater using bottom spray. The EC/HPC solution was
prepared by dissolving 8.9% (w/v) EC and 2.2% (w/v) HPC
LF in 95% w/w ethanol and sprayed onto drug-layered cores
(400 g) until the weight gains of 25, 37.5, and 50% w/w of the
drug-layered cores were achieved. The coating conditions
were as follows: inlet temperature 45°C, product temperature
38–39°C, outlet temperature 36–37°C, air flow rate 50–60 m3/
h, nozzle diameter 0.8 mm, spray pressure 1.5 bar, and spray
rate 14 ml/min.

Secondly, model drug MS replaced HPC in the EC solu-
tion as a pore former. The EC/MS (90:10, 85:15, or 80:20)
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solutions were prepared by dissolving 8.9% (w/v) EC and
predefined amounts of MS in 95% w/w ethanol and sprayed
onto the drug-layered cores (400 g) until the predetermined
weight gains were achieved. The coating conditions were sim-
ilar to the aforementioned EC/HPC coating, but at a faster
spray rate of 18 ml/min.

Finally, EC/MS (80:20) with a weight gain of 50% (w/w)
was also coated on large non-pareils (600–710 μm) without a
drug layer in order to evaluate the physical state of the drug in
the EC/MS coating layer.

After coating, the pellets were further fluidized at 45°C
for 15 min in the chamber to reduce the residual solvents prior
to collection in a tray.

Coating Efficiency

The coating efficiency (%) was calculated by dividing the
actual weight gain of the coated pellets by the theoretical
weight gain and multiplying it by 100.

Surface Morphology and Particle Size

The surface morphology, particle size, and coating layer
thickness of coated pellets were characterized by the
abovementioned SEM.

Physical State of Drug in Coating Layer

To evaluate the physical state of the drug in the EC/MS
coating layer, drug MS, non-pareils, EC, physical mixture
(PM) of EC, MS, and non-pareils (80:20:200), and 50% EC/
MS (80:20)-coated pellets without a drug layer were analyzed
by differential scanning calorimetry (DSC) (Q2000 instru-
ment, TA, New Castle, Germany). The samples were milled
into a fine powder and analyzed over a temperature range of
40–200°C at a rate of 10°C/min under a nitrogen atmosphere
in the DSC instrument.

In Vitro Drug Release

In vitro drug release from the coated pellets was studied
in 500 ml of water using the USP 35 paddle method (37°C, 50
rpm, n=3; SR8PLUS dissolution tester, Hanson, California,
United States). At predetermined time intervals, 5-ml samples
were withdrawn, filtered through a 0.45-μm filter, and ana-
lyzed UV spectrophotometrically (λ=274 nm; UV-1750,
Shimadzu, Japan).

In order to study the effects of in vitro release conditions
on drug release, in vitro drug release of 30% EC/MS (85:15)-
coated pellets was also carried out in different release media
(water, 0.1 MHCl pH 1.2, and 0.2 M phosphate buffer solution
(PBS) pH 6.8) at different paddle rotation speeds (50, 100, and
150 rpm).

Curing Effect and Stability

To completely stabilize the functional coating film, 50%
EC/MS or EC/HPC (80:20)-coated pellets were subjected to
curing at 60°C for 0, 1, 2, and 5 days in a petri dish in a cabinet.
The cured samples were evaluated for appearance and in vitro
drug release.

EC/MS (80:20)-coated pellets of 50% with or without
curing were packed into 0.04-mm-thick strips of aluminum foil
laminated with PVC and stored at 40°C and 75% relative
humidity (RH). After 6 months of storage, the samples were
evaluated for appearance and in vitro drug release.

Preparation and Characterization of Free Film of EC/MS

To explain the curing effect of EC/MS-coated pellets, the
free film of EC/MS (85:15 or 80:20) was prepared and charac-
terized. First, the EC/MS solution was prepared by dissolving
8.9% (w/v) EC and 1.6 or 2.2% (w/v) MS in 95% w/w ethanol
and stirred for at least 4 h to ensure that all substances were in
the solution. The resulting solution was cast on Teflon plates
(14×14 cm2) and dried in an oven at 40°C until constant
weight was achieved. The obtained free film of EC/MS
(85:15) was further subjected to curing at 60°C for 1 day in a
petri dish in a cabinet to simulate the curing mechanism of EC/
MS coating film.

The photo of the free film of EC/MS with or without
curing was taken with an optical light microscope (magnifica-
tion ×400) (ECLIPSE E100, Nikon, JAPAN) linked to a dig-
ital camera (D5100, Nikon, Japan).

The physical state of the drug in the free film of EC/MS
with or without curing was analyzed by X-ray powder diffrac-
tion (XRD) (D8-advance, Bruker, Germany). Nickel-filtered
Cu-Kα radiation operated at 40 kVand 20 mAwas used as the
radiation source, and the free film, crushed to a fine powder
before analysis, was scanned at a speed of d°/2θ/min.

Statistical Analysis

All experiments were performed in triplicate. Statistical
analysis conducted was with SPSS v 13.0 software.

RESULTS AND DISCUSSION

Drug Layering

The drug-layering process is identified as a critical step in
the manufacturing process, as this step directly impacts not
only the smooth surface and loading efficiency of drug-loaded
cores but also the coating efficiency and uniformity of outer
polymeric coating and the reproducibility of drug release from
obtained pellets (32,33). Therefore, irrespective of the physi-
cal–chemical properties of drugs, a binder is often used during

Fig. 1. The layering efficiency of the binder-free drug-layering process
as a function of drug concentration

37An EC/Drug-Coated Pellet Without Initial Lag Phase



Fig. 2. Morphology of (a ×30; b ×220) the surface and (c ×200; d ×500) the cross-section of binder-free MS-layered cores
under a scanning electron microscope

Fig. 3. Morphology of (a or c ×130) the surface and (b or d ×1,000) the cross-section of 50% EC/MS- or EC/HPC (80:20)-
coated pellets under a scanning electron microscope
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drug layering to improve the drug-layering efficiency and the
surface smoothness of drug-layered cores. The disadvantages
of incorporating a binder in the drug layer are the slow-
layering process due to the electrostatic charge effect, rela-
tively low drug load, and influence on in vitro drug release
(29).

Interestingly, the present binder-free drug-layering ap-
proach, employing a highly concentrated drug solution of
60% w/v at 70°C without using other binders, enabled a
high drug-layering efficiency (97%), and the layering effi-
ciency was proportional to the drug concentration (Fig. 1).
The loss of 3% product might be due to the loss of
layering solution to exhaust. The moisture content of the
drug-layered cores was below 1%, which would not con-
tribute to the product loss. Lowering the drug concentra-
tion (45% at 50°C and 25% at 30°C) led to lower drug-
layering efficiency (88 and 80%) and longer process time
and more fines were generated. It is likely that the drug

functioned as a binder at a high concentration. A similar
investigation was also reported recently that layering dil-
tiazem hydrochloride at a high concentration on sugar
cores with low binder content and the binder levels did
not impact the drug-loading efficiency (34).

More importantly, the binder-free drug-layered cores had
a spherical form and a smooth surface, and the drug layer was
dense, homogenous, and uniform (Fig. 2). The particle sizes of
drug-layered cores ranged from 470 to 540 μm while the drug
layer ranged from 123 to 130 μm because of the high drug
loading (80% w/w). The smooth surface of drug-layered cores
is essential to the uniformity of outer EC coating and the
reproducibility of drug release from the obtained pellets
(35,36).

Therefore, the current drug-layering approach has the
following advantages: (1) simple formulation without other
excipients, (2) high-layering efficiency (97%), (3) good mor-
phology, and (4) short process time.

Fig. 4. DSC thermograms of 50% EC/MS (80:20)-coated pellets without a drug layer, the physical mixture
(PM) of EC, MS, and non-pareils (80:20:200), EC, non-pareils, and bulk drug MS

Fig. 5. Appearance photo of the free film of a EC/MS (85:15) and b EC/MS (80:20)
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Effect of Pore Former Types on Coating Process
(HPC vs. MS)

During the coating process, sticking of the coated sub-
strates often occurs due to the tackiness and viscosity of
polymer coating solutions (15). This tackiness causes a tre-
mendous handling problem as the coated substrates stick to
each other or on the coating chamber. Sometimes, irreversible
agglomeration of pellets or loss of the complete batch can
occur, especially at high product temperature and/or using
high plasticizer content in the coating formulation.
Therefore, anti-tacking agents, such as simethicone, talc, and
magnesium stearate, are usually added in polymer solutions in
order to prevent agglomeration (37,38). However, the addi-
tives might modify drug release from the coated pellets in
terms of the swelling behavior of the coated pellets in water
and the potential additive-polymer interactions (39,40).

It was a surprise to find that in the present study, model
drugMS as a pore former greatly reduced pellet sticking and the
entire coating process went smoothly even at a faster spray rate
(18 ml/min), regardless of pore former levels ranging from 10 to
20% in the coating layer. However, sticking during the coating
process was indeed observed when HPC was used as a pore
former regardless of inlet air dew point (5–15°C). Part of the
coated substrates adhered to the bottom of the partition column,
especially when the spray rate was above 14 ml/min.

In general, the tackiness of polymer coating solution
results from the interaction between polymer chains (41).
The anti-tack effect of model drug MS as a pore former in
EC coating solution should be attributed to its ability to inter-
act with the EC chains. Due to the small molecule nature, MS
is easy to be interspersed between the EC polymer chains,
which results in a net reduction of the interaction strength
between the EC polymers. So, MS serves as an anti-tacking
agent during the coating process.

Additionally, using model drug MS as a pore former had
no significant effect on the coating efficiency and morphology
of coated pellets (Fig. 3). The coating efficiency of 50% EC/
MS (90:10, 85:15, or 80:20)-coated pellets (93, 94, or 94%,
respectively) was comparable with that of 50% EC/HPC
(80:20)-coated pellets (93%). Particle size distributions
(580~640 μm) and coating layer thickness (28~30 μm) were
similar at the 50% w/w weight gain and 20% pore former
level. The surface of coated pellets, whether model drug MS
or HPC was used as a pore former, appeared slightly rougher
than that of the drug-layered cores (Fig. 2), which may be
attributed to higher EC concentrations (8.9% w/w) in the

coating solution. Generally, phase separation between EC
and the pore former (HPC or MS) occurs during film drying
process, and subsequently, EC- and HPC- or drug-rich do-
mains are formed (42). The higher the EC concentration, the
longer time it takes to lock the film structure and the rougher
the surface of the obtained pellets eventually is.

Drug physical states in the coating layer were evaluated
using thermal analysis in the present study. EC/MS-coated
pellets without a drug layer were prepared by spraying EC/
MS coating solution directly onto non-pareils to eliminate the
impact of the drug layer. Figure 4 showed the DSC thermo-
grams of 50% EC/MS (80:20)-coated pellets without a drug
layer, the physical mixtures (PM) (MS/EC/non-pareils,
80:20:200), non-pareils, EC, and bulk drug MS. Bulk drug
MS produced a large endothermic peak with an intensity of
154.4 J/g at 137°C in consistent with its melting point of 136–
137°C, showing that the drug is crystalline in nature. As ex-
pected, EC or non-pareils did not display any thermal event
around this temperature. When compared to that of the PM
(8.9 J/g), the intensity of the characteristic peak of MS acting
as a pore former in the coating layer became low greatly
(0.75 J/g), suggesting that the physical state of the drug in
the EC coating layer was simultaneously crystalline and non-
crystalline (amorphous or solid molecular solution). There
may be a maximum physical compatibility of MS with EC
demonstrated further by the appearance of EC/MS free film
(Fig. 5). When the drug content was below 15% in EC/MS free
film, the drug was compatible with EC and in a non-
crystalline state (amorphous or solid molecular solution)
(Fig. 5a). Further increasing the drug content to 20% in EC/MS

Fig. 6. Effect of pore former type on MS release in water from EC/MS or EC/HPC (80:20)-coated pellets a
within 2 h or b within 24 h

Fig. 7. Effect of pore former MS level of on MS release in water from
30% EC/MS-coated pellets without curing

40 Wang et al.



free film caused a phase separation of drug and EC (Fig. 5b).
The drug above this amount was crystallized.

Effect of Pore Former Types on Drug Release (HPC vs. MS)

The overall release profiles of the drug from EC/HPC- or
EC/MS-coated pellets with different coating levels were com-
pared except for a marked difference in the initial release
phase of 1–2 h (Fig. 6). The lag phase with EC/HPC coating
disappeared when drug MS was used as a pore former (20%
level). More than 10, 7, or 4% of the drug was released in the
initial 0.5 h from 25, 37.5, or 50% EC/MS (80:20)-coated
pellets, respectively (Fig. 6a). Contrarily, a low or no drug
release happened in the initial 0.5 h from the coated pellets
with HPC as a pore former regardless of the coating level. The
lag phase was more than 1 h at the 37.5~50% coating levels.
The films were initially not permeable to the drug investigat-
ed, indicating that the lag phase was determined by the time of
pore forming in the film due to HPC leaching and that the
drug was released mainly through the water-filled pores (43).

In comparison to HPC, model drug MS was easily
leached out from the film because of its small molecular
weight and good water solubility, creating pores quickly and
abolishing the lag time. Hence, the rate at which the water-
soluble material was leached out of the film (leaching rate)

was not only influenced by the film thickness (5) but also
closely related to the property of the pore former in the film
(15). Overall, the drug release from EC/MS-coated pellets was
faster compared to EC/HPC-coated pellets.

Effect of Pore Former MS Levels on Drug Release

The effect of the pore former level in the coating layer
was evaluated by varying the ratio of EC/MS from 90:10,
85:15, to 80:20 at a fixed coating level of 30% w/w. Drug
release increased with the level of the pore former (MS)
(Fig. 7). Of the drug, 80% was released after 8, 12, and 20 h
with 20, 15, and 10% MS present in the coating layer. As the
level of the pore former increased, the membrane became
more porous after coming into contact with the aqueous en-
vironment, resulting in faster drug release from both the coat-
ing layer and the drug layer (11). In a word, 10 to 20% (w/w)
of MS as a pore former created sufficient pores for drug
release and resulted in an approximately zero-order release
pattern up to 8, 12, and 16 h, respectively.

It was reported that the burst strength was inversely
related to the initial level of the pore former in the membrane
(12). By increasing the pore former level, the membrane
became more porous after exposure to water, leading to de-
creased strength. Therefore, the effect of MS (as a pore for-
mer) levels on EC film strength should be further evaluated,

Fig. 9. Effect of type and pH of the release media on MS release from
30% EC/MS (85:15)-coated pellets without curing

Fig. 10. Effect of paddle rotation speed on MS release in water from
30% EC/MS (85:15)-coated pellets without curing

Fig. 11. Effect of curing conditions on MS release in water from 50%
EC/MS or EC/HPC (80:20)-coated pellets

Fig. 8. Effect of coating level of on MS release in water from EC/MS
(85:15)-coated pellets without curing
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though no bursting of the systems was observed during the
dissolution test in any of the formulations.

Effect of Coating Level on Drug Release

The effect of coating levels on drug release was eval-
uated at 10, 30, and 50% with the pore former MS level
at 15% w/w of the coats. Release of MS from coated
pellets as a function of coating levels is shown in Fig. 8.
Drug release decreased with an increase in coating levels
and appeared more sensitive to the coating levels ranging
from 10 to 30%. No lag phase was observed even at 50%
coating levels. Especially, an approximately zero-order re-
lease pattern was obtained up to 8 h at 30% and up to
12 h at 50% coating level, respectively. Hence, coating
levels and pore former levels are the most important
determinants of drug release from the coated pellets.

Effect of Release Conditions (pH and rpm) on Drug Release

Ideal-controlled release dosage forms should release the drug
independent of the release conditions, e.g., buffer pH andmechan-
ical shear force. This will minimize the variability and bioavailabil-
ity in vivo (44). In this study, drug release from 30% EC/MS
(85:15)-coated pellets without curing was conducted in three dif-
ferent dissolutionmedia (water, 0.1MHCl pH 1.2, and 0.2M PBS
pH 6.8) at 100 rpm and at three different paddle rotation speeds
(50, 100, and 150 rpm) in water and the drug-release profiles are
shown in Figs. 9 and 10. The results showed that MS release from
coated pelletswas pH independent in the range of pH1.2 to pH6.8
(Fig. 9). In addition, MS release was also immune to the paddle
rotation speed in the range of 50–150 rpm (Fig. 10).

Curing Effect of EC/MS-Coated Pellets

For organic coating systems, the formation of the func-
tional coating film does not usually involve further coales-
cence of the polymer particles associated with the aqueous
colloidal polymer dispersions, and thus, no post coating en-
hancement of the film formation is necessary (45). Figure 11
showed the release profiles of MS from 50% EC/HPC or EC/
MS (80:20)-coated pellets prepared from the organic coating
system under different curing conditions.

As expected, drug release from EC/HPC-coated pellets
was almost independent of curing, and curing at 60°C for
5 days did not change the drug release compared to the
uncured pellets. However, when model drug MS was used as
a pore former, drug release substantially decreased after 1
day curing at 60°C and then slightly decreased by further
curing for 2 and 5 days. The results indicated that the
coating film with MS as a pore former was not completely
stabilized without curing. One-day curing at 60°C was suffi-
cient to stabilize the coating layer, which was validated by
the results of accelerated stability tests (Fig. 12). The
pellets cured at 60°C for 1 day exhibited pretty much

Fig. 12. The release profiles in water of MS from 50% EC/MS
(80:20)-coated pellets without or with curing after 0 or 6 months of
storage at 40°C and 75% RH

Fig. 13. a or b The appearance photo and c or d X-ray powder diffraction (XRD) of the free film of EC/MS (85:15) without
or with curing
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the same drug-release profiles as T=0 after 6-month stor-
age at 40°C and 75% RH.

Given the fact that curing causes a reduction of the drug-
release rates for EC/MS-coated pellets prepared from the
organic coating system, it is likely that the precise mechanism
responsible for the formation of EC/MS coating film from
organic polymer solution cannot be fully clarified by the evap-
oration of the organic solvent. The physical state of pore
former MS in the functional film might play a role. Figure 13
showed the appearance and X-ray powder diffraction (XRD)
of the free film of EC/MS (85:15) without or with curing.

It was evident that the curing (60°C, 1 day) indeed affect-
ed the physical state of the drug in the film. The appearance
(Fig. 13a) and the XRD (Fig. 13c) of the free film demonstrat-
ed that the drug was in an amorphous form or a state of solid
molecular solution in the free film without curing. However,
when the free film was cured at 60°C for 1 day, crystalline
substances appeared markedly on the free film (Fig. 13b) and
several characteristic peaks could also be observed in the
XRD (Fig. 13d), which suggested that the phase separation
between EC and the pore former MS happened, and MS-rich
domains were formed. Accordingly, the physical state of the
drug was altered partially from amorphous or molecular to
crystal. With the crystal drug increasing, the network density
of water-filled capillaries in the functional EC film decreases,
which is associated with the pores formed by MS leaching.
Therefore, there is a declining trend of drug-release rates from
the EC/MS-coated pellets with the pore density decreasing.

CONCLUSIONS

A binder-free drug-layering approach that involved
layering a highly concentrated metoprolol succinate solution
on non-pareils was developed successfully. Using the drug as a
pore former significantly reduced the pellet stickiness during
the polymeric coating process, thus enhancing the process
smoothness and shortening the process duration. These find-
ings are of great value for mass production. Meanwhile, the
strategy of using the drug as a pore former contributed to
mitigating the initial lag phase associated with the drug release
from EC-coated pellets. However, such formulation needed to
be stabilized by curing at 60°C for 1 day.
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