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bstract

Design methods of nanoparticle formulations are divided into a break-down method and a build-up method. Furthermore, the former is fur-
her divided into dry and wet processes. For drug nanoparticle preparations, the wet process is generally employed, and organic solvents are
sed in most formulations. In this study, we investigated the preparation of nifedipine (NI) nanoparticles without using any organic solvent. NI
anoparticles with a mean particle size of approximately 50 nm could be prepared without organic solvent by a combination of roll mixing and
igh-pressure homogenization. The X-ray diffraction peak of the sample prepared by roll mixing was present at an identical position (2θ) to that
f NI crystals, showing that no peak shift was induced by interaction with lipid. These findings clarified that most NI remained as crystals in
ipid.

To maintain the particle size of the nanoparticles in suspension for a long time, a method of adding gelatin powder to the NI-lipid nanoparticle

uspension, dissolving the mixture by heating, and then solidifying by cooling was investigated. The mean particle size of the sample was about
5 nm, and that after heat-liquefaction of the NI-lipid nanoparticle suspension gelated at 5 ◦C for 24 h was also about 55 nm, showing that the
anoparticle condition was retained.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Improvement of water solubility of drugs is widely performed
o efficiently deliver poorly water-soluble drugs into the body,
nd utilization of surfactants (Kim et al., 2001; Kawakami et al.,
004) and co-grinding with water-soluble polymers (Yamada
t al., 1999) are employed. Nanotechnology has recently been
ttracting attention, and establishment of pharmaceutical tech-
ologies to micronize drug particles may improve drug solubility

Eyjolfsson, 1999; Law et al., 2003). In addition to improvement
f drug solubility due to an increase in the drug particles surface
rea, drugs micronized to the nano-order may also be directly

∗ Corresponding author. Tel.: +81 956 20 5750; fax: +81 956 20 5623.
E-mail address: kamiya@niu.ac.jp (S. Kamiya).
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ure homogenization

elivered through the intestinal Payer’s patches (Desai et al.,
996).

The design methods of nanoparticle preparations are roughly
ivided into break-down and build-up methods (Henzie et al.,
006; Rothemund, 2006). The former grinds particles to a
ano-order size by the dry (Carrasquillo et al., 2001; Moribe
t al., 2005; Young et al., 2005) or wet (Jacobs et al., 2000;
ao and Yao, 2004) process. Regarding the dry process, co-
rinding methods with adjuvants (polymers, such as polyvinyl
yrrolidone and microcrystalline cellulose, and water-soluble
ubstances, such as sugars, sugar alcohol, and amino acids)
ave been developed (Adesogan et al., 2004; Williams et al.,

005). The wet process is capable of reducing the limit of parti-
le size, compared to the dry process, for example, high-pressure
omogenization (Pupo et al., 2005; Uner et al., 2005). The wet
rinding methods are capable of micronizing drug particles to a

mailto:kamiya@niu.ac.jp
dx.doi.org/10.1016/j.ijpharm.2007.10.049
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everal hundred-nanometer size, but most methods use organic
olvents in the process (Sakuma et al., 2002; Santhi et al., 2002;
hirumala et al., 2000).

Accumulation of residual solvents in the body and envi-
onmental pollution by liquid wastes are matters of concern
egarding the use of organic solvents. To overcome these prob-
ems, we investigated nanoparticle preparations without using
rganic solvents, such as ethanol, in any stage of the process.
s methods not involving organic solvents, the fusion method
ith heating (Sheen et al., 1995) and supercritical fluid method
sing carbon dioxide as a solvent (Thakur and Gupta, 2006)
re available. In this study, we investigated the combination of
dry process, co-grinding by a roll mill, and a wet process,

igh-pressure homogenization.
For the model drug, a practically insoluble drug, Nifedip-

ne (NI), was used. NI is an antihypertensive drug administered
ainly orally.
We previously reported that freeze-drying of nanoparticles

llowed reproduction of the nanoparticle condition in suspen-
ion after long-term storage. However, for its application to oral
rugs, this procedure is disadvantageous in requiring preparation
t the time of use and having a high production cost. Therefore,
simple method substituting for the freeze-drying method is

ecessary. We investigated a method to maintain the dispersed
ondition of nanoparticles by adding gelatin to nanoparticle dis-
ersion and solidifying the mixture. Semisolid preparation was
ut to practical use as external preparation such as ointment or
ream. Oral jelly formulation has been reported recently, but a
ain purpose was improvement of compliance of the patient
ho had dysphagia (Dairaku and Togashi, 2005). In this study,
e studied the formulation which became half solidity for the
urpose of maintaining nanoparticles for a long term, it is not
lmost reported till now.

. Materials and methods

.1. Materials

Hydrogenated soybean phosphatidylcholine (COATSOME®

C-21 (HSPC)) and dipalmitoyl phosphatidylglycerol
COATSOME® MGLS-6060 (DPPG)) were purchased from
ippon Oil and Fats Co., Ltd. (Tokyo, Japan). Nifedipine

JPXIV, NI) was provided by Nippon Fine Chemical Co., Ltd.
Osaka, Japan). Ethanol (reagent grade) was purchased from

ako Pure Chemical Industries, Ltd. (Osaka, Japan). Gelatin
owder was provided by Nitta Gelatin incorporation (Tokyo,
apan).

The membrane filter (pore size: 100 nm) was purchased from
oyo Roshi Kaisha Ltd. (Tokyo, Japan). All reagents were used
s it is. Purified water that had been treated by ion exchange was
sed.

.2. Preparation of NI-lipid (HSPC–DPPG) mixture
Thirty milligram of NI and 1000 mg of lipid (HSPC:
PPG = 5:1 molar ratio) were added into a mortar, and phys-

cally mixed. The mixture was then co-ground in a roll mill

2

m
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Kodaira Seisakusho Co., Ltd.), and mixed-ground at a rota-
ional velocity ratio of 1:2.5:5.8 for 5 min, in which the sample

ostly adhered to, but partially fell from the roller. Thus, the mill
as stopped every 30 s, and the fallen sample was collected. This

o-grinding cycle was repeated.

.3. Preparation of NI-lipid mixture nanoparticle
uspension

A 30:1000 NI-lipid mixture (HSPC:DPPG = 5:1 molar ratio)
repared by roll milling was dispersed in 200 ml of purified
ater, and premixed using a Speed Stabilizer (10,000 rpm,
INEMATICA Co.) at 9000 rpm for 10 min. This premixed

uspension was applied to a high-pressure homogenizer
max pressure: 9.5 kg/cm2) (Nanomizer, X form chamber;
OKUSHU KIKA KOGYO, Co.), and processed by 10, 20,
0, or 40 cycles of homogenization. Other premixed suspension
sed as comparative controls were prepared as described below.

Ethanol treatment method: 30 mg of NI and 1000 mg of lipid
HSPC:DPPG = 5:1 molar ratio) were dissolved with 2 ml of
thanol in a 80 ◦C water bath, and ethanol was evaporated. The
ixture was then dispersed in 200 ml of purified water and

remixed using a speed stabilizer.
Sonication method: Samples were directly dispersed in

00 ml of purified water and sonicated for 20 min. The sonicated
uspension was premixed using a speed stabilizer.

No treatment: Samples were directly dispersed in 200 ml of
urified water and premixed using a speed stabilizer.

.4. Nanoparticle size measurement

The mean particle sizes of nanoparticles prepared by high-
ressure homogenization at various numbers of rotations were
easured at room temperature using an electrophoretic light

cattering photometer (ELS-8000, Otsuka Electronics Co., Ltd.)
t a fixed angle of 90◦. The particle sizes were analyzed based on
eight distribution. The nanoparticle suspension was analyzed
ithout dilution.

.5. Quantification of NI

To measure the ratio of 100 nm or smaller NI particles,
anoparticles were filtered through a membrane filter with

100-nm pore size, and 1 ml of the filtered nanoparticle
uspension was completely dissolved with 5 ml of methanol.
he NI content in the methanol/water (=5/1) solution was
easured by the absolute calibration curve method using

n HPLC (LC-9A, Shimadzu Co.). The column used was
iChroCART 250-4 (Merch Co.). For the calibration curve, NI
as dissolved with methanol/water (=5/1) at 5, 10, 20, 40, and
0 �g/ml, and its absorbance was measured. The mobile phase
as methanol:water = 5:1 and the absorbance wavelength was
50 nm. The flow rate was 0.6 ml/min.
.6. Powder X-ray diffraction

NI and lipid were weighed at 30:1000 (weight ratio) and
ixed in a mortar for 5 min, followed by co-grinding in a roll mill
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Fig. 2. The mean particle size of premixed suspension prepared by various meth-
ods. Each bar represents the mean S.D. of three measurements. Roll milling
method: NI-lipid (HSPC:DPPG = 5:1, molar ratio) mixture was prepared by roll
milling. NI-lipid mixture was dispersed in purified water. The dispersed suspen-
sion was premixed. Ethanol treatment method: NI and lipid (HSPC:DPPG = 5:1,
molar ratio) mixture were dissolved in ethanol and evaporated. NI-lipid mixture
was dispersed in purified water. The dispersed suspension was premixed. Soni-
c
2
d

s
d
l
m
i
b
fl
A
N
i
t
w
u
p

F
B

44 S. Kamiya et al. / International Journ

or 1–5 min. Individual NI and lipid samples were consecutively
rocessed by roll milling for 5 min each. For physical mixing,
ipid processed by roll milling for 5 min and unprocessed NI
ere mixed in a mortar using a pestle for 5 min. The prepared

amples were subjected to powder X-ray diffraction with CuK�
adiation at 40 kV, 30 mA, and room temperature using a powder
-ray diffractometer (RAD-C, Rigaku Denki Co., Ltd.). The

canning rate was 5◦/min, and the diffraction angle (2θ) was
–30◦.

.7. Fourier-transform infrared spectroscopy

Lipid alone (HSPC), the physical mixture of NI and lipid
HSPC), and NI-lipid (HSPC) mixture prepared by roll milling
ere analyzed by Fourier-transform infrared spectroscopy (FT-

R). In addition, the difference spectra: subtraction of the
pectrum of the lipid alone from that of the NI-lipid physical
ixture and from that of the NI-lipid roll mill mixture, were

alculated. The samples were measured by the diffuse reflection
ethod using an FT-IR spectrometer (IR-Prestige 21, Shimadzu
o.).

.8. Gel solidification of nanoparticle suspension

Gelatin powder (Nitta Gelatin Inc.) was added to the prepared
anoparticle suspension at 1.5% and dissolved in a 70 ◦C water
ath, and the sample was then solidified at 4 ◦C for 24 h.

. Result and discussion

Photographs of NI:lipid = 30:1000 (weight ratio) after co-
rinding are shown in Fig. 1. The sample had a whitish
ppearance before co-grinding by roll milling (Fig. 1A), but
he color changed to homogenous fluorescent yellow after co-
rinding, as shown in Fig. 1B, based on which NI was judged

o have been sufficiently mixed.

Treatment of premixed suspension before micronization of
he drug by high-pressure homogenization is essential to pre-
ent the nozzle of the instrument from clogging. In the untreated

p
s
t
4

ig. 1. Photographs of the samples mixed by NI and lipid before/ after co-grinding b
: a photograph after co-grinding of NI and lipid.
ation: NI and lipid were dispersed in purified water directly and sonicated for
0 min. The dispersed suspension was premixed. No treatment: NI and lipid were
irectly dispersed in purified water. The dispersed suspension was premixed.

uspension, NI crystals were floating on the water surface, and
ispersion was heterogeneous, being insufficiently mixed with
ipid. In the sonicated premixed suspension, NI alone sedi-

ented downward, and lipid and NI were separated. NI particles
n this premixed suspension were too large for micronization
y high-pressure homogenization. NI crystalline particles were
oating on the water surface because of incomplete dispersion.
fter sonication, NI crystals were finely dispersed so that the
I crystal surface became wet, which may have induced sed-

mentation. However, as shown in Fig. 2, the particle size in
he dispersion premixed by roll milling was 284.2 nm, which
as smaller than the sizes of ethanol-treated, sonicated, and
ntreated particles, and sufficiently small for application to high-
ressure homogenization.

The results of high-pressure homogenization of the sample

repared by co-grinding by roll milling and the ethanol-treated
ample are shown in Fig. 3. The mean particle size decreased as
he pass number increased in both samples, and the sizes after
0 passes were 53.5 and 56.2 nm, respectively. Regarding the

y roll milling. Panel A: a photograph before co-grinding of NI and lipid. Panel
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Fig. 3. Influence of pass number on the mean particle size of NI-lipid nanoparti-
cles with high-pressure homogenization. Colum shows the relationship between
pass number. Each bar represents the mean S.D. of three measurements. Roll
mill: NI-lipid (HSPC:DPPG = 5:1) mixture were prepared by roll milling. NI-
lipid mixture was dispersed in purified water. The dispersed suspension was
premixed. Premixed suspension was homogenized by high-pressure homoge-
nization. Ethanol: NI and lipid (HSPC:DPPG = 5:1, molar ratio) mixture was
dissolved in ethanol and evaporated. NI-lipid mixture was dispersed in puri-
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Fig. 4. Powder X-ray diffraction patterns of main components NI-lipid prepared
by roll milling. NI-lipid mixture: NI and lipid were ground by roll milling for
5 min.
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ed water. The dispersed suspension was premixed. Premixed suspension was
omogenized by high-pressure homogenization.

atio of NI after 40 passes through a filter with a 100-nm pore
ize, the concentration after filtration was 92.02% of that before
ltration, showing that NI was mostly micronized to 100 nm or
maller. This finding clarified that roll mixing was as effective
s ethanol treatment.

The powder X-ray diffraction pattern of the NI-lipid mixture
repared by roll milling is shown in Fig. 4. In the patterns of
I alone, the physical mixture of NI and lipid, and NI-lipid

oll mill mixture, NI-specific diffraction peaks appeared at 8.2,
6.2, 19.6, 24.4, and 25.9◦. As for the sample co-ground by
oll milling, the peaks were reduced, but the pattern was similar
o that of the physical mixture. Chowdary et al. reported that
he crystal form of poorly soluble drugs disappeared after co-
rinding with a carrier, and formation of the amorphous state
llowed the preparation of solid dispersion (Chowdary et al.,

003; Itoh et al., 2003). In our study, the X-ray diffraction peak
f the sample after mixing was present at the position of NI
rystals, and no peak shift was induced by interaction with lipid,
howing that NI mostly remained as crystals in the lipid.

b
m
b
r

ig. 6. FT-IR spectra of main components in NI-lipid (HSPC) mixture prepared by ro
f NI and lipid (HSPC). (C) Lipid (HSPC) alone.
ig. 5. Changes on powder X-ray diffraction patterns with grinding time of NI-
ipid Mixture. 1 min, 2 min, 3 min, 4 min and 5 min: grinding time of NI-lipid
HSPC:DPPG = 5:1) mixture ground by roll mill.

The relationship between the roll mixing time and X-ray
iffraction is shown in Fig. 5. The crystalline state of NI was
aintained after mixing for 5 min, suggesting that NI crystals
ere incorporated into the lipid. The crystals may not have
een destroyed until they entered the amorphous state, being
ispersed in the lipid as particles smaller than the roller slits.
hus, roll mixing for 5 min may be sufficient.

The FT-IR spectrum of the NI-lipid (HSPC) mixture prepared

y roll mixing is shown in Fig. 6. The spectra of the NI-lipid roll
ixture, NI-lipid physical mixture, and lipid alone were similar

ecause the spectrum of the lipid was strong due to its weight
atio being 25 times that of NI.

ll mill. (A) NI-lipid (HSPC) mixture prepared by roll mill. (B) Physical mixture
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ig. 7. FT-IR differential spectra NI-lipid mixture prepared and physical mixture
ixture. (B) Differential spectrum on subtraction of lipid alone from physical m

To clarify the FT-IR spectrum of NI alone, the difference
pectra were calculated by subtracting the spectrum of the lipid
lone from those of the mixture. The results are shown in Fig. 7.
he difference spectrum of the roll mill mixture was appar-
ntly different from that of the physical mixture in a range
f 2800–3000 cm−1. The appearance of the peaks outside the
egions of C O and N–H stretching vibrations suggested that
artial structural change or new interaction occurred. Saito et al.
eported that roll mixing of poorly soluble drugs with carriers
ltered the drugs to the amorphous state, and induced inter-
olecular interaction (Saito et al., 2002). However, when NI
as mixed with lipid, as shown in the X-ray diffraction pattern
n Fig. 4, NI was mostly present as crystals, suggesting that NI
nteracted with lipid as crystals.

Based on the above findings, NI-lipid nanoparticle suspen-
ion can be prepared without organic solvent. The fusion method

ig. 8. Photographs of NI-lipid nanoparticle suspension containing gelatin
efore/ after gelation. (A) NI-lipid (HSPC:DPPG = 5:1) nanoparticle sus-
ension prepared by high-pressure homogenization. (B) Gelated NI-lipid
HSPC:DPPG= 5:1) nanoparticles. Gelatin was dissolved in NI-lipid nanopar-
icle suspension at 70◦; the suspension was refrigerated for 24 h at 5◦.
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I and lipid. (A) Differential spectrum on subtraction of lipid alone from NI-lipid
e of NI and lipid.

Chen et al., 2004) is a typical method not involving organic sol-
ents, but this method may degrade heat-labile drugs, such as
rotein preparations. This method using roll milling is unlikely
o degrade drugs because of the absence of heat treatment, show-
ng its usefulness.

A novel method for the long-term stability of the particle
ize of the prepared nanoparticle suspension was investigated.
elatin powder was added to the NI-lipid nanoparticle suspen-

ion, dissolved by heating in a water bath, and the mixture was
olidified in a refrigerator. This method is called the gelatin solid-
fication method below. Photographs of the NI-lipid nanoparticle
uspension and its gelatin-solidified preparation are shown in
ig. 8. Fig. 8A shows the NI-lipid nanoparticle suspension

mmediately after high-pressure homogenization. Fig. 8B shows
he NI-lipid nanoparticle suspension combined with gelatin
nd cooled in a refrigerator for 24 h. To visually present the
olidification, the suspension was slanted in a refrigerator. On
acroscopic observation, the dispersion was homogenous and

ransparent after gelatin addition.
The mean particle size was about 55 nm after gelatin addition

o the NI-lipid nanoparticle suspension, and also about 55 nm
fter liquefaction following 24-h cooling at 5 ◦C, showing that

he nanoparticle condition was maintained (Fig. 9). This gel
olidification method using gelatin to maintain the nanoparticle
ondition is expected to be a novel technique.

ig. 9. Effect of gelatin on the mean particle size of NI-lipid nanoparticle
uspension before/after gelation. Gelatin concentration in NI-lipid nanoparti-
le suspension was 1.5% (W/V). Each bar represents the mean S.D. of three
eterminations.
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. Conclusion

The results are summarized as follows:

1) The mean particle size of NI-lipid mixture prepared by
roll mill co-grinding and subsequent high-pressure homog-
enization at a pass number of 40 was about 55 nm, showing
that an NI-lipid nanoparticle suspension could be prepared
without organic solvent.

2) No difference was noted in the X-ray diffraction peak
between the NI-lipid mixture prepared by roll mill co-
grinding and the physical mixture, or in the NI-specific
X-ray diffraction peak between the NI alone and NI-lipid
mixture prepared by roll milling for 5 min. These findings
suggested that NI was mostly present as crystals in the lipid.

3) The difference spectra calculated by subtracting the spec-
trum of the lipid alone from that of the NI-lipid roll mill
mixture and that of the NI-lipid physical mixture were
apparently different in a range of 2800–3000 cm−1, sug-
gesting that intermolecular interaction between NI and lipid
occurred.

4) The mean particle size was about 55 nm before and 24 h
after the gelatin solidification of the nanoparticle suspen-
sion, suggesting that this gel solidification method is useful
for the storage of nanoparticles.
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