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a b s t r a c t

Continuous antisolvent precipitation of spironolactone nanoparticles were performed by impingement
mixing in this work. In the range of Reynolds numbers (Re) 2108–6325 for the antisolvent water stream
and 1771–5313 for the solvent stream, i.e. acetonic drug solution, 302–360 nm drug nanoparticles were
achieved. Increasing drug concentration from 25 to 50 and 100 mg/ml led to a significant size increase
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eywords:
pironolactone
anoparticles
ntisolvent precipitation

from 279.0 ± 2.6 to 302.7 ± 4.9 and 446.0 ± 17.3 nm, respectively. “Two-step crystallization” was first
observed for spironolactone in the water/acetone system: the drug was precipitated initially as spher-
ical cluster, which rearranged into ordered cuboidal nanocrystals finally. The nanoformulation showed
faster dissolution rate in comparison with the raw drug. By combining the impingement mixing and an
on-line spray drying, a fully continuous process may be developed for mass-production of dried drug
nanoparticles.
mpingement mixing

ral bioavailability

. Introduction

Nanoformulation is one of the effective dosage forms to enhance
he dissolution rate of poorly water-soluble drugs and overcome
heir low and variable oral bioavailability (Merisko-Liversidge et al.,
003; Rabinow, 2004; Kesisoglou et al., 2007). Significant ther-
peutic benefits of nanoformulations have been seen from the
arketed products, such as Rapamune®, Emend®, Triglide®, etc. To
ake nanoparticulate drugs, “top-down” approach is mainly used

n the pharmaceutical industry, which breaks large bulk particles
own to less than one micron by milling or high pressure homog-
nization (Keck and Muller, 2006; Junghanns and Muller, 2008). It
ust be acknowledged, however, “top-down” approach is time and

nergy consuming process. Also, the size and morphology of the
rocessed nanoparticles cannot be well controlled. Alternatively,
ome “bottom-up” techniques, i.e. precipitation of drug nanoparti-

les from its molecular solution, are energy and time effective; in
ddition, it offers flexibility in controlling the size and morphology
f the final products (Horn and Rieger, 2001). Liquid antisolvent
recipitation is one of such “bottom-up” techniques to make drug
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nanoparticles and has great potential for scaling up. For a typical
liquid antisolvent precipitation, drug is dissolved in water-miscible
organic solvents and mixed with the antisolvent, i.e. water. High
supersaturation is thus generated, which leads to fast nucleation
rate and results in the precipitation of drug particles in the nanome-
ter (1–1000 nm) range (Horn and Rieger, 2001; Matteucci et al.,
2006). To achieve high supersaturation, a rapid and homogenous
mixing of the solvent and the antisolvent prior to precipitation is
essential. That is, the characteristic micromixing time, �m, needs
to be less than the characteristic precipitation time �precip, i.e.
�m < �precip. To meet this requirement, one should shorten �m by
specific mixing techniques or extend �precip by stabilizers. Mixing
in a conventional stirred tank is basically inhomogeneous and has
a relatively large �m, which is obviously not suitable for antisol-
vent precipitation of drug nanoparticles. Indeed, for industrial and
continuous antisolvent precipitation of drug nanoparticles, some
mixing-intensification equipments have been studied, such as sub-
merged or confined jet impingement mixer (Mahajan and Kirwan,
1996; Johnson and Prud’homme, 2003), rotating packed bed (Chen
et al., 2006), multi-inlet votex mixer (Liu et al., 2008), static mix-
ers (Gassmann et al., 1994; Douroumis and Fahr, 2006; Dong et al.,
2010), Y or T-mixer (Beck et al., 2010) and microfluidics (Ali et al.,
2009), etc. All these mixers are able to realize rapid and homoge-

neous mixing of two miscible fluids and suitable for a continuous
precipitation process. Among them, jet impingement mixer is the
simplest one both in principle and in practice: the two streams are
impinged on each other directly at certain angle to realize the rapid
and thorough mixing. Some excellent work has demonstrated that
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http://www.elsevier.com/locate/ijpharm
mailto:dong_yuancai@ices.a-star.edu.sg
mailto:reginald_tan@ices.a-star.edu.sg
dx.doi.org/10.1016/j.ijpharm.2011.03.005


176 Y. Dong et al. / International Journal of Ph

F
n

i
n
2

a
B
i
a
T
u
t
I
a
w
e

i
I
a
p
t
e
a
k
o
n
s
d
t
p
t
t
(
a
r
o
t
v
(
c
g
t
v
(
w
t
c

nitol, HPMC and SDS. Freeze-dried raw drug was also prepared as
ig. 1. Schematic impingement mixing process for antisolvent precipitation of drug
anoparticles.

mpinging is able to achieve small �m and thus effective to obtain
anoparticles (Liu and Fox, 2006; Marchisio et al., 2006; Gavi et al.,
007a, 2007b; Zhao et al., 2007; Lince et al., 2009).

Spironolactone is a steroidal API to treat a series of diseases, such
s edema, cirrhosis of the liver, and hypokalemia, etc. It is a typical
CS class II drug with low aqueous solubility and high permeabil-

ty. The slow dissolution rate renders spironolactone with a variable
nd incomplete oral bioavailability (Levy, 1962; Clarke et al., 1977).
herefore, size reduction approach is used in the commercial prod-
ct to expedite the dissolution rate of spironolactone by enlarging
he surface area (McInnes et al., 1982; China Pharmacopeia, 2005).
n the recent years, nanosizing spironolactone has gained much
ttention due to the higher dissolution rate offered in comparison
ith micronization (EI-Shabouri, 2002; Langguth et al., 2005; Dong

t al., 2010).
Our previous work described a static mixing process for mak-

ng nanoparticles of poorly water-soluble drugs (Dong et al., 2010).
n this contribution, free impingement mixing (i.e. non-submerged
nd non-confined) is employed for continuous liquid antisolvent
recipitation of spironolactone nanoparticles. In comparison with
he confined impinging jet reactor used in the literature (Marchisio
t al., 2006; Gavi et al., 2007a, 2007b; Lince et al., 2009), this is
n alternative impinging device and has not been reported, to our
nowledge. The scheme is shown in Fig. 1. The stream inlet and
utlet channels were drilled in a stopper as illustrated and a fun-
el was fitted below to direct the flow the precipitated particles
uspension. Some advantages of this free impinging mixer may be
erived from: (1) it is convenient to connect the exit to an indus-
rial spray dryer through a tube to realize the fully continuous
rocess, i.e. from drug solution to the final dried drug nanopar-
icles, which is the ultimate goal of our work. (2) Upon mixing of
he solvent and antisolvent flow, the formed film goes downward
without back mixing with the solvent and antisolvent) to the tube
nd spray dryer continuously. Therefore, the solvent/antisolvent
atio can be maintained constant guaranteeing the homogeneity
f the precipitated particles and (3) the mixer is simple including
he fabrication and operation. In this work, effects of the antisol-
ent precipitation process parameters, such as Reynolds number
Re) and flow rate of the solvent/antisolvent streams and drug
oncentration on the size of the precipitated particles were investi-
ated. The size was measured by the dynamic laser light scattering
echniques. Evolution of the morphology of the precipitates was
isualized by cryo-field emission scanning electronic microscopy

cryo-FESEM). Crystallinity of the nanoformulation and raw drug
as analyzed by Differential Scanning Calorimetry (DSC). Finally,

he dissolution behaviors of nanoformulation and raw drug were
ompared.
armaceutics 410 (2011) 175–179

2. Materials and methods

2.1. Materials

Spironolactone was obtained from Wuhan Hezhong Biochem-
ical Manufacture Co. Ltd., China. Hydroxylpropylmethyl cellulose
(HPMC), sodium dodecyl sulfate (SDS) and mannitol were pur-
chased from Sigma. Acetone was from Fisher Scientific.

2.2. Controlled antisolvent precipitation of drug nanoparticles by
impingement mixing

Spironolactone was dissolved in acetone at 25–100 mg/ml
as solvent (S). Water containing 0.275–1.1 mg/ml HPMC and
0.275–1.1 mg/ml SDS was used as antisolvent (AS). The diameter
of outlet channel was 0.5, 1 or 1.5 mm for solvent flow (dS) and 1.5,
3 or 4.5 mm for antisolvent flow (dAS), respectively. In brief, the sol-
vent and antisolvent were pumped to the fabricated impingement
device at 25–100 and 225–900 ml/min, respectively. The impinge-
ment of the solvent and antisolvent took place upon leaving the
outlet channels. The flow rate ratio of solvent to antisolvent was
maintained at 1:9. Reynolds number (Re) of the solvent and anti-
solvent streams was adjusted by varying the diameter of outlet
channels at certain flow rate. To obtain the dried nanoformula-
tion, the water stream containing 9.9 mg/ml mannitol, together
with 0.55 mg/ml HPMC and 0.55 mg/ml SDS was impinged on the
acetone stream containing 50 mg/ml drug. The resulting fresh pre-
cipitates were immediately frozen in the liquid nitrogen and then
freeze dried for 5 days. The lyophilized samples were used for DSC
and dissolution studies.

2.3. Particle size measurement

Size of the freshly precipitated drug particles was deter-
mined by dynamic laser light scattering technique (Nano-Zetasizer,
Malvern). Before measurement, the drug suspension was diluted
by saturated aqueous drug solution to ca. 0.2 mg/ml. The mean
z-average size and polydispersity index (PDI) of triplicate measure-
ment were reported.

2.4. Morphology

Morphology of the precipitated drug particles in the suspen-
sion was characterized by cryo-field emission scanning electron
microscope (cryo-FESEM, JEOL JSM-6700F). At different time after
precipitation, i.e. 0, 15, 30 and 60 min, a drop of precipitate sus-
pension was sampled and frozen in liquid nitrogen for cryo-FESEM
observations.

2.5. DSC

The thermograms of the raw drug and freeze dried nanoformu-
lation were analyzed by Diamond DSC Calorimeter (PerkinElmer).
The samples were equilibrated at 20 ◦C for half hour and then
heated to 220 ◦C at 10 ◦C/min in N2 atmosphere.

2.6. Dissolution measurement

Drug dissolution was carried out according to the USP XXV type
II (paddle) method (VK 7010, VARIAN). The nanoformulation tested
was the freeze dried powder containing drug nanoparticles, man-
a control, which contained raw drug and same excipients in the
same ratio as the nanoformulation. The rotation speed of paddle
was 100 rpm. 900 ml 0.1 M HCl containing 0.1% SDS was used as the
dissolution medium and maintained at 37 ◦C during studies. At 2.5,
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Fig. 2. Effect of Reynolds number on the size of the precipitated particles (the stan-
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ow rate was 50 and 450 ml/min for the solvent and water stream, respectively;
ifferent Re was investigated here for sake of convenience but actually velocity was
eing changed as the main controlling parameter: Re = vd/u, v: fluid velocity d:
utlet channel diameter u: kinematic viscosity (water was taken here)).

, 7.5, 10, 15, 20, 30, 40 and 60 min, 0.5 ml aliquot of the dissolution
edium was taken out, filtered (pore size: 0.22 �m) and directly

njected to the HPLC system (Agilent 1100) for drug concentration
nalysis. The column used was Agilent Eclipse XDB-C18 column
5 �m, 4.6 mm × 250 mm) and the mobile phase was the mixture
f 50% acetonitrile and 50% Millipore water (v/v) with a flow rate
f 0.8 ml/min. The drug was detected at wavelength 238 nm and
he retention time of the drug was ∼12 min. The experiment was
onducted in triplicate.

.7. Statistical analysis

Statistical analysis of the results was performed with the Pack-
ge for Encyclopaedia Medical Statistics (PEMS). p-Values less than
.05 were considered to be statistically significant. All statistical
ests were two-tailed.

. Results and discussion

.1. Antisolvent precipitation of spironolactone nanoparticles by
mpingement mixing

Impingement mixing is the simplest mixing technique in princi-
le, i.e. the two miscible fluid streams are mixed by being impinged
n each other, but with the smallest �m in comparison with other
ixing approach (Johnson and Prud’homme, 2003). In general, at

onstant flow rate, the higher the Re of the solvent and antisolvent
treams, the smaller the �m (Matteucci et al., 2006). In this study,
he flow rate of solvent and antisolvent streams was kept constant
o be 50 and 450 ml/min; their Re was adjusted by varying the outlet
hannel diameter, and thus the fluid jet velocity, which is actually
he main controlling parameter. For sake of convenience, however,
ffect of the Re of the solvent and antisolvent streams on the size of
he precipitated particles was examined in this work and the results
re illustrated in Fig. 2. As can be seen, when the Re of the solvent
tream was 5313 or 2657, the precipitated spironolactone parti-

les, achieved by being impinged on the water stream with the Re of
108, 3163 or 6325, had a size of 302–318 nm with a polydispersity

ndex of 0.05–0.15. There is no clear dependence of size on Re in this
ange. When the Re of the solvent stream was reduced to 1771, the
articles precipitated by impingement with the water stream with
armaceutics 410 (2011) 175–179 177

a Re of 3163 had a size of 309.7 nm with a polydispersity index of
0.087 ± 0.029, which was similar as the aforementioned particles;
while impingement with the water stream of lower Re (2108) or
higher Re (6325) both resulted in a relatively larger particles, i.e.
∼360 nm. This may be explained by the fact that the impingement
of the solvent stream of lowest Re with the water stream of lowest
RE would generate a lower mixing intensity comparatively and rel-
atively larger particles precipitated could thus be expected, while
for impingement of the solvent stream of lowest Re with the water
stream of highest Re, the diameter of the water stream, in this case,
is smaller than the solvent stream. Therefore, the solvent cannot
be well engulfed by the water upon impingement, which led to a
relatively poor mixing. Effect of even lower Re for both water and
solvent stream was not investigated as the two streams cannot be
impinged on each other in that case. Our results demonstrate that
the spironolactone nanoparticles can be produced in a wide range
of Re at a constant flow rate. Indeed, this is encouraging in terms
of a large scale production, since the precipitation process can be
operated in a more mild and easy-to-control mode (i.e. low Re)
without sacrificing the productivity (i.e. flow rate) and the size of
the obtained nanoparticles.

For antisolvent precipitation, increasing drug concentration
(solvent) leads to higher supersaturation and a faster nucleation
rate; increase in drug concentration, however, promotes agglom-
eration as well (Matteucci et al., 2006). Therefore, the size variation
of the precipitated particles caused by drug concentration increase
depends on which mechanism prevails. In this work, increasing
drug concentration from 25 to 50 and 100 mg/ml caused a signifi-
cant size increase of the precipitated nanoparticles from 279.0 ± 2.6
to 302.7 ± 4.9 and 446.0 ± 17.3 nm (p < 0.05), respectively. In addi-
tion, the drug nanoparticles precipitated from 100 mg/ml drug
solution had a polydispersity index of 0.370 ± 0.015, which was
the largest (p < 0.05) in comparison with the nanoparticles pre-
cipitated from 25 (PDI: 0.156 ± 0.028) and 50 mg/ml drug solution
(PDI: 0.098 ± 0.046). This indicates that the agglomeration caused
by increasing drug concentration plays a significant role in deter-
mining the size of the precipitated particles. Another reason is that,
when the drug concentration is increased more nuclei are produced
in the solvent–nonsolvent interface resulting in the inefficient mix-
ing of solvent and antisolvent and therefore larger particles.

Keeping the diameter of the outlet channels to be constant, i.e.
0.5 mm for the solvent stream and 1.5 mm for the water stream, the
size of the particles precipitated at the flow rate 25/225, 50/450 and
100/900 ml/min was 338.0 ± 2.0, 302.7 ± 4.9 and 333.0 ± 1.0 nm
and the corresponding polydispersity index was 0.091 ± 0.040,
0.098 ± 0.046 and 0.106 ± 0.056, respectively. It is evident that
medium flow rates 50/450 generates the best mixing and results
in the smallest particles (p < 0.05). The possible reason is that, at
lower flow rates 25/225 ml/min, the impingement generates lower
mixing intensity leading to relatively larger precipitated particles
finally; while at higher flow rate, i.e. 100/900 ml/min, the impinge-
ment is too strong, which causes overspray of the fluid leading to a
relatively poor mixing.

3.2. Morphology

Ostwald ripening is a significant feature for most of the drug
nanoparticles achieved by liquid antisolvent precipitation due to
the presence of the solvent, which may cause the growth of
nanoparticles in size and/or change in crystallinity (Liu et al.,
2007). Therefore, the freshly precipitated drug nanoparticles need

to be stabilized by (1) homogenization, e.g. NANOEDGE technique,
which is actually similar as an “annealing” process to maintain
the size by converting the precipitated particles into low energy
crystalline state (Keck and Muller, 2006), or (2) freeze/spray dry-
ing to form dried particles. In this work, the morphology evolution
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drug formulation, which could be ascribed to the enlarged surface
area of the precipitated drug nanoparticles according to Noyes-
Whitney equation (Kesisoglou et al., 2007). Supersaturation was
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Fig. 3. Cryo-FESEM o

f the freshly precipitated drug particles in the slurry with time
as monitored by cryo-FESEM. The initial drug precipitates, as

an be seen from Fig. 3(a), were perfect spherical particles with
he size of approximately 300 nm. After 15 min (Fig. 3(b)), some
pherical particles became more angular and adopted irregular
hape. At 30 min, a relatively cuboidal morphology began to emerge
Fig. 3(c)). After 1 hr, the particles were predominantly cuboidal
n shape (Fig. 3(d)). It seems that, rather than the classical nucle-
tion model, antisolvent crystallization of spironolactone in the
ater/acetone system follows a “two-step crystallization model”,

.e. a spherical cluster was formed first, followed by rearrangement
f the spheres into ordered nanocrystals (Erdemir et al., 2009). This,
o the best of our knowledge, is the first evidence for “two-step
rystallization” in the antisolvent crystallization of pharmaceutical
anoparticles.

.3. DSC

The DSC thermograms of the raw drug, freeze-dried raw drug
nd freeze-dried nanoformulation are shown in Fig. 4. As can be
een, raw spironolactone exhibited a sharp melting peak at 208.9 ◦C
curve a) with an enthalpy of 55.90 J/g. In comparison, freeze-dried
aw drug showed a decreased melting point (194.7 ◦C) and enthalpy
11.36 J/g) (curve b); freeze-dried nanoformulation demonstrated
very similar pattern as freeze-dried raw drug with a melting point
f 193.3 ◦C and enthalpy of 11.10 J/g.
.4. Dissolution

Dissolution profile of freeze-dried spironolactone nanoformu-
ation and raw drug is illustrated in Fig. 5. The main difference
recipitated particles.

between the freeze-dried raw drug and nanoformulation is the
particle size. In 2.5 min, 20.1% of the drug was dissolved from the
nanoformulation; while only 7.8% was dissolved from raw drug for-
mulation. Nanoformulation is 2.6 times (p < 0.05) faster than raw
drug in dissolution. In 5 min, dissolution of spironolactone from
the nanoformulation was nearly complete. In the same period,
only 72.0% of raw drug dissolved. The result demonstrates that the
0 50 100 150 200 250

Temperature (ºC)

Fig. 4. DSC thermograms of (a) raw spironolactone, (b) mannitol, (c) freeze dried
raw drug, and (d) freeze-dried nanoformulation.
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scribed to the enhanced solubility of nanoparticles in comparison
ith the micronized drug particles.

. Conclusions

Impingement mixing technique was applied in this work
o produce poorly water-soluble drug nanoparticles by antisol-
ent precipitation. It was found that 302–360 nm spironolactone
anoparticles were achieved in the range of Reynolds number
108–6325 for the antisolvent water stream and 1771–5313 for the
cetonic drug solution stream. Increasing drug concentration could
esult in significant increase in particle size and polydispersity
ndex. The freshly precipitated nanoparticles were spherical clus-
er initially but would evolve to crystalline state. The lyophilized
anoformulation showed faster dissolution rate in comparison
ith bulk raw drug formulation. The results demonstrate that the

ize of the precipitated particles could be conveniently controlled
y tuning the process parameters. Combining the impingement
ixer with an industry scale spray dryer, a fully continuous process
ay be realized to produce dried hydrophobic drug nanoparticles

t large scale. As a metastable system, drug nanoparticles may grow
n size and/or change in crystallinity. Therefore, their long-term
torage stability is of great concern, which will be done in our future
ork.
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