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a b s t r a c t

This work investigates the technical feasibility of formulating water-redispersible nanocrystals of a poorly
aqueous soluble drug by a continuous and scalable route. By coupling antisolvent precipitation with
immediate spray-drying, fenofibrate nanoparticles were precipitated and formulated into a dry powder
form containing lactose or mannitol as redispersant, hydroxylpropyl methyl cellulose (HPMC) and sodium
dodecyl sulfate (SDS) as stabilizers. Field emission scanning electron microscopy (FESEM) and dynamic
laser light scattering (DLLS) showed that nanosized fenofibrate were observed both upon precipitation
and after the formulated powder was reconstituted in water. Analyses with powder X-ray diffraction
pray-drying
enofibrate
anoformulation
anocrystal
oorly water-soluble drug

(PXRD) and differential scanning calorimetry (DSC) showed that the formulated drug remained predom-
inantly in the crystalline state. USP dissolution testing in 0.1 N HCl solution with 0.5% (w/w) Tween-80
showed that the nanocrystals could be readily redispersed upon reconstitution and exhibited signifi-
cantly a higher dissolution rate with 84.2% drug dissolved in 5 min as compared to the conventional
spray-dried formulation (31.7%) and the physical mixture (9.7%) using micronized fenofibrate. The results
suggest the potential of combining static mixing and spray drying for large-scale continuous production
of pharmaceutical nanoformulations.
. Introduction

Poor aqueous solubility is rapidly becoming the leading hur-
le for formulation scientists working on oral delivery of drug
ompounds and has led to the development of novel formulation
echnologies (Kesisoglou et al., 2007). While the strategy of reduc-
ng the particle size of an active pharmaceutical ingredient (API)
y micronization has already been applied in the pharmaceutical

ndustry for several decades, nanonization either by “top-down”
r “bottom-up” approach can further enhance the dissolution rate
f the poorly water-soluble drugs and increase oral bioavailabil-
ty (Jia et al., 2002; Merisko-Liversidge et al., 2003; Rabinow,

004; Keck and Muller, 2006; Kesisoglou et al., 2007). In compar-

son to micronized-APIs, drug nanocrystals possess some specific
dvantages, such as enlarged surface area, enhanced saturation sol-
bility, and increased dissolution rate, which result in an increased
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and consistent oral bioavailability. Drug nanocrystals have been
defined as nanoparticles being composed of 100% drug without
any matrix material and with a mean particle size below 1 �m
(Keck and Muller, 2006). Currently, industrial-scale production of
drug nanocrystals falls mainly into the category of “top-down”
approaches, in particular media milling and high pressure homog-
enization, which basically rely on mechanical attrition to render
large crystalline particles into nanoparticles (Van Eerdenbrugh
et al., 2008). In contrast, the “bottom-up” approaches, which
rely on controlled precipitation/crystallization to form nanopar-
ticles by building particles up from the molecular state, are not
widely used for drug nanocrystal production due to difficulties to
retain the nanosize after precipitation, subsequent particle growth,
solid-state stability, scale-up difficulties, poor drug redispersibil-
ity, residual solvent content, and high production costs (Horn and
Rieger, 2001; Rasenack and Muller, 2002; Rogers et al., 2004;
Matteucci et al., 2006; de Waard et al., 2008a; Dong et al., 2009b).
Such methods include supercritical fluid technologies such as rapid
expansion of supercritical solution (RESS) and gas antisolvent pre-

cipitation (GAS) (Tom and Debenedetti, 1991; Elvassore et al.,
2001; Turk et al., 2002; Pathak et al., 2004; Turk and Lietzow,
2004; Shekunov et al., 2006) and spray freezing/evaporation into
liquid (Hu et al., 2002, 2004; Rogers et al., 2002; Sarkari et al.,
2002). Among them, antisolvent precipitation was reported as a
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temperature, 1 ml of drug solution (solvent) was rapidly injected
using an Eppendorf Pipette into a 50 ml-beaker containing 10 ml of
antisolvent at the stirring rate of 1000 rpm (IKA Magnetic Stirrer,
Germany) to produce a fine milky suspension.

Table 1
Compositions of drug solution and antisolvent containing excipients.
J. Hu et al. / International Journal

imple and cost effective approach with scale-up potential (Horn
nd Rieger, 2001; Rogers et al., 2004). Examples are the hydrosols
eveloped by Sucker (Novartis, previously Sandoz) and the prod-
ct Nanomorph by Soliqs/Abbott (previously Knoll/BASF) and other
recipitation techniques differing in precipitation details (Keck and
uller, 2006). In comparison to the “top-down” technologies which

an only be used in a batch-production process, antisolvent precipi-
ation has the potential to be applied in a continuous manufacturing
rocess, which meets the new trend of changing the manufacturing
oncept from batch-wise to continuous processing in the phar-
aceutical industry (Leuenberger, 2001; Gonnissen et al., 2008).

esides, it may lead to smaller particle size and amorphous drug
anoparticles which are theoretically able to get the highest sat-
ration solubility and dissolution rate, and totally avoid potential
etal contamination problems existing in “top-down” technolo-

ies (Kesisoglou et al., 2007; Mueller and Keck, 2008).
In principle, nanonization by antisolvent precipitation involves

he intensive mixing of an organic solvent containing a poorly
ater-soluble drug with an antisolvent (such as an aqueous
edium), which results in the precipitation of finely dispersed

rug nanocrystals. Although the particle formation process sounds
traightforward, retaining the nanosize of the fresh precipitates is a
ey challenge. As smaller particles are more soluble than large ones,
aterial transfer occurs from the fines to the coarse particles driven

y a phenomenon called “Ostwald ripening” whereby coarse par-
icles grow at the expense of fine particles re-dissolving (Horn and
ieger, 2001). “Top-down” approaches are not notably affected by
his phenomenon, as the drug nanocrystals produced are typically
ot soluble in the working medium and remain comparatively sta-
le in particle size. Although some surfactants (e.g. sodium dodecyl
ulfate, modified gelatins, hydroxypropyl methyl cellulose, polox-
mer, etc.) can act as short-term stabilizers to retard the growing
rocess of the nanocrystals, prolonged stabilization can only be
chieved by immediate drying (Gassmann et al., 1994). And prior
o drying, redispersants need to be added to the nanosuspension
o ensure that the dried drug nanocrystals remain unaggregated as
ndividual nanoentities. After conversion to the dry powder form, it
s of high importance that upon reconstitution, the drug nanocrys-
als are released from the formulation as an ultrafine dispersion
ithout aggregates to retain the main advantage of bioavailability

nhancement. Otherwise, if aggregation occurs, the bioavailabil-
ty decreases with increasing proportion of aggregates. To achieve
his, the drug needs to remain nanodispersed in solid matrix of the
olid dosage form (Keck and Muller, 2006; Kesisoglou et al., 2007).
ugars, such as lactose, mannitol, and sucrose, are commonly used
s redispersants in oral formulations, which need to be added to
he nanosuspension before spray-drying or freeze-drying to ensure
omplete redispersion of nanoparticles into their pre-drying state
Abdelwahed et al., 2006; Kesisoglou et al., 2007). The principle is
hat the dried drug nanocrystals are interdispersed and stabilized
n the continuous solid matrix of the sugars to prevent aggregation.
reeze-drying and spray-drying are two commonly used meth-
ds to convert nanosuspensions into redispersible dry powders
Abdelwahed et al., 2006; Chaubal and Popescu, 2008). Compared
ith freeze-drying, spray-drying is reported as more cost-effective

nd easier to be implemented directly after antisolvent precipita-
ion in continuous production process (Gassmann et al., 1994).

Our previous work has described a continuous and highly effec-
ive static mixing process for the production of drug nanocrystals
ia the antisolvent precipitation approach (Dong et al., 2009a). The
se of a static mixer has major scale-up advantages in process

evelopment, since it maintains practically the same precipitation
onditions in a beaker, and avoids stirring and mixing problems
t production-scale (Keck and Muller, 2006). In order to extend
his work to formulate the nanocrystals produced into a water-
edispersible dry powder form in a continuous process, this work
rmaceutics 404 (2011) 198–204 199

is aimed at stabilizing the nanocrystals stream against particle
growth (“Ostwald ripening” effect) and aggregation with the aid of
stabilizers and redispersant, followed by immediate spray-drying.
As a proof-of-concept at lab-scale, antisolvent precipitation was
conducted batch-wise by antisolvent precipitation followed by
immediate spray-drying using a mini-spray dryer (within 1 min).
This batch precipitation process is used as a proxy for continuous
static mixing because the static mixing process would produce a
large quantity of nanocrystals and require a spray dryer beyond
lab-scale at much higher costs. To ensure that the batch results are
equivalent to static mixing, the particle size of nanocrystals from
this batch process is analyzed and compared with those by static
mixing.

Fenofibrate was chosen as the model API as it is a lipophilic drug
with negligible water solubility and belongs to BCS Class II drugs
(Munoz et al., 1994). Bioavailability of fenofibrate solely depends
on the dissolution rate in the gastrointestinal tract. This drug is
used in lipid regulation as it decreases low-density lipoprotein
level (LDL) and very-low-density lipoprotein level (VLDL), as well
as increases high-density lipoprotein level (HDL). As fenofibrate
has a very low glass transition temperature (Tg) of −21.3 ◦C (de
Waard et al., 2008b), there is a high risk of uncontrolled crystal-
lization as a solid dispersion (Drooge et al., 2006). Therefore, this
work may be useful to address potential application of nanocrystals.
Currently, there are two types of fenofibrate nanocrystal formu-
lation tablets in the market. One is Tricor®, which is developed
via Elan’s NanoCrystal® media milling technology and being mar-
keted by Abbott. The other is Triglide®, which is developed via
SkyPharma’s IDD®-P high-pressure homogenization technology
and being marketed by SkyPharma (Van Eerdenbrugh et al., 2008).
As both products are produced by “top-down” technologies, our
work using a “bottom-up” approach may provide an alternative
route to prepare fenofibrate nanoformulations.

2. Materials and methods

2.1. Materials

Fenofibrate (micronized), �-lactose monohydrate, mannitol,
sodium dodecyl sulfate (SDS), and Tween-80 were purchased from
Sigma–Aldrich. Hydroxylpropyl methyl cellulose (HPMC) E3 was
obtained from Shin-Etsu Chemical Co., Ltd. Ethanol and hydrochlo-
ric acid were supplied by Fisher Scientific. Ethanol was selected as
it is a water-miscible organic solvent with low toxicity and boiling
point.

2.2. Methods

2.2.1. Antisolvent precipitation of drug nanocrystals by batch and
static mixing

The compositions of drug solution and antisolvent containing
excipients are given in Table 1. During batch precipitation at room
Solvent/antisolvent Composition

API in organic solvent 50 mg/ml of fenofibrate in ethanol
Excipients in aqueous medium Water containing 10 mg/ml lactose

or mannitol, 0.5 mg/ml SDS and
0.5 mg/ml HPMC E3
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2.2.8. Dissolution test
The dissolution profiles of powder samples were measured

in 900 ml of 0.1 N hydrochloric acid solution with 0.5% (w/w)
Tween-80 at 37 ◦C, using a USP dissolution apparatus II (VK 7010
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Fig. 1. Process flow of batch precipitation followed by spray-drying.

During static mixing at room temperature, the drug and anti-
olvent solutions were pumped into a 6-element SMV DN25 static
ixer (Sulzer Chemtech, Switzerland) at flow rates of 50 ml/min

nd 500 ml/min respectively, with the nozzle diameters of 0.5 and
.5 mm.

.2.2. Preparation of drug nanoformulation in powder form by
mmediate spray-drying

In order to minimize the “Ostwald ripening” effect, the batch
recipitation (as a proxy to static mixing) was followed by imme-
iate spray-drying (Büchi Mini Spray-dryer B-290 with inlet loop
-295, Germany) as illustrated in Fig. 1.

Upon precipitation, the fine milky suspension was immediately
nd continuously fed to the spray dryer via a peristaltic pump and
ried within 1 min. The inlet temperature was kept at 150 ◦C and
he feeding rate was 11 ml/min. Shortly before the spray-drying
rocess ends, batch precipitation was repeated followed by spray-
rying in the same manner. By repeating the same procedures,
pproximately 10 g of drug nanoformulation in powder form was
roduced in 1 h.

.2.3. Preparation of control samples
To evaluate the performance of the spray-dried nanoformula-

ion, two control samples with a similar composition but containing
icronized fenofibrate were prepared as comparison. The first

ample is a physical mixture consisting of 1 g of micronized fenofi-
rate, 2 g of lactose, 0.1 g of HPMC E3 and 0.1 g of SDS, which was
ixed using a mortar and pestle. The second sample is prepared by

pray-drying a suspension of the physical mixture in 200 ml water
ith inlet temperature of 150 ◦C and feeding rate of 10 ml/min
hile being agitated at 600 rpm. Prior spray-drying, the suspension
as ultrasonically dispersed for 10 min.

.2.4. Particle size measurement
Dynamic laser light scattering technique (Nano-Zetasizer,

alvern, UK) was used to measure the size of the freshly pre-
ipitated drug particles and the reconstituted drug particles upon
edispersing the spray-dried formulation in water. To reduce the
ffect of particle interaction, the particle concentration was diluted
ith deionized water to approximately 0.25 mg/ml for each mea-

urement. The measurements were done in triplicate to determine
he z-average size. To measure the size of reconstituted drug parti-
les, ∼50 mg dry powder containing ∼15 mg fenofibrate was added
nto 10 ml water, and then the resultant suspension was vigorously
haken by hand for 1 min.
.2.5. Field emission scanning electron microscopy (FESEM)
To prepare freshly precipitated or reconstituted drug particles

or analysis, one drop of the suspension obtained by antisolvent
recipitation or reconstitution was placed onto a carbon-coated
opper grid and then vacuum dried at 35 ◦C for 1 h. All samples were
Diameter (µm)

Fig. 2. Size distribution of freshly precipitated particles by (a) batch mixing and (b)
static mixing.

mounted on aluminum sample studs using double-sided carbon
tapes and Au sputtered at 20 mA for 70 s before examination using
a Field Emission Scanning Electron Microscope (JEOL JSM-6700F,
Japan) at 5 kV.

2.2.6. Powder X-ray diffraction (PXRD)
The crystallinity of powder samples was analyzed using an X-

ray diffractometer (D8-Advance Bruker, Germany). Samples were
scanned from 5◦ to 40◦ (2�) with a step size of 0.017◦ and a time
per step of 1 s using Cu K� radiation.

2.2.7. Differential scanning calorimetry (DSC)
A Diamond DSC Calorimeter (PerkinElmer, USA) was used to

determine the degree of crystallinity of the formulated sam-
ples. This was defined as the ratio of the melting enthalpy of
fenofibrate in the formulated sample to the heat of fusion of as
purchased fenofibrate multiplied by the weight fraction of fenofi-
brate of the formulated sample. Due to the very low glass transition
temperature of fenofibrate, it was assumed that as purchased
micronized-fenofibrate was completely crystalline. 3–5 mg of pow-
der was filled into a hermetically closed aluminum pan before being
heated at 10 ◦C/min from 40 to 110 ◦C.
302520151050
0

Time (min)

Fig. 3. The effect of ageing time on the size of freshly precipitated drug particles
under stirring condition at the rate of 600 rpm.
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ig. 4. Scanning electron micrographs of (a) and (b) micronized fenofibrate, (c) and
pray-dried nanoformulation, and (f) reconstituted drug particles by redispersing t

issolution Tester, VARIAN, UK) with the paddle speed set at
00 rpm. Sample was taken by auto sampling system equipped
ith filter (pore size: 0.22 �m) at interval of 5 min. The concen-

ration of fenofibrate was measured online spectrophotometrically
t wavelength of 290 nm. Each powder sample contained 25 mg of
enofibrate.

. Results and discussion

.1. Antisolvent precipitation and formulation of fenofibrate
anoparticles
In both the batch and static mixing experiments, rapid mixing
f the fenofibrate solution with the antisolvent induces high super-
aturation, which results in fast nucleation and a large number of
ne particles being precipitated. As shown in Fig. 2, DLLS analysis
eshly precipitated fenofibrate particles by batch and static mixing respectively, (e)
ay-dried nanoformulation in water.

showed that both methods produced particles that were submicron
in size. Sodium dodecyl sulfate (SDS) and hydroxylpropyl methyl
cellulose (HPMC) E3, which are present in the antisolvent solu-
tion, are found to be effective in retaining the particles within the
nanosized range by minimizing particle aggregation and retard-
ing the Ostwald ripening effect. As the z-average diameters of
these particles by batch and static mixing were quite comparable
at 318 ± 19 nm and 328 ± 22 nm respectively, the results also con-
firmed that batch mixing can be used as a suitable proxy for static
mixing to produce nanosized particles in this study.

Although a suspension of nanosized fenofibrate particles has

been prepared after precipitation, the presence of ethanol solvent
in the suspension increases the solubility of fenofibrate in the aque-
ous phase and accelerates the process of Ostwald ripening, which
may result in the growth of nanoparticles in size and/or change
in crystallinity (Liu et al., 2007; Kumar and Prud’homme, 2009).
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Fig. 5. Size distribution and z-average diameter of (a) freshly precipitated parti-
cles and (b) reconstituted drug particles by redispersing the spray-dried powder
formulation in water.
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3.2.2. Redispersibility
ig. 6. Powder X-ray diffractograms of (a) micronized fenofibrate, (b) spray-dried
ormulation containing micronized fenofibrate, and (c) spray-dried nanoformula-
ion.

ig. 3 shows the size evolution of the freshly precipitated fenofi-

rate nanoparticles under stirring condition at the rate of 600 rpm.
s can been seen, within 2 min after precipitation, the drug particles
aintained similar z-average diameter as the freshly precipitated

articles. At 2 min, particle size started to increase slowly, which
eached a sharp rise after 6 min. After 10 min, the mean particle size
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ig. 7. DSC thermograms of (a) micronized fenofibrate, (b) spray-dried formulation
ontaining micronized fenofibrate, and (c) spray-dried nanoformulation.
Fig. 8. Dissolution profiles of (a) physical mixture of micronized fenofibrate and
excipients, (b) spray-dried physical mixture, and (c) spray-dried nanoformulation
(n = 6, mean ± SD). Lactose was used as the redispersant in the formulation.

increased to 2.5 �m. The result indicates the necessity of immediate
drying to help stabilize the freshly precipitated drug nanoparticles.
In this study, immediate spray-drying following antisolvent pre-
cipitation is carried out to inhibit particle growth and formulate
the suspension into a water-redispersible powder form, which can
be used for subsequent tabletting or capsule filling.

3.2. Physicochemical characterization

3.2.1. Morphology
As compared to aggregated clusters of as purchased micronized

fenofibrate in Fig. 4a and b, drug nanocrystals freshly precip-
itated by batch and static mixing are easily distinguishable as
individual nanoparticles in Fig. 4c and d. Their geometric dimen-
sions in hundreds of nanometer agreed with the earlier particle
size measurements. After spray-drying, a micron-sized spherical
matrix-structure of fenofibrate and excipients was observed in
Fig. 4e, which is likely due to the presence of redispersant lactose.
Upon reconstitution in water, as the redispersant lactose is very sol-
uble as compared to fenofibrate, it dissolves very quickly exposing
the fenofibrate nanoparticles in Fig. 4f.
In Fig. 5, DLLS analysis shows that the z-average diameter of the
reconstituted drug particles remained in the submicron range and
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Fig. 9. Dissolution profiles of (a) physical mixture of micronized fenofibrate and
excipients, (b) spray-dried physical mixture, and (c) spray-dried nanoformulation
(n = 6, mean ± SD). Mannitol was used as the redispersant in the formulation.
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emonstrates good redispersibility of fenofibrate nanocrystals in
he spray-dried nanoformulation.

.2.3. Powder X-ray diffraction
As shown in Fig. 6, characteristic peaks of fenofibrate are clearly

bserved in both the nanoformulation and the spray-dried powder
ample having the same composition but with micronized fenofi-
rate. The results suggest that the crystalline form of fenofibrate is
resent. The low amorphous humps in Fig. 6b and c as compared
ith the diffractogram (Fig. 6a) of micronized fenofibrate are likely

ontributed by amorphous lactose after spray-drying.

.2.4. Differential scanning calorimetry
As shown in Fig. 7, the endothermic peaks at approximately

8–82 ◦C are resulted from the melting of fenofibrate in the
rystalline form in micronized fenofibrate, spray-dried formula-
ion containing micronized fenofibrate and nanoformulation. The
ubsequent exothermic peaks in Fig. 7b and c are due to the recrys-
allization of amorphous lactose. Using micronized fenofibrate as
he 100% crystalline reference, the degree of crystallinity of the
anoformulation was determined to be approximately 90%. The
esults suggest that fenofibrate in the nanoformulation is predom-
nantly in the crystalline state, which agree with the PXRD data.

.2.5. Dissolution
Fig. 8 compares the dissolution profiles of the spray-dried

anoformulation, the physical mixture containing the same com-
osition but micronized fenofibrate and the spray-dried physical
ixture. The spray-dried nanoformulation exhibits a much faster

issolution rate (84.2% dissolved within 5 min) than the physi-
al mixture with (31.7%) and without spray-drying (9.7%). The
nhancement in dissolution rate of the physical mixture by spray-
rying is probably due to the deaggregation of the micronized
enofibrate. As shown in Fig. 4a and b, micronized fenofibrate is
omposed of largely aggregated particles and aggregation reduces
he surface area available for dissolution. After physical mixing with
mortar and pestle, the mechanical stress applied tends to encour-
ge further particle aggregation. By ultrasonic dispersion of the
hysical mixture prior spray-drying, some of the fenofibrate par-
icles may become deaggregated leading to an increase in surface
rea and a higher dissolution rate. According to Noyes–Whitney
quation, the drug dissolution rate is linearly proportional to the
urface area exposed to the dissolution medium (Kesisoglou et al.,
007). As compared with micronized fenofibrate, the spray-dried
anocrystals have a much larger surface area and increased satura-
ion solubility, which would further accelerate the drug dissolution
ate (Muller and Peters, 1998; Kesisoglou et al., 2007). In addi-
ion, the spray-dried nanoformulation was completely dissolved
n approximately 15 min, 17% and 44% drug remained undissolved
rom the physical mixture with and without spray-drying respec-
ively, even after 60 min. The substitution of lactose with mannitol
s redispersant produced similar dissolution results as shown in
ig. 9. The fast release of drug nanocrystals from the matrix pro-
ides an advantage for this formulation as compared with the
onventional solid dispersion whereby the matrix made of polymer
aterials provides a sustained release.

. Conclusions

An experimental study was conducted to develop a continuous
nd scalable process that can precipitate fenofibrate nanocrystals

nd formulate them into a water-redispersible powder form.

In this process, fenofibrate was dissolved in ethanol and rapidly
ixed with the antisolvent water solution of excipients to pre-

are a nanosuspension, which was then immediately spray-dried
nto a powder form to minimize the effect of Ostwald ripening.
rmaceutics 404 (2011) 198–204 203

Sodium dodecyl sulfate (SDS) and hydroxypropyl methyl cellulose
(HPMC) as stabilizers and lactose or mannitol as redispersant were
added into the antisolvent solution to minimize particle growth
and aggregation and to keep the drug as individual nanoentities
in the powder composition. Particle size measurements and SEM
observations showed that the freshly precipitated fenofibrate was
submicron in size and the spray-dried nanoformulation disinte-
grated into nanosized fenofibrate upon reconstitution in water.
According to PXRD and DSC data, the drug remains predominantly
in the crystalline state. Dissolution test results showed that the
nanoformulation achieved a significantly higher drug dissolution
rate at 84.2% within 5 min than the physical mixture with (31.7%)
and without (9.7%) spray-drying. The developed process is a direct
and fast formulation approach to produce drug nanocrystals in
a water-redispersible powder form. The results demonstrate the
potential of coupling antisolvent precipitation using static mixing
and spray-drying to achieve continuous industrial-scale production
of pharmaceutical nanoformulations.
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