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In this paper, nucleation kinetics of four poorly water-soluble drugs namely, itraconazole (ITZ), grise-
ofulvin (GF), ibuprofen (IBP) and sulfamethoxazole (SFMZ) when precipitated by liquid antisolvent
precipitation using water as antisolvent is examined in order to identify thermodynamic and kinetic
process parameters as well as material properties that affect nucleation rate and hence, the particle size.
The nucleation rates have been estimated for precipitation with and without ultrasound and hydrox-
ypropyl methyl cellulose (HPMC). It is found that the nucleation rates increase significantly in presence
ntisolvent
ltrasound
rug
ucleation

nterfacial tension
upersaturation

of ultrasound and HPMC. Analysis of nucleation kinetics indicates that an increase in diffusivity due to
ultrasound and a decrease in solid–liquid interfacial surface tension due to HPMC result in higher nucle-
ation rates. Analysis also shows that reduction in interfacial surface tension due to HPMC is higher for a
drug with lowest aqueous solubility (such as ITZ) as compared to drugs with higher aqueous solubility. It
is also observed that it is easy to precipitate submicron particles of a drug with lowest aqueous solubility
(such as ITZ) compared to drug molecules (such as SFMZ) with higher aqueous solubility in presence of
HPMC.
. Introduction

The bioavailability of poorly water-soluble hydrophobic drugs
Biopharmaceutics Classification System (BCS) Class II) is limited by
heir solubility and dissolution rate (Amidon et al., 1995; Lipinski,
002). Many of new drugs are poorly water soluble (Lipinski, 2002),
nd their dissolution rate can be improved by decreasing particle
ize (Noyes and Whitney, 1897). Decrease in size increases the sur-
ace area which results in an increase in the rate of dissolution of
hese drugs in aqueous media of our body fluid (Liversidge and
undy, 1995; Mosharraf and Nystorm, 1995). While there are many
echniques available for size reduction, their applicability is limited
ecause of poor control of particle size, morphology and scalability

n comparison to liquid antisolvent (LAS) precipitation (Matteucci
t al., 2006; Chen et al., 2006; Zhao et al., 2007). Therefore, in this
ork LAS precipitation technique is used to prepare aqueous sus-
ensions of ultra-fine particles of four poorly water-soluble drugs,
amely ITZ, GF, IBP and SFMZ.
Precipitation of a solid solute is achieved in LAS by increase
n a molar volume of solution and hence a decrease in solvent
ower for solute by addition of a non-solvent (antisolvent) (Yeo
nd Lee, 2004). Precipitation process mainly involves, nucleation
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due to supersatuartion attained by mixing (Horn and Rieger, 2001;
Myerson, 2002) and simultaneous growth of nuclei by coagula-
tion and condensation (Matteucci et al., 2006; Ventosa et al., 2005).
Higher nucleation rates result in low or negligible growth and hence
can potentially produce submicron particles. Thus, in order to con-
trol the particle size, PSD, and improve the stability, it is necessary
to increase nucleation rate, inhibit the particle growth and control
agglomeration of particles by steric or electrostatic stabilization.

In this work, LAS precipitation has been carried out in pres-
ence of ultrasound to improve micromixing and HPMC to inhibit
particle growth. Ultrasound generates the cycles of compression
and rarefaction in the liquid medium, resulting in creation of tiny
water vapor bubbles in the solution due to cavitation (Dennehy,
2003; Doktysz and Suslick, 1990; Prozorov et al., 2004). The bub-
bles ultimately collapse, and intense shock waves are generated
and propagate through liquid at velocities higher than the speed
of sound which imparts high velocities to the particles suspended
in the solution (Doktysz and Suslick, 1990; Prozorov et al., 2004),
leading to the uniform micromixing of solution and antisolvent. The
sudden release of energy due to bubble explosion causes extremely
rapid and localized temperature reduction in the solution to gener-

ate rapid nucleation in the solution. Recent literature (Amara et al.,
2001; Nishida, 2004; Guo et al., 2005; Luque de Castro and Priego-
Capote, 2007; Patil et al., 2008; Abbas et al., 2007) demonstrates the
use of ultrasound, mainly for cooling crystallization, to reduce the
particle size, size distribution and agglomeration of the particles.

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:dave@njit.edu
dx.doi.org/10.1016/j.ijpharm.2009.12.026
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Nomenclature

Ahom kinetic parameter in nucleation rate
Bhom thermodynamic parameter in nucleation rate
C concentration of API in the solution (mol/l)
C* equilibrium solid solubility in the aqueous solution

(mol/l)
DAB the diffusion coefficient (m2/s)
f is the solute-free cosolvent volume fraction
J nucleation rate (nuclei/m3/s)
k Boltzmann constant
Kow octanol–water partition coefficient
kv volume shape factor for the spherical particles
Li average size (�m)
�Li differential width of the size range i (�m)
M universal constants related to solubility
MT final suspension density (g/cm3)
N universal Constants related to solubility
ni population density of particles (number/cm3/�m)
NA Avogadro’s number
r0 radius of the molecule (cm)
S supersaturation ratio
Sm solubility in aqueous organic solution (mol/l)
Sw water solubility (mol/l)
T temperature (K)
�(wt%) differential weight percent

Greek letters
ω molecular volume (cm3/molecule)
� surface tension (N/m)
�3 activity coefficient for solute
� dynamic viscosity (cP)
� constant related to solubility
�c particle density (g/cm3)

Abbreviations
AE absolute errors
GF griseofulvin
HPMC hydroxypropyl methyl cellulose
IBP ibuprofen
ITZ itraconazole
LAS liquid antisolvent
Polymer JR400 hydroxyethylcellulose ethoxylate, quater-

nized
PVP poly(vinylpyrrolidone)
PSD particle size distribution

T
d
b
a
o
e
(
H
f
2
t

o
p
l

SD standard deviation
SFMZ sulfamethoxazole

he stability of precipitated particles in colloidal solution further
epends on agglomeration or flocculation, driven by hydropho-
ic effects, electrostatic interaction as well as weak van der waals
ttractive forces. Deryagin-Landau-Verwey-Overbeek (DLVO) the-
ry effectively describes such interactions and suggests steric and
lectrostatic stabilization as a way to improve the colloidal stability
Horn and Rieger, 2001; Napper, 1970). Cellulosic polymer such as
PMC has been shown to be the most effective growth inhibitor

or precipitation GF particles in our previous work (Dalvi and Dave,
009). HPMC being a neutral polymer offers steric stabilization to

he particles in aqueous suspensions.

The purpose of this work therefore, is to study how addition
f HPMC, presence of ultrasound and physico-chemical material
roperties can affect the nucleation rates and allow for manipu-

ation of particle sizes. The nucleation rates have been estimated
f Pharmaceutics 387 (2010) 172–179 173

with and without HPMC and ultrasound using particle size distri-
butions obtained by light scattering. The classical nucleation theory
for homogeneous nucleation has been used to analyze the influence
of ultrasound and HPMC as well as aqueous solubility of APIs (and
hence supersaturation) on the nucleation rates.

2. Theory

2.1. Nucleation kinetics

According to the classical theory of homogeneous nucleation
(Lindenberg and Mazzotti, 2009), nucleation rate (J) is given as:

J = AhomS exp
(

−Bhom

ln2 S

)
(1)

where Ahom is a kinetic parameter and Bhom is a thermodynamic
parameter.

Ahom depends on the mechanisms of attachment (Lindenberg
and Mazzotti, 2009), namely interface-transfer control and volume
diffusion control. According to Lindenberg and Mazzotti (2009),
volume diffusion control never applies to the new nuclei formed
in the solution in the early phase of growth as diffusion is infinitely
fast for such particles. Therefore, it is assumed in this work that
for nucleation step, the main mechanism of attachment is the
interface-transfer controlled. Ahom for interface-transfer control is
given as (Lindenberg and Mazzotti, 2009),

Ahom =
(

4	

3ω

)1/3( �

kT

)1/2
DABC∗NA (2)

and Bhom is defined as follows:

Bhom = 16	ω2�3

3(kT)3
(3)

DAB, the diffusion coefficient is given by Stokes–Einstein equa-
tion:

DAB = kT

6	r0�
. (4)

where r0 is the radius of the molecule, � is the dynamic viscosity
of the solution, ω is the molecular volume, C* is the equilibrium
solid solubility in the aqueous solution, S is the degree of supersat-
uration, � is the surface tension at the solid–liquid interface, k is
the Boltzmann constant, NA is the Avogadro’s number, and T is the
solution temperature.

3. Experimental

3.1. Materials

ITZ was purchased from Hawkins Inc., USA. GF was as a gift
received from Johnson and Johnson Co. Ltd., USA. IBP (grade 110)
was purchased from Alfa Chem, USA. SFMZ was purchased from
MP Biomedicals, L.L.C, USA. Acetone (99.8% pure), tetrahydrofuran
(THF) (anhydrous, ≥99.9% pure) and hydroxypropyl methyl cellu-
lose (HPMC) (3500–5600 cPs) were purchased from Sigma–Aldrich
Inc., USA. All these chemicals were used without further purifica-
tion. Deionized Millipore water was used as an antisolvent.

3.2. Apparatus and experimental procedure

Organic solution of API in organic solvent (50–200 mg/ml) is

introduced in water (200 ml) containing 0.2 wt% HPMC, maintained
at a constant temperature (1 ◦C) through a stainless steel nozzle
(0.01 in. i.d.) at a flow rate of 100 ml/min using HPLC pump (by Lab
Alliance, USA). The ultrasound horn is immersed in the antisolvent
at an immersion depth (below the antisolvent level) of 1.5 in. The
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ip ((1/2) in. i.d.) of an ultrasound horn (Omni-ruptor 250 by Omni
nternational Inc., USA) is directed over a nozzle such that the flow
f the solution is dispersed instantaneously in antisolvent by the
ibrating (75 W operating at frequency of 20 kHz) surface of the tip.
etailed description of the experimental apparatus can be found in
ur previous work (Dalvi and Dave, 2009). The solution is insonated
or the time till the addition of solution in antisolvent is complete.
queous suspension of API particles (∼5 mg/ml) thus obtained is

hen analyzed for particle size and distribution by laser scatter-
ng (Beckman Coulter LS 230). Field Emission Scanning Electron

icroscope (LEO 1530VP FE-SEM) is used to observe the surface
orphology of the precipitated GF particles. XRD (Phillips X’pert
RD Diffractometer) and DSC (FP84 Mettler-Toledo K.K.) have been

sed to compare the physical characteristics of APIs before and after
rocessing.

. Data treatment

.1. Estimation of supersaturation

Mixing of organic solution of API with water lowers API solubil-
ty in a mixture of organic solvent due to increase in molar volume.
upersaturation, thus generated leads to nucleation and precipita-
ion. According to Eq. (1), nucleation rate is directly proportional
o the supersaturation. Therefore it is necessary to estimate the
upersaturation generated after mixing of antisolvent and solution
treams. Supersaturation is defined as,

= C

C∗ (5)

here C is the actual concentration of API in the solution (mol/L)
nd C* is the equilibrium solubility (mol/L) of API in a mixture
f organic solvent and water. Therefore, in order to estimate the
upersaturation generated after mixing, it is necessary to estimate
* at the solution temperature and organic solvent content of the
queous mixture in presence of stabilizers.

It is possible that the use of stabilizers may change the solubil-
ty of APIs in the solution (Loftsson et al., 1996). However, for three
PIs (ITZ, IBP and SFMZ) studied in this work, HPMC has negligi-
le effect on the aqueous solubility as reported in the literature.
atteucci et al. (2007) show that the increase in ITZ solubility in

resence of HPMC at 500-fold higher concentration (than that of
TZ) is negligible. Note that the level of HPMC used in this work is
.2% (w/v), which is 0.4 times the amount of ITZ used in this work.
atent WO 98/19708 filed by Donabedian et al. (1996) (Union Car-
ide Chemicals and Plastic Technology Corporation) presents data
howing negligible increase in IBP solubility in presence of 1 and 2%
w/v) HPMC. Irevolino et al. (2000) also show that HPMC does not
ffect aqueous solubility of IBP. Again, the level of HPMC used in

his work is 0.2% (w/v) is relatively low. Also, Loftsson et al. (1996)
how that the use of HPMC does not significantly increase solubil-
ty of SFMZ in water at a pH range of 3–6. A pH condition of 4.3
n presence of 0.2 wt% HPMC was obtained in this work for SFMZ
recipitation (as shown in Table 4), which is in the range reported

able 1
hysico-chemical properties and solubilities of API molecules in water and aqueous organ

API Tm (◦C) �Hf (J/g) log Kow at 20 ◦C Sw (mg/L) a

ITZ 166.2 85 5.66 0.000472
GF 220 132.4 2.18 8.99
IBP 76 125 3.97 21
SFMZ 167 133.63 0.89 610

a 9.1 vol.% of THF in water–solvent mixture.
b 9.1 vol.% of acetone in water–solvent mixture.
c 4.8 vol.% of acetone in water–solvent mixture.
d 2.4 vol.% of acetone in water–solvent mixture.
f Pharmaceutics 387 (2010) 172–179

in Loftsson et al. (1996). Therefore, it is justifiable to assume that
HPMC does not significantly change solubility of GF in water as its
aqueous solubility mainly lies in the range covered by ITZ, IBP and
SFMZ. However, in absence of any literature data, aqueous solubil-
ity of GF in presence of HPMC was estimated experimentally using
UV–VIS spectrophotometer. An excess of GF was added in deion-
ized water containing 0.2 wt% HPMC and was stirred overnight at
20 ◦C. The known amount of sample was filtered through a 0.2 �m
syringe filter, and analyzed by Agilent UV–VIS spectrophotome-
ter (Santa Clara, CA) using an absorption wavelength of 296 nm to
detect GF. As expected, it was found that GF solubility nominally
increases by 4% in presence of HPMC and is reported in Table 1.

Also, experiments in this work were carried out at 1 ◦C in pres-
ence of organic solvents and hence the effect of organic solvent
and lower temperature of 1 ◦C on the solubilities can be significant.
In order to determine the solubility of GF, IBP and SFMZ in mix-
ture of water and acetone at 1 ◦C, a correlation proposed by Li and
Yalkowsky (1998) was used to predict the effect of organic solvent
on the aqueous solubility of APIs at 20 ◦C. Similarly, solubility of ITZ
in water (Sw) and water and THF mixture (Sm) (for given composi-
tion of THF and water) at 20 ◦C was used as reported by Kumar et al.
(2009) The effect of temperature on solubility was then estimated
using solid–liquid phase equilibrium calculations.

4.1.1. Drug solubility in aqueous organic solutions at 20 ◦C
The API solubility in water–organic solvent mixture (Sm) was

estimated using the following log-linear model proposed by Li and
Yalkowsky (1998).

log Sm = log Sw + f� (6)

where Sw is the water solubility and f is the solute-free cosolvent
volume fraction.

� was predicted using the octanol–water partition coefficient,
Kow as per the following equation:

� = M log Kow + N (7)

As suggested by Li and Yalkowsky (1998), the values of M and
N are universal as they depend on solvent polarity. For acetone,
which is the organic solvent used in this work for GF, IBP and SFMZ
(except ITZ), values of M and N used are 1.14 and −0.10 respectively
for drug molecules with log Kow ranging from −1.38 to −5.66 (Li and
Yalkowsky, 1998).

Solubility of ITZ in water (Sw) and water and THF mixture (Sm)
(for given composition of THF and water) at 20 ◦C was used as
reported by Kumar et al. (2009) and � was then estimated. �, thus
estimated was then used to determine solubility of ITZ in water and
THF mixture (Sm) (for given composition of THF and water in this
work) at 20 ◦C.
4.1.2. Effect of temperature on drug solubility in aqueous organic
solution

In order to estimate the effect of temperature on the solubility,
activity coefficients for ITZ, GF, IBP and SFMZ at 20 ◦C were first

ic mixtures at 20 and 1 ◦C.

t 20 ◦C Sm (mg/L) at 20 ◦C Sm (mg/L) at 1 ◦C ln S at 1 ◦C

0.10a 0.00837 13.2
15.44b 2.66 7.5
34.87c 7.834 6.4

649.40d 171.584 3.3
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Table 3
Size and size distribution of API particles precipitated by introducing organic solu-
tions of APIs through 0.01 in. i.d. nozzle at 100 ml/min in 200 ml water maintained
at 1 ◦C and 75 W sonication through 0.5 in. probe.

API PS SD D10/D50/D90 % < 1 �m

ITZa 20.6 9.48 9.4/19.5/33.1 0
GFb 5.4 2.776 2.1/5.0/9.4 0.2
IBPc 30.5 18.99 11.3/25.7/60.5 0
SFMZd 15.6 8.86 4.3/15.1/28.4 0

a 50 mg/ml in THF.
b 50 mg/ml in acetone.
c 100 mg/ml in acetone.
d 200 mg/ml in acetone.

Table 4
Size and size distribution of API particles precipitated by introducing organic solu-
tions of APIs through 0.01 in. i.d. nozzle at 100 ml/min in 200 ml water (with 0.2 wt%
HMPC dissolved and) maintained at 1 ◦C with 75 W sonication through 0.5 in. probe.

API PS SD D10/D50/D90 % < 1 �m pH after particle
formation

ITZa 0.83 0.6 0.2/0.5/1.9 68 5.4
GFb 2.4 1.0 1.6/2.0/4.2 0 5
IBPc 8.4 5.8 2.8/6.3/18.2 0 4.2
SFMZd 30 17.7 8.6/26.7/56.6 0 4.3

a 50 mg/ml in THF.
S.V. Dalvi, R.N. Dave / International Jou

alculated using Eq. (8) and physico-chemical properties such as
elting point and heat of fusion (reported in Table 1).

3 = 1
x3

exp
{

�Hm

R

(
1

Tm
− 1

T

)}
(8)

According to regular solution theory (Prausnitz et al., 1999),
ctivity coefficient is inversely proportional to the temperature.
hus, effect of temperature on activity coefficient was estimated
sing Eq. (9) and then solubility at 1 ◦C was then estimated using
q. (8).

n �3 = A(T)
T

(9)

.2. Nucleation rate determination

To estimate nucleation rates, the particle number distribution
ata obtained from light scattering, were converted to a cumula-
ive mass percent distribution and then the values of population
ensities were calculated using the following equation (Jarmer et
l., 2004):

i = �(wt%)MT

kv�cL3
i
�Li

(10)

here ni is the population density of particles with average size Li.
(wt%) and �Li are the differential weight percent and the width

f the size range i, respectively. kv is the volume shape factor for
he spherical particles. MT and �c are final suspension density and
he particle density respectively.

Nucleation rate was determined using Eq. (11) (Zarkadas and
irkar, 2006) as MSMPR model does not fit well to the population
ensities calculated (as can be seen from Figs. 1 and 2).

=
∫ Li+1

Li
ni(Li) dLi

tsamp
(11)

. Results and discussions

.1. Drug solubility and supersaturation

Table 1 presents solubilities of API molecules in water and aque-
us organic mixtures at 20 and 1 ◦C and the supersaturation (ln S)
ttained after mixing organic solutions with water at 1 ◦C. It can
e seen that ITZ is the least water-soluble API whereas SFMZ is
he highly soluble among the list presented in Table 1. Therefore,
he supersaturation attained after mixing antisolvent and organic
olution is highest (13.2 at 1 ◦C) for ITZ and is lowest (3.3 at 1 ◦C)
or SFMZ.
.2. Effect of ultrasound on LAS precipitation

Tables 2 and 3 present the details of size and size distribution
f API particles precipitated by LAS without and with ultrasound

able 2
ize and size distribution of API particles precipitated by introducing organic solu-
ions of APIs through 0.01 in. i.d. nozzle at 100 ml/min in 200 ml water maintained
t 1 ◦C.

API PS SD D10/D50/D90 % < 1 �m

ITZa 19.6 9.4 9.6/18.24/30.0 0
GFb 24.4 16.7 7.1/20.0/51.2 0
IBPc 68.9 47.7 16.5/58.3/146.0 0
SFMZd 32.5 20.0 10.2/27.5/62.8 0

a 50 mg/ml in THF.
b 50 mg/ml in acetone.
c 100 mg/ml in acetone.
d 200 mg/ml in acetone.
b 50 mg/ml in acetone.
c 100 mg/ml in acetone.
d 200 mg/ml in acetone.

respectively. Table 5 presents the nucleation rates calculated for the
precipitation without and with ultrasound. It can be seen that the
use of ultrasound increases the nucleation rates and hence particle
size decreases.

Nucleation rates mainly depend on supersaturation and inter-
facial energy (�). Ultrasound, however, have been shown to not to
affect equilibrium solubility as well as � (Guo et al., 2005). There-
fore, ultrasound does not affect the term, (−(Bhom/ln2 S)) in Eq. (1)
which also means that an increase in nucleation rate is because
of an increase in the value of Ahom with the use of ultrasound.
Ahom mainly depends on DAB and as shown in Table 5, ultra-
sound increases DAB by many folds and hence results in increase
in nucleation rate. Table 6 reports the enhancement (EDAB) in DAB
as calculated using Eqs. (1)–(3). Similar observation was made by
Guo et al. (2005) and it was observed that the use of ultrasound for
LAS precipitation of roxithromycin increases DAB by 3.82-fold.

5.3. Effect of HPMC on LAS precipitation

Table 4 presents details of size and size distribution of API par-
ticles precipitated by LAS in presence of HPMC and ultrasound. It
can be seen that the particle size has been considerably reduced as
compared to the case when no ultrasound and no HPMC was used.

The nucleation rates presented in Table 5 suggest that the use of
HPMC in addition to ultrasound tremendously increase the nucle-
ation rates as compared to the case when no HPMC or ultrasound
was used or when only ultrasound was used.

Table 5
Effect of ultrasound and HPMC on nucleation rates.

API J (1/m3 S)
No ultrasound
No HPMC

J (1/m3 S)
Ultrasound
No HPMC

J (1/m3 S)
Ultrasound
HPMC

ITZ 2.55 × 1013 3.56 × 1013 3.85 × 1018

GF 7.91 × 1013 2.66 × 1015 9.23 × 1015

IBP 6.96 × 1013 1.26 × 1014 1.15 × 1015

SFMZ 9.21 × 1013 7.27 × 1014 1.40 × 1014



176 S.V. Dalvi, R.N. Dave / International Journal o

Table 6
Effect of ultrasound and HPMC on diffusivity.

API DAB (×1010 m2/s)
No ultrasound
No HPMC

DAB (×1010 m2/s)
Ultrasound
No HPMC

EDAB
a DAB (×1010 m2/s)

Ultrasound
HPMC

ITZ 1.42 1.98 1.4 0.48
GF 1.61 54.1 33.6 13.0
IBP 1.95 3.54 1.82 0.85
SFMZ 1.64 12.9 7.9 3.1

a Only due to ultrasound.

Table 7
Effect of HPMC on interfacial surface tension.

API � (mJ/m2) � (Eq. (13)) (mJ/m2) �a (mJ/m2) ��a (%) n*

ITZ 43.97 45.86 39.34 −10.5 5
GF 39.1 41.23 38.31 −2.0 12

s
c
c
t
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d
w
s

t
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n

e
m
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w

IBP 51.90 55.2 50.53 −2.6 14
SFMZ 23.61 28.39 23.65 0.15 28

a Changed due to HPMC.

Analysis of nucleation rates using classical nucleation theory
uggests that nucleation rates change as the values of � and DAB
hange with the addition of HPMC. Tables 6 and 7 present the
hanges in DAB and � respectively, due to addition of HPMC. Addi-
ion of HPMC (0.2 wt%) in water increases the kinematic viscosity
f water from 1.728 to 7.201 mm2/s at 1 ◦C. Increase in viscosity
ecreases DAB as estimated by Eq. (4). Thus values of DAB decrease
ith addition of HPMC as compared to the case when only ultra-

ound was used as shown in Table 6.
Table 7 also presents the values of number of molecules forming

he critical nucleus (n*). Values of n* were calculated using follow-
ng equation (Roelands et al., 2006):

∗ = 32	ω2�3
= 2Bhom (12)
3(kT)3 ln3 S ln3 S

Classical nucleation theory assumes that density and interfacial
nergy of nuclei can be described by the corresponding values of
acroscopic crystals. However, as the number of nuclei forming

ig. 1. Population density plots for antisolvent crystallization ITZ from its organic solutio
ater as antisolvent at 1 ◦C (a) without ultrasound and HPMC, (b) with ultrasound (75 W
f Pharmaceutics 387 (2010) 172–179

molecules (n*) decreases to 1 this assumption is no longer valid
and classical nucleation pathway ceases to be applicable (Horn and
Rieger, 2001; Lindenberg and Mazzotti, 2009; Basios et al., 2009).
The values of n* reported in Table 7 range from 5 to 28 which are
relatively far away from the n* → 1 limit. Therefore, the applica-
tion of classical nucleation theory for precipitation of all the APIs
studied here is valid as n* > 1, noting that the n* value reported in
(Lindenberg and Mazzotti, 2009) was as low as 4.

According to Eqs. (1)–(3), the nucleation rate is directly pro-
portional to supersaturation and inversely proportional to the
interfacial energy (�). Since addition HPMC is unlikely to change
the equilibrium solubilities of APIs (as explained earlier in Section
4.1) and hence the supersaturations attained, it is clear that change
in � in presence of HPMC alters the nucleation rates. Values of �
were estimated from nucleation rate determined using population
densities. Eqs. (1)–(3) were solved for � for precipitation with and
without HPMC. Values of � were also predicted using a correlation
(Eq. (13)) suggested by Mersmann (1999) in order to compare the
values of � obtained from nucleation rates.

� = 0.414KT
(

NA




)2/3
ln

[
1


C∗

]
(13)

Table 3 presents values of � calculated from Eq. (13). It can be
seen that the predicted values are higher than the values calcu-
lated from nucleation rates and % absolute errors (%AE) vary for all
the APIs. %AE for ITZ, GF, IBP and SFMZ are 4.1, 5.1, 6.0, and 16.8
respectively.

Comparison of � values with (presented in Table 7) and with-
out HPMC (presented in Table 3) show that HPMC reduces � due to
adsorption at the growing solid–liquid interfaces. One more inter-
esting observation that can be made is that % change in � is higher
for API with least water solubility (such as ITZ) than API with higher
water solubility (such as SFMZ).
HPMC was found to be the most efficient growth inhibitor for
LAS precipitation of GFas compared to PVP and Polymer JR 400
(Dalvi and Dave, 2009). This is mainly because HPMC is more
hydrophobic and has least solubility in water. It can interact
strongly with more hydrophobic API such as ITZ whereas it cannot

ns in THF (5 mg/ml) introduced through 0.01 in. i.d. nozzle at 100 ml/min in 200 ml
) and no HPMC, and (c) with ultrasound (75 W) and with HPMC (0.2 wt% in water).
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ig. 2. Schematic of population density plot showing deviations from MSMPR.

nteract favorably with API such as SFMZ as it is more hydrophilic
nd has more water solubility. Therefore, HPMC adsorption at
rowing interface of ITZ in the solution is more and hence the
eduction in surface tension is higher as compared to SFMZ.
ddition of HPMC results in a slight increase in surface tension
t SFMZ–solution interface which indicates that HPMC does not
dsorb at the SFMZ–solution interface. This increases agglomera-
ion of the particles and hence larger particle sizes are obtained.

.4. Characterization of particles

Fig. 3 shows SEM images of ITZ, GF and SFMZ particles precip-
tated by LAS. ITZ particles were mainly spherical whereas GF and
FMZ mainly show bipyramidal and diamond shaped morphology.
t is also evident that from the surface morphology of GF (Fig. 3d)
nd SFMZ (Fig. 3f) that the growth of particles is mainly layer by
ayer and by diffusion control (Dirksen and Ring, 1991). The adsorp-
ion of HPMC at the solid–liquid interface prevents transfer of solute
rom the solution to the interface and hence results in uneven

rowth of the surface. Adsorption of HPMC on the surface forms
et-like structure and hence solute molecule can only be deposited
n the vacant sites forming finger like protrusions (Dalvi and Dave,
009; Raghavan et al., 2001).

ig. 3. SEM images of API particles precipitated by LAS from their organic solutions intro
◦C with ultrasound (75 W) and with HPMC (0.2 wt% in water): ITZ particles precipitate
cetone (50 mg/ml) (c) 5000× and (d) 75,000× and SFMZ particles precipitated from acet
Fig. 4. (a) XRD pattern for unprocessed ITZ and ITZ processed with HPMC and (b)
DSC curves for unprocessed ITZ and ITZ processed with HPMC.

Figs. 4–7 present XRD patterns and DSC curves for APIs unpro-
cessed and processed with HPMC. XRD patterns for ITZ (Fig. 4a)
show high amorphous characteristics which are also confirmed
by DSC curves for processed and unprocessed ITZ (Fig. 4b). While
no distinct peak for ITZ processed with HPMC. The melting point
of unprocessed ITZ was found to be ∼168 ◦C whereas the phase
transition temperature for ITZ processed with HPMC was found to
be ∼164 ◦C. XRD patterns for GF (Fig. 5a), IBP (Fig. 6a) and SFMZ

duced through 0.01 in. i.d. nozzle at 100 ml/min in 200 ml water as antisolvent at
d from THF (50 mg/ml) (a) 5000× and (b) 50,000×, GF particles precipitated from
one (200 mg/ml) (e) 5000× and (f) 50,000×.
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ig. 5. (a) XRD pattern for unprocessed GF and GF processed with HPMC and (b)
SC curves for unprocessed GF and GF processed with HPMC.
Fig. 7a) show reduction in peak intensities mainly confirming the
ize reduction or reduction in crystallinity. DSC curves (Figs. 5b–7b)
or unprocessed GF, IBP and SFMZ indicate the melting points of
20, 76 and 170 ◦C whereas DSC curves of processed FNB, GF, IBP

ig. 6. (a) XRD pattern for unprocessed IBP and IBP processed with HPMC and (b)
SC curves for unprocessed IBP and IBP processed with HPMC.
Fig. 7. (a) XRD pattern for unprocessed SFMZ and SFMZ processed with HPMC and
(b) DSC curves for unprocessed SFMZ and SFMZ processed with HPMC.

and SFMZ indicate the phase transition temperatures of 215, 68 and
168 ◦C.

6. Conclusions

Influence of HPMC, ultrasound and physico-chemical material
properties on the nucleation rates and subsequently on particle
sizes is examined based on four poorly water-soluble drugs through
the LAS precipitation. The nucleation rates were estimated using
population densities calculated from particle size distribution data.
The nucleation rate data thus obtained, shows that nucleation rates
increase in presence of ultrasound and HPMC. Use of ultrasound
increases diffusivity of API molecules in the solution, increases Ahom
and thus contribute to the increase in nucleation rate. Addition of
HPMC also increases the viscosity of the solution and decreases the
diffusivity and thus decreases Ahom. However, addition of HPMC
decreases solid–liquid interfacial surface tension, and decreases
Bhom. Thus, use of HPMC reduces the energy barrier for nucle-
ation and increases the nucleation rate. Also it is observed that
the decrease in the energy barrier of nucleation due to HPMC is
higher for more hydrophobic molecule such as ITZ as compared to
a moderately hydrophilic molecule such as SFMZ. This is because
% reduction in surface tension is higher for ITZ than for SFMZ as
HPMC interact favorably with hydrophobic molecule such as ITZ,
whereas it does not interact and hence does not get adsorbed at
the SFMZ particle interface and hence no reduction in interfacial
energy. Also, it is found that the supersaturation attained after
mixing is high for a more hydrophobic molecule such as ITZ as
compared to a moderately water-soluble molecule of SFMZ. This is
because hydrophobic molecule such as ITZ has very low equilibrium

solubility in antisolvent–solvent mixture as compared to a moder-
ately hydrophilic molecule such as SFMZ. Therefore, the nucleation
rates obtained for ITZ are always higher than those obtained for
SFMZ. The analysis of nucleation presented in this work indicates
that the particle size of poorly water-soluble drugs precipitated by
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AS mainly depends material properties such as aqueous solid sol-
bility and interfacial surface tension. Therefore, a better control
ver the particle size and size distribution can be achieved through
s a careful manipulation of process parameters and material prop-
rties.
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