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Preparation of Controlled-Release Fine Particles Using a Dry Coating Method
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Abstract. Wet coating methods use organic solvents to prepare layered particles that provide controlled-
release medications. However, this approach has disadvantages in that it can cause particle agglomeration,
reduce pharmaceutical stability, and leave residual organic solvents. We used a dry coating method to
overcome these issues. Fine particles (less than 50 μm in diameter) of controlled-release theophylline were
created using theophylline (TP; model drug), polyethylene glycol 20,000 (PEG; drug fixative), hydroge-
nated castor oil (HCO; controlled-release material), hydrogenated rapeseed oil (HRSO; controlled-
release material), and cornstarch (CS; core particle). An ultrahigh-speed mixer was employed to mix
TP and CS for 5 min at 28,000 rpm. Subsequent addition of PEG produced single-core particles with a
drug reservoir coating. Addition of HCO and HRSO to these particles produced a controlled-release layer
on their surface, resulting in less than 10% TP dissolution after 8 h. We successfully demonstrated that this
dry coating method could be used to coat 16-μm CS particles with a drug reservoir layer and a controlled-
release layer, producing multi-layer coated single-core particles that were less than 50 μm in diameter.
These can be used to prepare controlled-release tablets, capsules, and orally disintegrating tablets.

KEYWORDS: controlled-release fine particles; drug reservoir coating; dry coating; multi-layer coating;
theophylline.

INTRODUCTION

Recent developments in oral drug formulation include
attempts to generate controlled-release forms of various tar-
get drugs. Compared to pharmaceuticals with rapid-release
properties, controlled-release drugs can be prescribed less
frequently, have prolonged efficacy, possess fewer side effects
and toxicity, and enhance a patient’s quality of life.

There are two types of controlled-release formulations:
multiple-unit and single-unit. For physiological reasons, multiple-
unit controlled-release formulations exhibit lower dose dumping
and less variability between lots, as well as a higher level of safety,
as compared to single-unit controlled-release formulations (1,2).

To prepare multiple-unit formulations, drug particles are
generally granulated in advance. The widely used wet coating
method involves coating drug granules with controlled-release
materials dissolved in an organic solvent or mixed as a disper-
sion. However, forming a controlled-release layer in this man-
ner requires a significant amount of time and a large amount
of organic solvent, which may lead to numerous problems
such as end-product residues, damage to manufacturing
workers’ health, and detrimental effects on the environment.

In recent years, a dry coating method that does not involve
organic solvents has gained attention. This avoids the issues
stemming from the use of organic solvents and is believed to be
suitable for heat-labile drugs. Shimono et al. reported the prepa-
ration of a drug-containing pellet using a granulation apparatus,
hydrogenated castor oil, and magnesium stearate. This product
possessed controlled-release properties owing to its multi-layer
coating (3). Additionally, Pearnchob and Bodmeier prepared a
granule with controlled-release properties using a fine powder
coating of methacrylate copolymers and a Wurster fluidized bed
coating apparatus (4). The disadvantages of these two approaches
include the need for extended periods of heat treatment and the
use of liquid plasticizers. In contrast, Fujimoto et al. coated
ethylcellulose core particles (jet mill-pulverized) with crystallized
cellulose or crystallized lactose using a twin-screw continuous
kneader (5), and Kondo et al. prepared controlled-release com-
posite particles by processing a poly(meth)acrylate controlled-
release material (finely powdered by rapid spraying and freeze
drying) and a mechanically rounded drug using a mechanical
powder processor (6). However, these methods require that all
coating materials first be micronized or powdered.

In previous studies, we reported the preparation of
controlled-release particles by combining nonmicronized drugs,
coating layer powders, and core particles (approximately 250 μm
in diameter) in a mixing apparatus and processing them by
ultrahigh-speed mixing, resulting in the formation of a drug-
containing matrix layer on the surface of the core particles within
several minutes via dry coating (7). However, there was a concern
that this process led to significant variability in tablet weights and
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drug content, and the particles might be destroyed during com-
pression to tablet form, owing to the large diameter of the particles.
In addition, the mean particle size in orally disintegrating
controlled-release tablets should not exceed 50 μm, in order to
prevent discomfort caused by rough texture (8–13). To address
these issues, we used a dry coating method to prepare controlled-
release fine particles with diameters of less than 50 μm (difficult to
achieve with wet coating (14)) containing two layers: a drug reser-
voir layer and a controlled-release layer. These particles are ideal
for use in controlled-release tablets and capsules, and they can also
be used to create controlled-release orally disintegrating tablets.

MATERIALS AND METHODS

Materials

Anhydrous theophylline (TP; Wako Pure Chemicals In-
dustries, Osaka, Japan) was used as the model drug, corn-
starch (CS; Nihon Shokuhin Kako Corp., Tokyo, Japan) was
used as the core particle, polyethylene glycol 20,000 (PEG;
NOF Corp., Tokyo, Japan) was used to fix the drug, hydroge-
nated castor oil (HCO; Lubliwax 101, Freund Corp., Tokyo,
Japan) and hydrogenated rapeseed oil (HRSO; Lubliwax 103,
Freund Corp., Tokyo, Japan) were used as controlled-release
agents, and light anhydrous silicic acid (LAS; Aerosil R972,
Nippon Aerosil, Tokyo, Japan) was used to prevent
granulation.

Particle Size Distribution and Average Particle Diameter
Measurements

The particle size distribution for each sample powder was
measured using a laser diffraction particle size analyzer
(SALD-2200; Shimadzu Corp., Kyoto, Japan). The particle
size distribution was measured using a cyclone injection-type
dry measurement unit (SALD-DS5; Shimadzu Corp., Kyoto,
Japan) with a stage elevation rate of 10 mm/s, a compressed
air pressure of 0.5 MPa, and a refractive index of 1.60–0.10i.
From the particle size distribution, we determined the median
diameter; this was used when deciding on a coating prescrip-
tion amount (based on coating layer thickness).

Micronization of HRSO

As purchased, the average particle diameter of HRSO is
approximately 100 μm, which is large compared to the CS core
particles. We therefore micronized HRSO by first suspending
15 g of HRSO in 100 mL of ethanol at approximately 70°C
and stirring until the solution formed a transparent emulsion.
After terminating heating and agitation, the cloudy suspen-
sion (caused by separation of the HRSO) was processed for
30 min using an homogenizer (T10 basic Ultra-Turrax; IKA-
Werke GmbH & Co. KG, Staufen, Germany). The suspension
was transferred to a centrifuge tube and centrifuged at
3000 rpm for 10 min at 5°C (CF16RX II; Hitachi Koki Co.,
Ltd., Tokyo, Japan). The clear supernatant was removed and
the sediment was vacuum-dried and lightly ground in an agate
mortar to produce the micronized HRSO used for dry coating.

Measurement of True and Tap Densities

Us i n g a he l i um ga s au t oma t i c py cnome t e r
(Ultrapyc1200e; Quantachrome, Boynton Beach, FL, USA),
the true density of approximately 10 g of each powder was
measured. In order to determine the tap density, approximate-
ly 50 g of each powdered material was gently placed in a dry
100-mL graduated cylinder without consolidation. The vol-
ume was measured after dropping the cylinder 50 times from
a height of 5 cm to settle the powder naturally. The tap density
of each powder was calculated from the measured volume and
weight.

Measurement of Viscosity

The melting viscosities of the coating agents (PEG, HCO,
and HRSO) were measured using a cone-plate rotational
viscometer (RVDV-III Ultra; Brookfield, Middleboro, MA,
USA). A 1-mL sample of each melted coating material was

Table I. Physical Properties of the Raw Materials

Material Particle size (μm) True density (g/mL) Tap density (g/mL) Melting point (°C) Viscosity (mPa s)

TP 63.2 1.47 0.64 273 −
CS 15.9 1.51 0.68 − −
PEG 441.4 1.24 0.57 61.8 41,048.1
HCO 26.2 1.02 0.48 85.5 40.9
HRSO 13.6 1.01 0.29 68.4 20.0

TP theophylline, CS cornstarch, PEG polyethylene glycol 20,000, HCO hydrogenated castor oil, HRSO hydrogenated rapeseed oil

Table II. Quantities Used During Dry Coating

CS-R preparation
CS 7.28
TP 1.44
PEG 2.40

HCO coating
HCO layer thickness
(0.5 μm) (1.0 μm) (1.5 μm)

CS-R 9.56 8.31 7.26
HCO 1.12 2.04 2.82

HRSO coating
HRSO layer thickness
(3.0 μm) (5.0 μm) (7.0 μm) (9.0 μm)

CS-R/HCO 3.62 2.25 1.51 1.07
HRSO 3.17 3.85 4.21 4.43

All values represent g
CS cornstarch, CS-R CS particles coated with a drug reservoir layer,
HCO hydrogenated castor oil, HRSO hydrogenated rapeseed oil,
PEG polyethylene glycol 20,000, TP theophylline
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placed in a measuring container, and the viscosity at five
different temperatures (above the melting point) was mea-
sured. The viscosity at each respective melting point was
calculated according to the Andrade equation (15).

Measurement of Melting Point and Enthalpy of Fusion

The melting point and enthalpy of fusion for each powder
was measured by differential scanning calorimetry (DSC;
Thermo Plus DSC8230; Rigaku, Tokyo, Japan). Approximate-
ly 10 mg of each powder was accurately weighed and sealed in
an aluminum sample pan. The melting point and enthalpy of
fusion were determined from the DSC curve obtained under a

temperature range of 30–120°C, with a rate of temperature
increase of 5°C/min and increasing internal atmospheric
temperature.

Coating Prescription

The coating prescription for each powder was calculat-
ed based on its true density, tap density, and average parti-
cle diameter (Table I). For the required amount of coating,
suitable layer thicknesses were calculated based on the
assumption that each added layer that formed on the CS
particle would not contain any empty space. For the drug
reservoir layer, 0.5 μm TP and 1.0 μm PEG were coated

Fig. 1. Schematic of the ultrahigh-speed mixer used for dry coating. The agitating blade is rotatable at 28,000 rpm and the temperature of the
apparatus is controlled by circulating water during agitation

Fig. 2. SEM images of the raw materials. a TP, b CS, c PEG, d HCO, e micronized HRSO, and f LAS. Scale bar = 100 μm
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onto the CS particle. For the controlled-release layer, 0.5–
1.5 μm HCO and 3–9 μm HRSO formed a laminating layer
on the drug reservoir layer. To prevent agglomeration and

granulation, 1.0% LAS was added before coating with each
controlled-release layer. The actual prescription amounts
are listed in Table II.

Fig. 3. SEM images of the drug reservoir layer on the CS particles at the indicated preparation temperatures, and of the physical mixture (PM)
of CS, TP, and PEG. The magnified image of a single particle is shown in the lower right-hand corner of each low-magnification image. The scale
bars are indicated on each image. The lower right-hand panel shows the average coated particle diameter at the indicated temperature (n = 3)

Fig. 4. SEM images of particles during one-step (a, b) or two-step (a, c–d) coating at 35°C. a CS, b one-step CS particle coating with TP and
PEG, c CS particle coated with a TP layer, d CS particle coated with a TP layer, followed by a PEG layer. A magnified image of the particle
surface is shown in the lower right-hand corner of each low-magnification image. The scale bars are indicated on each image. The lower right-
hand panel shows the average coated particle diameter (n = 3)
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Dry Coating

Dry coating was carried out using an ultrahigh-speed
mixer (Fascinate®; Tokyo Printing Ink Mfg. Co., Ltd., Tokyo,
Japan), as shown in Fig. 1. According to the determined
prescription, the appropriate amount of powder was added
to the mixing vessel (filled to 30% capacity) and mixed at a
speed of 28,000 rpm (outer agitation blade tip speed: approx-
imately 65 m/sec) for 5 min. During mixing, the mixing vessel
temperature was regulated by a fluid convection system. The
drug reservoir layer was formed at 35°C, while the controlled-
release layer formed at 5°C.

Evaluation of TP Dissolution

The dissolution rate of TP from the coated particles was
evaluated by a dissolution test, in accordance with the paddle
method prescribed in the sixteenth edition of the Japanese
Pharmacopoeia. Using a coated particle containing 10 mg of
TP and a flow cell system (dissolution test apparatus: NTR-

1000; Toyama Sangyo Co., Osaka, Japan; UV-absorption pho-
tometer: U-1900; Hitachi High-Technologies Corp., Tokyo,
Japan), the absorbance was measured at a wavelength of
271 nm to determine the dissolution of TP over time. Distilled
water was used as the test fluid, and measurements were taken
at a paddle rotation speed of 50 rpm. For determination of the
TP dissolution rate, the amount of TP in the test fluid was
converted to a percentage, based on the prescribed TP content
(set at 100%).

Analysis of Particle Shape and Surface Conditions

The raw powders and coating particles were fixed to the
sample stage by conductive carbon tape, and an ion sputtering
apparatus (E-1010; Hitachi High-Technologies Corp.) was
used for platinum deposition, which was carried out under
low pressure for 10 s. The particle shape and surface condi-
tions were observed by scanning electron microscopy (SEM;
S-3400N; Hitachi High-Technologies Corp.) under an acceler-
ation voltage of 5 kV.

TP Crystallinity

Using a powder X-ray diffractometer (RINT-Ultima III;
Rigaku, Tokyo, Japan), the crystallinity of raw TP powder and
coated particles was evaluated based on diffraction intensities
obtained using a diffraction angle of 2θ= 5–40°, a Cu target, a
tube voltage of 40 kV, and a tube current of 40 mA.

RESULTS AND DISCUSSION

Formation of the Drug Reservoir Layer

We examined the effect of vessel temperature on the
formation of the drug reservoir layer on CS particles. Figure 2
shows SEM images of the raw materials, and Fig. 3 shows the
physical mixture (PM), as well as the shape and surface con-
dition of the particles obtained after addition of TP and PEG
to CS over a temperature range of 5–35°C. The PM retained
the original shape of the individual powder particles. Owing to
agitation, PEG affixed the pulverized TP to the surface of the
CS particles at all temperatures tested. From 5 to 25°C, TP
microcrystals adhered to the surface of CS particles. At higher
temperatures (35°C), the surface of the particles became
smooth. We believe that an outermost smooth drug reservoir
layer had formed because melted PEG did not exhibit cracking
on the particle surface. The bar chart in Fig. 3 (lower right
panel) indicates the average particle diameter of the coated
particles prepared at each temperature (n=3). The variation
in the average particle diameter was small at each temperature
and showed good reproducibility. Granulation occurred when
the materials were mixed at 45°C, making preparation of a
single-core particle difficult. We suspect that when the initial
temperature of the powder was too high, the added energy
and mechanical heat generated by the mixing caused the PEG
to completely melt and act as a binding agent. Differences in
the TP X-ray diffraction patterns and intensities between the
resulting single-core particles and the physical mixture of TP
crystals were barely noticeable. Therefore, the mixing process
seemed to cause little, if any, degradation of TP crystals.

Fig. 5. TP dissolution behavior from raw TP powder, one-step coated
particles, TP-layered particle, and two-step coated particles in water.

Data represent the mean ± SD (n = 3)

Fig. 6. Relationship between the log of viscosity (η) and the inverse
temperature (K) for HCO and HRSO. The equations of the regression

line are indicated, with R2 (coefficient of determination)
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Next, we examined the effects of different mixing
procedures. Figure 4 shows SEM images of particle sur-
faces after CS, TP, and PEG were mixed together simul-
taneously or in stages at 35°C. As shown in Fig. 4a, the
surface of CS particles (which will become core particles)
was smooth, with little unevenness. When CS, TP, and
PEG were added simultaneously, micronized TP was fixed
by PEG, but the TP on the particle surface was not
completely covered by PEG, giving it a rough surface
(Fig. 4b). This was likely caused by simultaneous spread-
ing of the pulverized TP and melting of PEG, resulting in

failure of the melted PEG to coat all of the dispersed TP
particles. Accordingly, mixing was then divided into a two-
step procedure whereby CS and TP were mixed in ad-
vance, and PEG was added subsequently. Figure 4c shows
the surface condition of the particles that resulted from
mixing CS and TP prior to adding PEG. Theophylline was
pulverized when mixed with CS, and thus stuck to the
surface of the CS particle, forming an embedded TP layer.
Additionally, TP particles that adhered to the surface of
the CS particles were smaller in size than those produced
during the one-step procedure. We surmise that in the
two-step process, the CS particles assist in pulverizing
TP particles to submicron size, because the CS particles
are smaller and harder than TP particles and PEG is not
present to act as a shock-absorber. Figure 4d shows the
surface condition of the particles obtained following the
second mixing step, when PEG was added to the TP-
coated CS particles. PEG coated the TP-covered CS par-
ticles, resulting in an extremely smooth surface. The par-
ticles obtained by mixing with PEG were all single-core
particles, and we were able to form a drug reservoir layer
composed of TP and PEG on the surface of each CS
particle. The bar chart in Fig. 4 (lower right panel) indi-
cates the average particle diameter of the coated particles
prepared by one- and two-step coating (n= 3). The varia-
tion in the average particle diameter was small in each
case and showed good reproducibility. Hereafter, CS par-
ticles coated with a drug reservoir layer comprised of TP
and PEG will be abbreviated as BCS-Rs^ or referred to as
the drug reservoir particles.

Fig. 7. Effects of vessel temperature and HCO layer thickness on the coating. a 0.5 μmHCO (35°C), b 0.5 μmHCO (5°C), c 1.0 μmHCO (5°C),
d: 1.5 μmHCO (5°C), e 2.0 μmHCO (5°C). The left-hand panel in each image shows a low-magnification image and the right-hand panel shows a

high-magnification image of a single particle. The scale bars are indicated on each image

Fig. 8. TP dissolution behavior from TP powder, CS-R particles, and
particles with HCO layers at the indicated thickness in water. Data

represent the mean ± SD (n = 3)
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Figure 5 shows the dissolution behavior of TP from raw
TP powder, TP-coated CS particles, and CS-Rs derived from
the one-step or two-step process. For the TP powder, a sudden
increase in dissolution rate was observed early in the experi-
ment, with 80% dissolution of TP after approximately 3 min,
and 100% dissolution of TP after approximately 10 min. In
comparison, the dissolution rate of TP from particles formed
via the one- and two-step procedures was almost the same as
the dissolution rate of TP from raw powder, with 80% disso-
lution of TP within 2 min. It is thought that the pulverized TP,
which was distributed throughout the water-soluble PEG lay-
er, was easily saturated by water.

Viscosity of the Materials for Formation of the Controlled-
Release Layer

In order to clarify the mechanism of controlled-release
layer formation, an analysis of the viscosities of HCO and
HRSO in the melted state was carried out. The viscosities of
HCO and HRSO were measured at 5°C above their melting
points, followed by four successive measurements at tem-
perature increments of 5°C. Although measurements were
taken at different shear rates, changing the shear rate did
not alter the measured viscosity. Figure 6 shows the rela-
tionship between the absolute temperature and viscosity. In

Fig. 9. SEM images of particles coated in 1.5-μm HCO, as well as particles coated with the indicated thicknesses of HRSO on the HCO layer. a
1.5 μm HCO, b 3.0 μm HRSO, c 5.0 μm HRSO, d 7.0 μm HRSO. The left-hand panel in each image shows a low-magnification image and the

right-hand panel shows a high-magnification image of a single particle. The scale bars are indicated on each image
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accordance with the Andrade equation, a linear relationship
was observed between the inverse absolute temperature and
the log of viscosity for both HCO and HRSO. The activa-
tion energy of flow, determined from the slope of the resul-
tant linear regression approximation equation, was 44.2 kJ/
mol for HCO and 26.5 kJ/mol for HRSO. Compared to
HRSO, a larger amount of energy was required to cause
melted HCO to flow, signifying highly temperature-
dependent viscosity.

During dry coating, particle collisions, shearing (from the
agitation blade), and centrifugal force generated by mixing
take place. To keep the melted coating material adhered to
the surface of the CS-Rs, we attempted to form a controlled-
release layer on the CS-Rs’ surface using HCO, a highly
viscous hydrophobic material with a higher melting point than
HRSO.

Figure 7 shows how the dry coating temperature and the
amount of HCO added affected the size and surface condi-
tions of the prepared particles. First, we examined the effect of
temperature during mixing. Mixing was carried out by adding
CS-Rs to HCO (in quantities calculated to create a 0.5-μm
thick layer on the CS-Rs’ surface) at the indicated tempera-
tures. At a vessel temperature of 35°C (Fig. 7a), granulation
caused by melted HCO prevented the formation of single-core
particles. At 5°C (Fig. 7b), granulation did not occur and we
observed HCO coating the CS-R surface. In this way, we
demonstrated that single-core particles can be formed by
coating CS-Rs in HCO, but cooling the vessel to 5°C is re-
quired for mixing.

Next, the thickness of the HCO layer was varied to
investigate how this affected the properties of the particle
surface. We mixed HCO with CS-Rs at 5°C to prepare 1.0-
μm (Fig. 7c) or 1.5-μm (Fig. 7d) controlled-release layers on
single-core particles. Granulation occurred when a 2.0-μm
layer of HCO was added (Fig. 7e). This demonstrated that
melted HCO on the surface of CS-Rs may inhibit granula-
tion (rather than cause CS-Rs to adhere to each other) by
rapidly solidifying at 5°C. However, we believe that excess
melted HCO acted as a binding agent, forming liquid brid-
ges between particles that hardened when rapidly cooled.
The inter-particle bonds were strengthened by this process,
making preparation of single-core particles difficult (16).
These results showed that CS-Rs coated with a controlled-
release layer of up to 1.5 μm of HCO could be
manufactured by mixing the ingredients at a vessel temper-
ature of 5°C.

Figure 8 shows TP dissolution from particles coated
with the indicated thickness of HCO. Dissolution of TP
from 0.5-μm HCO-coated particles was slightly delayed,
as compared with dissolution from raw TP powder. This
indicates that permeability of the drug reservoir layer to
the test fluid was constrained by the hydrophobicity of the
HCO-coated CS-R. Furthermore, the TP dissolution rate
decreased as the thickness of the HCO layer increased.
However, even with a 1.5-μm HCO layer (the maximum
thickness achievable during the preparation of single-core
particles), we were unable to completely inhibit TP disso-
lution. We believe that particle collisions and shearing
cause melted HCO to form a layer on each CS-R. Howev-
er, cracks in the HCO layer occur when HCO accumulates
and hardens without sufficient spreading. Sealing those
cracks was necessary to further inhibit TP dissolution.

Fig. 10. Melting points, enthalpies of fusion, and DSC curves for
HCO and HRSO. Each melting point was determined from the inter-

section of the baseline and the tangent line of the DSC curve

Fig. 11. TP dissolution behavior from TP powder, CS-R, and particles
coated in 1.5 μm of HCO and the indicated thicknesses of HRSO in

water. Data represent the mean ± SD (n = 3)

Table III. The Effects of Coating Thickness on TP Release
Parameters

Coating layer K × 102 n R2

HCO 0.5 μm 12.70 0.991 0.984
HCO 1.0 μm 10.45 0.781 0.992
HCO 1.5 μm 7.41 0.770 0.984
HCO 1.5 μm + HRSO 3 μm 4.53 0.478 0.860
HCO 1.5 μm + HRSO 5 μm 3.04 0.472 0.905
HCO 1.5 μm + HRSO 7 μm 1.25 0.351 0.783

HCO, hydrogenated castor oil, HRSO hydrogenated rapeseed oil, K
kinetic constant (min−n ), n diffusional exponents, R2 coefficient of
determination

1400 Nakamura et al.



Since increasing the thickness of the HCO layer above
1.5 μm was not possible, we attempted to seal the exterior
of the 1.5-μm HCO-coated particles using a hydrophobic
layer of HRSO.

Multi-layer Coating of the Controlled-Release Layer

Because HRSO has a lower melting point than HCO, and
melted HRSO has a lower viscosity than melted HCO, we
hoped that HRSO would seal the pores in the HCO layer.
Figure 9 shows the shape and surface condition of particles

obtained by mixing 1.5 μm of HCO-coated particles with
HRSO to create a 3.0–7.0-μm layer. Figure 9a shows 1.5-μm
HCO-coated particles, and Fig. 9b shows particles prepared by
addition of 3.0 μm of HRSO onto the HCO layer. The visual
difference in surface conditions confirmed the formation of
single-core particles with an external HRSO layer. Increasing
the thickness of the HRSO layer to 5.0 and 7.0 μm resulted in
larger particle diameters, without causing granulation
(Fig. 9c, d). We also observed fewer surface depressions and
an overall smoothing of surface features when thicker coatings
of HRSO were applied. The addition of any amount of HRSO
appeared to laminate the particle surface, covering surface
cracks and depressions. These results demonstrate that, in
contrast to HCO, the addition of more HRSO is unlikely to
cause granulation.

Figure 10 shows the DSC curves for HCO and HRSO.
While the DSC curve for HRSO was one sharp peak, the
curve for HCO showed a broad peak. According to previ-
ous reports (17,18), the melting point of HCO was about
85°C. Therefore, it was considered that the peak on the
high-temperature side of the HCO DSC curve was due to
pure HCO, whereas the peak on the low-temperature side
was due to HCO contaminants (polymorphism or analo-
gous substances of HCO). The melting point derived from
the peak of the low-temperature side (65.5°C) was slightly
lower than that of HRSO (68.4°C). Upon further analysis
of these DSC curves, we found that the enthalpy of fusion
of HCO was 93.2 J/g, while that of HRSO was 154.4 J/g.
This implied that HCO was easier to melt than HRSO
when the same magnitude of energy, generated by the

Fig. 12. Dry coating method for the preparation of controlled-release particles. The measured average particle diameter is indicated below each
diagram

Table IV. The Average Particle Diameter and Geometric Standard
Deviation

Particle Theoretical
diameter (μm)

Average particle
diameter (μm)

Geometric
standard
deviation (−)

CS – 15.90 ± 0.08 0.14 ± 0.00
CS-R 19 17.05 ± 0.19 0.18 ± 0.03
+HCO 1.5 μm 22 20.76 ± 1.16 0.16 ± 0.02
+HRSO 3 μm 28 24.17 ± 1.29 0.17 ± 0.02
+HRSO 5 μm 32 26.88 ± 0.15 0.18 ± 0.04
+HRSO 7 μm 36 32.38 ± 0.96 0.25 ± 0.02

Data represent the mean ± standard deviation (n = 3)
CS cornstarch, CS-R CS particles coated with a drug reservoir layer,
HCO hydrogenated castor oil, HRSO hydrogenated rapeseed oil
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collisions and friction during mixing, was applied to the
particle. For these reasons, it was considered that HCO
would produce large quantities of molten liquid during
low-temperature mixing more readily than HRSO. Con-
versely, the amount of molten HRSO that acted as a bind-
ing agent was small, as compared to HCO. Therefore, it
was inferred that granulation does not occur with a 7.0-μm
coating of HRSO.

Figure 11 shows the dissolution of TP from particles
coated with the indicated thickness of HRSO. The TP disso-
lution rate decreased as the thickness of the HRSO coating
increased. For instance, the dissolution of TP from 7.0-μm
HRSO-coated particles was less than 10% after an 8-h disso-
lution period. The dissolution rates from particles with HRSO
layers thicker than 7.0 μm were roughly the same as those
from particles coated in 7.0 μm of HRSO. With a 7.0-μm layer
of HRSO, almost all cracks in the HCO layer were covered.
We believe that this explained why TP dissolution was almost
abolished.

Fickian Diffusion

For a more detailed understanding of how the formation
of the HCO and HRSO layers affect drug dissolution, the
dissolution behavior of TP was analyzed using an empirical
formula proposed by Korsmeyer and Peppas (19,20).

Mt

M∞
¼ Ktn

Where Mt is the amount of drug dissolved within time t,
M∞ is the total amount of drug dissolved over an infinite
length of time, and K is a rate constant. Generally, if the
index n is 0.5, then the drug dissolution corresponds to the
Fickian diffusion model. If n < 0.5, the drug dissolution is
pseudo-Fickian; whereby, the drug partially diffuses into
the matrix. If n = 1, then the swelling and relaxation of
the matrix is the rate-determining step, and drug dissolu-
tion exhibits a zero-order release. For 0.5 < n < 1, the drug
dissolution is non-Fickian. Both Fickian diffusion and ma-
trix relaxation are believed to contribute to drug dissolu-
tion. Table III shows parameters obtained from analyses
using this formula for the range Mt/M∞ < 0.6 on the disso-
lution behavior of TP, as shown in Figs. 8 and 11. For the
particles coated with HCO only, K decreased as the thick-
ness of the layer increased, and the value of n was close to
1 at all thicknesses. This indicates that TP showed a steady
release rate, which was independent of time. When the
particles were coated with a 1.5-μm HCO layer followed
by HRSO, K was lower than that observed in particles
coated with HCO only. The value of n was close to 0.5
or less, suggesting that dissolution of TP from CS-Rs coat-
ed in HCO and HRSO followed the Fickian diffusion
theory.

These results confirm that dry coating can be used suc-
cessfully to prepare sustained-release fine particles that were
less than 50 μm in diameter; these consisted of CS core parti-
cles coated in a drug reservoir layer (composed of TP and
PEG), as well as an outer controlled-release bilayer (com-
posed of HCO and HRSO).

Preparation of Controlled-Release Fine Particles via the Dry
Coating Process

Figure 12 illustrates the dry coating process used in this
study for the preparation of sustained-release fine particles.
Mixing CS with TP in an ultrahigh-speed mixer micronized
large-diameter TP particles to a submicron size. Addition of
water-soluble PEG to the mixture led to the formation of a
drug reservoir layer (approximately 16 μm in diameter) on the
CS particles, which were already layered with TP and PEG.
The drug reservoir layer was coated with hydrophobic HCO
and HRSO to prepare single-core particles. Table IV shows
the average particle diameter and geometric standard devia-
tion at each stage of the preparation process. The observed
particle diameter was slightly smaller than the theoretical
value calculated using the prescription amounts, which was
considered to be due to wear caused by particle collision
during mixing. Moreover, only small variations were observed
in the average particle diameter and geometric standard devi-
ation at each stage, suggesting that particle preparation by this
method was reproducible. The TP in the CS-Rs retained its
crystalline structure, and dissolution of TP from the final
product was less than 10% after 8 h.

CONCLUSION

In this study, a dry coating process that did not use water
or organic solvents was utilized to successfully prepare multi-
layer, single-core particles that were less than 50 μm in diam-
eter and contained both drug reservoir and controlled-release
layers. We expect that this method will prove extremely useful
for preparing sustained-release fine particles for use in multi-
ple-unit, controlled-release tablets, capsules, and orally
disintegrating tablets.
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