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The objective of this case study of the single-droplet drying of two itraconazole/polymer formulations was
to determine how the solvent system influences drying rate and dried particle morphology. A clear dual
functionality of the two solutes could be identified. The polymeric component (PVP or HPMC) determined
drying rate, whereas the drug determined end particle morphology. This could be related to solubilities
of the two components in the binary solvent mixtures used. The formulation of a surface skin early on in
drying only occurred with HPMC and strongly influenced drying rate but not dried particle morphology.
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1. Introduction

Single-droplet dryingis the only technique that is suitable for the
quantitative examination of both the drying rate and particle gen-
esis from a solution intended for spray drying. The use of acoustic
levitation allows free suspension of the single droplet in a drying
gas (Kastner et al., 2001), and avoids thereby the artifacts in heat
transfer that occur with capillary suspension techniques (Ranz and
Marshall, 1952). The single droplet is levitated in the nodal region of
astanding acoustic wave where it can be held stable during conduc-
tional or convective drying in the surrounding gas. This technique
has been successfully used to examine the drying behaviour of sol-
vent droplets (Tuckermann et al., 2002; Schiffter and Lee, 2007a),
aqueous suspensions (Kastner etal.,2001),and - in the field of phar-
macy - aqueous solutions of carbohydrates or proteins (Schiffter
and Lee, 2007b).

The single droplet acoustic levitator has a potential application
in the field of process development of spray drying. It is possible to
examine solution droplet drying behaviour under drying conditions
close to those existing within a spray-drying chamber (Schiffter
and Lee, 2007a). A study with carbohydrates and proteins showed,
for example, a striking similarity between particle morphologies
obtained from the acoustic levitator and a mini-scale spray-dryer
(Schiffter and Lee, 2007b) In this paper we present a case study that
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gives an example of how measurements of single solution-droplet
drying with the acoustic levitator can provide relevant informa-
tion about the effects of formulation on particle morphology that is
relevant to process development. Itraconazole is to be formulated
with either polyvinylpyrrolidon or hydroxypropyl methylcellulose
as a spray-dried powder suitable for storage and further pro-
cessing. Some preliminary studies had identified a binary solvent
mixture of dichloromethane plus ethanol in which the polymeric
formulations could be spray-dried on a pilot-scale machine. The
spray-dried powders showed, however, substantial differences in
their appearance depending on both the polymer and the composi-
tion of the binary solvent mixture. The objective of this study with
the single-droplet drying levitator was to determine if these two
factors produce different solution-droplet drying behaviour that
could be related to different dried particle morphology. Although
polymers are frequently used as ingredients of spray-dried formu-
lations (Tewa-Tagne et al., 2007) there is no published work on
single-droplet drying to visualize particle genesis from polymer
solutions. The results obtained in this work reveal substantial differ-
ences between the drying behaviour of the two polymers examined,
and also the strong effect of solvent composition.

2. Materials and methods
2.1. Materials
Itraconazole was obtained from Janssen Pharmaceutical (Bel-

gium) and used as received. Polyvinylpyrrolidon (PVP,VA) (Kolli-
don VAG64; batch 59933416KO) of molecular weight 45-70 kDa was
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Table 1
Compositions of the solution droplets examined in this work. In all cases the solvent
used for these solutions was the binary mixtures of dichloromethane/ethanol.

Formulation # Itraconazole [% w/w] PVP, VA [% w[w] HPMC [% w/w]
1 3.182 4.773 0

2 3.182 0 4.773

3 0 4.773 0

4 0 0 4.773

obtained from BASF (Ludwigshafen, Germany), and hydroxypropyl
methylcellulose 2910 5mPas (Pharmacoat 615; batch 20022509)
of molecular weight 15 kDa from Dow Chemicals (Midland, USA).
Dichloromethane and ethanol (99%) were obtained from Roth
Chemicals (Berlin, Germany) and were of analysis grade.

2.2. Levitated single-droplet drying

The single-droplet drying ultrasonic levitator is based on a liter-
ature design (Kastner et al., 2001) and has been fully described in
a previous publication (Schiffter and Lee, 2007a). Briefly, a solvent
or solution droplet of approximately 1000 wm diameter is levitated
in the region of the second node of the standing acoustic wave pro-
duced between a 57 Hz transducer and a reflector contained in an
acrylic glass chamber. In this study the levitator chamber was filled
with dry nitrogen gas whose temperature (Tq) and flow rate (uq)
were adjusted using a controlled evaporation mixer (CEM). Images
of the drying droplet were taken at 5Hz using a CCD video cam-
era. The surface temperature of the drying droplet was measured
using infra-red thermography, as described before (Wulsten and
Lee, 2008). The interested reader is referred to references (Schiffter
and Lee, 2007a; Schiffter and Lee, 2007b) and (Wulsten and Lee,
2008) for full details of this technique.

The levitator chamber was first warmed up to its operating con-
ditions of T4 =50°C and u4 = 0 L/min. A single droplet was produced
on the tip of a Hamilton syringe and introduced into the levitator
chamber and levitated at the second node of the standing acoustic
wave. During the course of droplet drying the following parameters
were determined: the droplet’s horizontal and vertical diameters,
Dy, and Dy, respectively, and the droplet surface temperature across
the droplet profile, Ts. At the end of each experiment with a solution
droplet the dried particle was recovered from the levitator cham-
ber and examined by scanning electron microscopy on an Amray
1810T at 20KkV after 5min Au sputtering at 20 mA/5 kV (Hummer
JR Techniques).

In the first series of experiments the drying kinetics of the binary
solvent mixture of dichloromethane and ethanol in various weight
fractions were determined. The second series examined the drying
kinetics and particle genesis of an itraconazole/PVP,VA formu-
lation in the binary solvent mixtures, and the third series of an
itraconazole/HPMC formulation. The details of the compositions of
the two formulations are given in Table 1.

3. Results and discussion
3.1. Drying kinetics of binary solvent mixtures

A droplet levitated in a standing acoustic wave is deformed to
the shape of an oblate spheroid by the asymmetric horizontal and
vertical levitation forces acting on it (Tian et al., 1993). The mea-
sured values of Dy, and Dy were therefore used to calculate the
surface-equivalent spherical droplet radius, r{t). For a spherical sol-
vent droplet of initial radius ry evaporating in still gas of constant
temperature, T4, the evaporation rate is given by the steady-state

d2-law (Frohn and Roth, 2000):
r2(t)_1 {ZDM (PS Pd)} t 1
r3 B PR \Ts Ty ra

M is the solvent’s molecular weight and p its density, D is the
diffusivity [cm?2/s] of the solvent vapour in the drying gas, R is
the gas constant, Ts is the droplet surface temperature, Ps is the
partial vapour pressure of the solvent at the droplet surface, and
P4 is its partial vapour pressure in the drying gas phase. Fig. 1a
shows the corresponding plots of r2(t)/r2 versus t/r3 for the vari-
ous binary mixtures of dichloromethane (DCM) and ethanol (EtOH)
in the range DCM/EtOH (90:10) to (0:100) by weight. The pure DCM
(i.e. 100:0) could not be determined because the droplet vaporized
immediately on introduction into the levitation chamber. DCM’s
boiling point of 42 °C lies below the T, of 50 °C used in this experi-
ment. The highest fractions of DCM, viz. (90:10) and (75:25), show
biphasic plots in Fig. 1a, weight whereas at the lower weight frac-
tions of DCM the profiles are less curved. This is the behaviour
predicted for the drying of droplets of a binary solvent mixture
(Yarin et al., 2002) where at early times the more volatile compo-
nent (in this case the DCM) evaporates preferentially. At later times
the profile approaches that of the pure, less-volatile component,
i.e. EtOH, as is evident from the plots in Fig. 1a. The result for pure
EtOH is also a slight curve, as evident especially at r(t)/r3 — 0.5.
This departure from Eq. (1) is caused by an increase in Ts and hence
a reduction in (Tq — Ts) during droplet drying (Schiffter and Lee,
2007a), as will be seen presently in Fig. 1c.

The change in drying behaviour with variation in binary sol-
vent composition is clearly illustrated in Fig. 1b by the evaporation
coefficient, 8 [mm?/s], calculated from the tangents to each plot of
r2(t)/r3 at both the start and end points of drying. Both the start
and end values for B decrease with higher fraction of EtOH, and
converge at (0:100) to that value for pure EtOH. The dependence of
the start § on the composition is much greater than that of the end
B. This is because the DCM evaporates preferentially at early times
and has been largely lost in the end phase of drying. The f of the
pure EtOH under the conditions used in the levitator chamber can
be directly calculated from:
2DM (PS Pd)

P="r \%, 71,

The value for D of EtOH vapour in N, gas was calculated accord-
ing to the method given by Fuller et al. (1966). The value of Ps was
calculated from Antoine’s equation (Poling et al., 2001) at the mea-
sured Ts. At Ty =50°C and Py =0 the resulting predicted value for 8
is 0.34 x 10~4 mm?/s. This lies very close to the measured value in
Fig. 1b of 0.33 x 10~4 mm?/s. Note that in this calculation the mea-
sured value of T must be used and not the wet-bulb, since use of
the latter is inaccurate because of droplet warming in the standing
acoustic wave (Wulsten and Lee, 2008). By using the measured Tg
the d2-law gives therefore good agreement with the experimen-
tal result of evaporation rate from the acoustic levitator for pure
EtOH. Note that the 8 values for the binary mixtures of DCM/EtOH
could not be calculated from Eq. (2) because there are no accurate
estimates of Ps available for these mixtures.

The droplet surface temperature must change during drying as
the composition of the binary mixture moves towards that of the
less-volatile component (Tuckermann et al., 2005). Fig. 1c shows
the plots of measured Ts versus t/rg for the various DCM/EtOH
binary solvent mixtures. At (10:90) Ts starts well below zero, before
increasing to a brief plateau value of approximately +17°C after
t/r? = 60s/mm?. This time point corresponds to that of the change
in slope of the r2(t)/r3 plot in Fig. 1a. We observe therefore a
good agreement between the changes in Ts and droplet drying rate.
If the DCM has been largely lost from this binary mixture after
t/r? = 60s/mm?, then the drying rate will have decreased since

(2)
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Fig. 1. Levitated single-droplet drying behaviour of binary solvent mixtures of
dichloromethane (DCM) and ethanol (EtOH) determined at T4 =50°C, 1% RH, and
Ug, =0m/s. Symbols: r(t)=droplet radius at time t; ro = initial droplet radius at t=0;
Ts =droplet surface temperature; §=evaporation coefficient of initial or terminal
slopes of r2(t)/ra versus t/rZ. (a) Drying rate plots of r(t)/rZ versus t/r? at vari-
ous solvent weight proportions (DCM:EtOH). (b) Dependence of § and initial Ts on
solvent composition. (c) Profiles of Ts versus t/rg.

the start of drying and Ts will have increased, as observed. At larger
fractions of EtOH through (25:75) to (50:50) in Fig. 1c¢ the same T;
profile shape is maintained. The initial T’s are, however, shifted to
higher temperatures. These correspond to the higher boiling points
of the binary mixtures containing larger fractions of EtOH. Addition-
ally, the T; profiles reach the plateau at 17 °C after earlier times since
less DCM is available in the starting binary mixtures. At >(75:25)
the biphasic behaviour in Fig. 1c has been lost and Ts increases
steadily until the end of droplet drying. Fig. 1b shows that the start
Ts (t=0) increases linearly with higher fraction of EtOH, indicating
near ideal mixing of the two solvents (Tuckermann et al., 2005)
and no azeotrope. These results are the first demonstration of how
droplet drying rate () and surface temperature (Ts) are connected
during the drying of microdroplets of such a binary solvent mixture.

3.2. PVP.,VA/itraconazole formulation

The plots of r2(t)/r3 in Fig. 2a obtained from the solution
droplets of itraconazole plus PVP.,VA (formulation # (1) in Table 1)
show distinctive ‘constant-rate’ and ‘falling-rate’ periods of drying
that are separated by a clear critical point (Masters, 1991). With
higher fraction of EtOH in the binary solvent mixture (curves 1 — 6)
the drying rate tends to decrease and the temporal position of the
critical point is shifted to later times. Although this shift is substan-
tial, it can be accounted for by the lower drying rate. Thus, moving
from preponderantly DCM, i.e. (90:10), to pure EtOH, i.e. (0:100),
approximately doubles the duration of drying to the critical point
(cf. Fig. 2a). The B determined during the ‘constant-rate’ period is
approximately halved (cf. Fig. 2b), which agrees with the prediction
of boundary layer theory for the quantitative relation between the
drying rate and duration of the ‘constant-rate’ period (Schiffter and
Lee, 2007a).

The dependence of the duration of drying to the critical point on
the solubility of itraconazole in the solvent is evidently of no great
importance. Itraconazole is much more soluble in DCM (250 g/L)
than in EtOH (0.2 g/L). Yet moving from (90:10) to (0:100) increases
the duration of the constant-rate period. Moving to a solvent that
has a higher solubility for a solute should delay the onset of solute
precipitation at the droplet surface. This suggests that it is not the
itraconazole that determines the temporal position of the critical
point in this formulation. The PVP.,VA is, however, highly soluble
in both solvents. Evidently it is the PVP,,VA and not the itracona-
zole that determines the precipitation of solid at the droplet surface
during drying. This is surprising considering that the both the drug
and the polymer are present in almost equal weight concentra-
tions in the solution before drying (cf. Table 1). We suggest that
the PVP,,VA acts as a solvent for the itraconazole, preventing its
precipitation as the DCM is preferentially lost during drying. More
evidence to support this dominance of the polymer in determin-
ing drying behaviour of the solution will be found in the following
experiments.

The Ts profiles in Fig. 2a differ greatly from those for the equiv-
alent binary solvent mixtures seen in Fig. 1c. The start solution
droplet surface temperatures lie in the range of 16-20 °C, increasing
up to the critical point. The start Ts is slightly higher with greater
fraction of EtOH in the formulation (see Fig. 2b). Recall from Fig. 1c
that the DCM-rich binary solvent droplets have much lower start
Ts than that seen in Fig. 2a for the solutions, being sub-zero for
(10:90) and (25:75). Indeed, the start T lies above 10 °C only in the
EtOH-rich binary solvent droplets >(75:25). The low start Ts in the
DCM-rich binary solvent droplets is a result of preferential evapora-
tion of the more-volatile DCM. This influence of DCM on Ts is greatly
reduced in the solution droplets (Fig. 2b) compared with that in the
binary solvent droplets (Fig. 1c). This finding is also unexpected and
indicates that preferential evaporation of DCM from the DCM-rich
solution droplets is hindered by the presence of the solutes.
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Fig. 2. Droplet drying behaviour of PVP-based formulation in different binary sol-
vent mixtures. Symbols: r(t)=droplet radius at time, t; ro =initial droplet radius;
Ts =droplet surface temperature; f=evaporation coefficient. (a) Solution of 4.7%
(w/w) itraconazole +3.1% (w/w) PVP dried at T4 =50°C. (b) Dependence of 8 and
initial T; on solvent composition. (c¢) Solution of 4.7% (w/w) PVP dried at Ty =50°C.

The binary solvent composition influences the morphology of
the dried particles of this formulation isolated from the levitator
chamber. High fractions of DCM produce a smooth particle sur-
face, as seen in Fig. 3a for the example of (90:10). By increasing the
fraction of EtOH the particle surface becomes progressively more
structured, for example (30:70) in Fig. 3b. The surface appearance
is now that of a network of scaffolding coated with a shrunken
pellicle.

(a)

Fig. 3. Scanning electron micrographs of dried particles removed from the levitator
chamber at the end of single-droplet drying at Tq=50°C. (a) 3.7% (w/w) itracona-
zole +4.7% (w/w) PVP in DCM/EtOH (90:10). (b) 3.1% (w/w) itraconazole + 4.7% (w/w)
PVP in DCM/EtOH (30:70). (c) 4.7% (w/w) PVP in DCM/EtOH (30:70).

Evidence to support the dominating role of the PVP, VA is found
by removing itraconazole from the solution (formulation #3 in
Table 1). The resulting droplet drying rate (Fig. 2c)is unchanged over
that seen with the polymer plus drug (Fig. 2a). Yet the critical point
is now shifted to later times, as evident in both the r2(t)/r§ and Ts
profiles. This is, however, just the expected result of a lower solids’
content of the solution—4.7% (w/w) compared with 7.8% (w/w) for
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the itraconazole + PVP., VA (cf. Table 1) that prolongs the ‘constant-
rate’ period. It is the evaporation coefficients that are not different
from those seen with the PVP.,VA +itraconazole (Fig. 2b). The pro-
files of Ts also are unchanged (Fig. 2¢), and the plots of start Ts
versus fraction of EtOH (Fig. 2b) are hardly altered by removal of
the itraconazole. These results confirm that it is the polymer, and
not the itraconazole, that determines the drying rate of the solu-
tion droplets, despite the almost equal weight concentrations of
polymer and drug in solution.

Furthermore, the relatively sharp critical points in the rz(t)/ré
and Ts profiles in Fig. 2c show that the PVP.,VA precipitates after
this time at the droplet surface and immediately reduces the dry-
ing rate (Masters, 1991). This is the typical behaviour observed
for the single-droplet drying of low molecular weight, amorphous
carbohydrates (Schiffter and Lee, 2007b). Up to the critical point
the droplet surface remains liquid, yet the dissolved PVP,VA
greatly reduces evaporation rate compared with the binary solvent
mixture. The evaporation coefficients obtained with the PVP.,VA
solutions lie in the range 0.38-0.42 mm?/s during the ‘constant-
rate’ period (Fig. 2b). These are much lower than the values of
start 8 obtained from the binary solvent mixtures in Fig. 1b. This
phenomenon is particularly evident at high fractions of DCM, e.g.
>(60:40), where S of the PVP.,VA solutions is low (Fig. 2b) and T is
high (Fig. 2b). This result agrees with the T measurements in Fig. 2a
and is a further strong indication that the PVP.,VA hinders prefer-
ential evaporation of DCM in the DCM-rich mixtures. This polymer
evidently binds the DCM in solution during drying.

Removal of itraconazole from the formulation does, however,
affect the dried particle appearance. The same particle morphology
is now observed for all binary solvent compositions, the represen-
tative example of (70:30) being given in Fig. 3c. The particle is
collapsed and has a smooth surface that no longer shows the struc-
tured appearance seen with the drug formulation in Fig. 3b. It is
therefore precipitated itraconazole that produces the crystalline-
like surface appearance of the itraconazole/PVP.,VA formulations
at high fractions of EtOH, e.g. in Fig. 3b. This has, however, no affect
on the drying rate. The PVP., VA determines the single-droplet dry-
ing rate, whereas the itraconazole only influences the dried particle
morphology. These results are the first demonstration of such a dual
functionality in single-droplet drying and illustrate the utility of the
technique used.

3.3. HPM(Y/itraconazole formulation

Substitution of PVP, VA with HPMC (formulation #2 in Table 1)
produces a different single-droplet drying behaviour. The plots of
r2(t)/r2 in Fig. 4a show no critical point up to t/r2 of 300s/mm?.
This is a result of rapid formation of a surface skin that was clearly
observed early on in the drying process (t/rg < 50s/mm?) with
this polymer. This phenomenon must be related to a lower solubil-
ity of the polymeric component in the surface layer of the solvent
as drying proceeds. With HPMC this leads to rapid precipitation,
whereas the PVP,VA has sufficient solubility to maintain a liquid
surface until much later in drying.

The surface skin strongly the influences drying rate, but not
the dried particle appearance. Thus, the evaporation coefficients in
Fig. 4b are lower than those determined with the PVP., VA formu-
lation (cf. Fig. 2b). This difference in evaporation rate depends on
the composition of the binary solvent mixture. It is largest at high
fractions of DCM and becomes smaller as pure EtOH is approached.
As a result g in Fig. 4b tends to increase with higher fraction of
EtOH.

The Ts profiles in Fig. 4a also show no evident critical point. As
seen with the PVP.VA/itraconazole, the start Tg with the DCM-
rich formulations is much higher than the measured values for
the pure binary solvent mixtures. This polymer also evidently hin-
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Fig. 4. Droplet drying behaviour of HPMC-based formulation in different binary sol-
vent mixtures. Symbols: r(t)=droplet radius at time, t; ro =initial droplet radius;
Ts =droplet surface temperature; f=evaporation coefficient. (a) Solution of 4.7%
(w/w) itraconazole +3.1% (w/w) HPMC dried at T4 =50°C. (b) Dependence of 8 and
initial T; on solvent composition. (¢) Solution of 4.7% (w/w) HPMC dried at Ty =50 °C.

ders the preferential evaporation of DCM at early drying times.
Since this phenomenon is seen with both polymers, it cannot be
caused by the surface skin that is formed only with the HPMC. It
is more likely that the polymer binds the DCM in solution during
drying.

The SEM in Fig. 5a of the particle obtained from the (70:30)
binary solvent mixture shows that the surface skin has collapsed
during the course of drying. A smooth particle surface is observed
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Fig. 5. Scanning electron micrographs of dried particles removed from the levitator
chamber at the end of single-droplet drying at Tq=50°C. (a) 3.7% (w/w) itracona-
zole +4.7% (w/w) HPMC in DCM/EtOH (70:30). (b) 3.1% (w/w) itraconazole +4.7%
(w/w) HPMC in DCM/EtOH (40:60). (c) 4.7% (w/w) HPMC in DCM/EtOH (70:30).

with high fractions of DCM >(50:50). The appearance of crystalline-
like structure is only evident at low fractions of DCM <(40:60), for
example in Fig. 5b, where the solubility of the itraconazole in the
EtOH-rich binary solvent mixtures is low. This behaviour is the same

as that seen with the PVP.,VA/itraconazole, since it is determined
by the drug and not the polymer.

The importance of the polymer for drying behaviour can again
be realized by removing the itraconazole from the HPMC formula-
tion (formulation #4 in Table 1). This hardly alters drying behaviour:
Fig. 4c shows the same profiles ofrz(t)/rg and Ts. The droplet drying
progresses slowly and with no critical point of drying. The evap-
oration coefficients in Fig. 4b are much scattered because of the
irregular rz(t)/r(z) plots, but do not differ in essence from those of
the itraconazole/HPMC solutions. Ts is also high and increases with
larger fraction of EtOH (Fig. 4b).

Skin formation was also observed early on during droplet dry-
ing, confirming that this phenomenon comes from the HPMC. The
dried particles show a collapsed appearance with a smooth surface
structure (Fig. 5¢ for the example of (30:70)) and no crystalline-like
appearance at high proportions of EtOH. The itraconazole is there-
fore responsible for this morphology. The HPMC formulation thus
also demonstrates a dual functionality of the two solutes during
single-droplet drying.

4. Conclusions

This study demonstrates how the acoustic levitator can be used
to resolve effectively the differences in the drying behaviour of two
polymeric itraconazole formulations. Of particular interest is the
finding that the polymeric component determines the drying rate,
whereas the drug has a strong influence on dried particle morphol-
ogy. The advantage of measurements of single-droplet drying over
spray drying experiments is that both the temporal drying rate and a
picture of particle formation can be obtained. In the present study
it was, for example, possible with HPMC to observe surface skin
formation early on in the drying process.
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