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Abstract

In this first of two articles, we discuss some issues surrounding the dissolution rate enhancement of poorly-soluble active
ingredients micronized into nano-particles using several supercritical fluid particle design processes including rapid expansion of
supercritical solutions (RESS), supercritical anti-solvent (SAS) and particles from gas-saturated solutions/suspensions (PGSS).
Experimental results confirm that dissolution rates do not only depend on the surface area and particle size of the processed
powder, but are greatly affected by other physico-chemical characteristics such as crystal morphology and wettability that may
reduce the benefit of micronization.
© 2004 Elsevier B.V. All rights reserved.
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. Introduction

As a growing number of new active compounds
xhibit a very low solubility in biological media, the
harmaceutical industry is facing a major challenge

o find means to formulate such compounds in order
o reach an “acceptable” bio-availability (Liu, 2000).
ore than one-third of the drugs listed in the US Phar-
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macopoeia are considered to be “poorly-soluble”,
a recent study stated that 41% of failures in new d
development in seven UK-owned companies have
attributed to poor biopharmaceutical properties, inc
ing water insolubility (Prentis et al., 1999).

In fact, it has been shown that, for most orally adm
istered poorly-soluble compounds, the bio-absorp
process is rate-limited by dissolution in gas
intestinal fluids; in the case of parenteral adminis
tion, the effective bio-availability of compounds is a
limited by solubility issues (risk of precipitation at t
injection point, slow dissolution in serum,. . .). Many
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parameters related to solid morphology influence the
dissolution rate of a compound, among which the par-
ticle size and the crystal habit and crystal pattern have
a key-role.

Here we review literature and present some of our
own results on the dissolution rate enhancement of
poorly-soluble active ingredients by using supercritical
fluid (SCF) processes (Jung and Perrut, 2001; Perrut,
2003a; Perrut and Clavier, 2003b) in order to micronize
these compounds into neat nano-/micro-particles (Part
I), or to formulate them by microencapsulation, cy-
clodextrin (CD) inclusion and impregnation (Part II,
Perrut et al., 2005).

For the purpose of dissolution enhancement, sev-
eral supercritical fluid particle design processes can be
used, classified according to the four main basic con-
cepts (see details inJung and Perrut, 2001), with the
possibility to micronize neat particles with the first two
processes and to prepare composite particles by the all
four:

• Rapid expansion of supercritical solutions(RESS):
A solution of the compound(s) in a supercritical fluid
is rapidly depressurised through a nozzle, causing a
rapid nucleation of fine particles (neat or composite)
(Jung and Perrut, 2001).

• Supercritical anti-solvent(SAS): A solution of the
compound(s) in an organic solvent is contacted with
a supercritical solvent that causes solid precipita-
tion by anti-solvent effect, the organic solvent being
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centrated powder formulation (CFP), applicable to
liquid compounds, the liquid viscosity is decreased
by saturation with high-pressure CO2, and the liq-
uid penetrates the carrier pores where it is adsorbed
during the co-pulverization of the solid and liquid
phases (Jung and Perrut, 2001).

We will not enter into the solubility theory and sol-
ubility prediction as the reader can find comprehensive
accounts inLiu (2000)but here we simply recall some
fundamental aspects.

2. Fundamentals (Liu, 2000)

Applying the Fick’s law, it is easy to demonstrate
that the mass transfer rate of a particulate solid of mass
M (composed of particles with an average volumeVp)
into a liquid of volumeVL is proportional to the solid
surfaceS:

δm

δt
= −hS(CS − Cb) (1)

whereh is the mass transfer coefficient (generally es-
timated byh= D/e where D is the diffusion coeffi-
cient of the compound in the liquid ande is the thick-
ness of the diffusion layer),CS the solid solubility and
Cb is the solute bulk concentration. This leads to the
Noyes–Whitney equation giving the dissolution rateR
(defined as the concentration changeR = δM/δt/VL):
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eventually entrained by the supercritical fluid;
ther neat particles of a unique compound, or mi
spheres of an ingredient embedded in an excipie
CD-complex particles may be generated (Jung and
Perrut, 2001).
Particles from gas-saturated solutions(PGSS): The
compound(s) are melted in presence of a compre
gas that dissolves in the liquid phase which is pul
ized towards a low-pressure vessel, leading to
cipitation of solid particles of compound(s); wh
a suspension of fine particles of an ingredient
persed in a liquid excipient is processed, com
ite microcapsules are generated (Jung and Perru
2001).
Impregnation: The compound is dissolved in a sup
critical fluid that is then depressurized into a ve
containing a porous excipient on which the co
pound is adsorbed. In another concept called
= DS
CS − Cb

eVL
(2)

Supposing thatCb remains very small in compa
on with the saturation solubilityCS, and as the soli
urface areaSp is the proportional toV 2/3

p , Eq.(1), into:

1/3(0) − M1/3(t) = Kt (3)

nown as the Hixson–Crowell cube root law.
On the contrary, when the initial amount of so

pproaches the amount needed for reaching a satu
olution, the following equation is obtained, known
he negative two-thirds law:

−2/3(t) − M−2/3(0) = K′t (4)

Eqs.(3) and (4)can be expressed in the case of sp
cal mono-dispersed particles, showing the depend
f the dissolution rate with the particle diameter. B
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as powders are never mono-disperse and rarely spheri-
cal, this is of little help. The knowledge of the particle
size distribution may also mislead: a powder sample
with a small mean diameter and large size distribution
may have a deceptively low dissolution rate due to the
presence of large particles at the end of the distribution.
It is always better to consider the specific areaa rather
than the particle size, the more so because the particle
size information may hide particle re-agglomeration
that considerably reduces the specific area.

Moreover, it is to be noted that the solubilityCS
of solid particles also depends on the particle size, in-
creasing for colloidal suspensions. Particles with di-
ameter below 1�m possess significantly greater solu-
bility than larger ones (Higuchi, 1985); this difference
may be attributed to a greater specific surface area and
higher surface free energy for fine particles in com-
parison with their larger counterparts. It was widely
observed that very fine particles have a tendency to
dissolve and recrystallize onto larger ones, producing
a shift in particle size distribution until an equilibrium
solubility is reached (“Ostwald ripening”).

3. Experimental issues

It must be emphasized that solid dissolution is a
complex operation influenced by a great number of fac-
tors, not only the particle size. This can be illustrated in
Fig. 1(Crison, 2000) showing the dissolution curves of

F
2

a poorly soluble compound as bulk or micronized, com-
pared with the theoretical curve of the micronized form,
according to the Hixson–Crowell cube-root equation
(Eq.(3)). Further observations using a light microscope
showed a high degree of re-agglomeration of the mi-
cronized particles.

As a matter of fact, micronization—whatever the
process—may alter the solid morphology to a greater
or lesser extent. This is of major importance when the
solid exhibits polymorphism and when an amorphous
phase is formed, creating unexpected behavior and/or
unstable properties. On the other hand, the particle or
particle aggregate tends to adsorb air and becomes ex-
tremely difficult to disperse into an aqueous media. The
micronized powder then is not wetted by the liquid,
floating on the surface instead of dispersing in the liq-
uid bulk, except when a surface-active agent is present
in the medium.

So, experimental dissolution curves are often altered
by artefacts or lead to unreliable results when a robust
method of particle processing and dissolution evalua-
tion is not utilized. Of course, subsequent formulation
may also dramatically affect the dissolution rate that
is then very different from what is observed with the
non-formulated particles.

4. Dissolution rate of SCF-micronized particles

Among the hundreds of articles dealing with SCF
p 3a;
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ig. 1. Dissolution curves of a poorly-soluble compound (Crison,
000).
article design (Jung and Perrut, 2001; Perrut, 200
errut and Clavier, 2003b), it is rather surprising tha
ery few disclose results on the difference in diss
ion rate between unprocessed material and SCF
ronized solid, as detailed below. Moreover, in m
ublications, data are not complete and the phy
roperties of the solid material are lacking. We h
xperienced difficulties in obtaining such comparis
ut some of our own micronization results are prese
elow among literature results.

.1. RESS process

Phenacetinwas micronized by RESS with CO2
and CHF3 as solvents, and the samples comp
with the milled material (Loth and Hemgesber
1986). No polymorphic modification was observ
but large differences appeared in particle sha
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sizes and specific surface areas. However, despite
considerable differences in specific surface areaa
(from 23,800 to 34,100 cm−1 for the RESS-material
in comparison with 14,500 cm−1 for the milled ma-
terial), the dissolution rates in pure water remained
of the same order of magnitude, due to agglom-
eration and wetting problems; this was confirmed
by the very significant increase in dissolution rates
after addition of a free-flow aid agent (Aerosil R
972) and yet much more when mixed with mannitol
(1:1).

• Nifedipine was processed by RESS-CO2, leading
to particles of a very uniform size (1–3�m) that
were later incorporated at a concentration of 20%
into fast-disintegrating tablets for dissolution release
in pepsin-free artificial gastric juice, in compari-
son with tablets containing milled material (Gerard
and Quirin, 1986): the micronized compound was
released faster (50% in 38 and 54 min, respec-
tively) but not as much as expected from the par-
ticle size difference. Again this is likely to be due
to re-agglomeration and poor wettability of the mi-
cronized particles.

• Griseofulvinparticles were prepared by RESS-CO2
(Martin et al., 2000; Turk et al., 2002). The dissolu-
tion rates into artificial gut fluid (pH 4.7) of the un-
processed crystalline compound (∼1�m particles
adsorbed onto larger particles up to 200�m), the
micronized compound (∼1�m particles) and the
RESS-processed ones (agglomerates of∼200 nm
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• Ibuprofen is generally found as racemic. As it ex-
hibits a significant solubility in supercritical carbon
dioxide, several authors have reported micronization
by RESS. Among these,Charoenchaitrakool et al.
(2000)andFoster et al. (2003)obtained particles of
around 2�m size that were dissolved in phosphate
buffer (pH 6.3) at 37◦C: the dissolution rate coeffi-
cient, defined inFoster et al. (2003), was five times
higher for RESS-processed material than the orig-
inal material (size∼250�m); as they observed re-
agglomeration of the micronized particles, this may
explain this relatively limited gain in dissolution rate.
They investigated the effect of surfactant addition
in the dissolution medium: the dissolution rate con-
stant of the RESS-micronized powder was signifi-
cantly increased (∼3 times more than in surfactant-
free medium), due to an improvement in the wetta-
bility of the solid; the same dissolution enhancement
was also seen for the original material that, surpris-
ingly, dissolves as quickly as the micronized mate-
rial in such surfactant-added medium. Ibuprofen was
also used as model molecule in other studies of the
RESS-CO2 process (Cristini et al., 2003). The un-
processed material with large crystals (100–200�m)
dissolved significantly faster in a phosphate buffer
solution (pH 7.2) at 37◦C, than the micronized sam-
ple (1–3�m), leading the authors to incorporate the
micronized drug into excipient as described in part
II (Perrut et al., 2005).

• Phytosterolwas micronized by RESS-CO2 (Jiang
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particles) were compared; the excellent fit with
Hixson-Crowell cube root law (Eq.(4)) led to disso
lution rate constantsK of 0.0024, 0.0043 and 0.006
respectively, demonstrating the interest to use R
for processing such a hydrophobic compound kn
for its poor absorption from the gastro-intesti
tract.
Lidocainewas micronized using RESS-CO2 (Frank
and Ye, 2000), leading to spherical nanopartic
(size estimated∼100 nm) with similar DSC analys
as the starting material; the dissolution rates of th
very fine particles in pure water at 37◦C were found
substantially higher than the dissolution rate of
non-processed compound (size estimated 5–7�m):
at 1 h, the dissolution reaches 75 and 60%, res
tively. However, this difference is much lower tha
should be expected from the considerable differe
in specific surface area of the two powders.
et al., 2003), leading to particles of size varyin
between 1 and 20�m according to the proces
ing conditions, that presented a dissolution rat
water at 35◦C, much higher than the unproces
material: 100% dissolution in 90 min instead
240 min.

Separex used the RESS process to prepare micr
icles and compared the dissolution rate of proce
nd unprocessed particles.

We micronizedNifedipineby RESS using dimeth
ether as solvent and obtained microparticles tha
not exhibit an improved dissolution rate in simula
pepsin-free gastric juice (pH 1.2) as shown inFig. 2.
Lovastatin, available as coarse crystals shown
Fig. 3, was micronized by RESS-CO2 with a wide
range of process parameters. Particle characte
tion was operated by SEM and the dissolution
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Fig. 2. Dissolution curves of nifedipine in simulated pepsin-free gas-
tric juice (pH 1.2) (Courtesy of SEPAREX).

into pure water was measured at room tempera-
ture. Agglomerates (5–20�m) of very fine parti-
cles (<1�m) were obtained as shown in a few ex-
amples (Fig. 4). In most cases, higher dissolution
rates were found. However, the size reduction also
induced drastic electrostatic phenomena and par-
ticle wetting became problematic, leading to non-
reproducible dissolution rates. Comparison of the
SEM pictures and dissolution curves (some are pre-
sented inFig. 5) is rather surprising as the fastest dis-
solution rates correspond to samples that look “un-

Fig. 3. Lovastatin unprocessed material (bar = 50�m) (Courtesy of
SEPAREX).

satisfactory” in terms of particle size (samples 4 and
6) while material appearing “satisfactory” led to the
same rate as the unprocessed material (sample 8) or
even a lower one (sample 10). This may be attributed
to a strong particle agglomeration, leading to a low
“available” specific surface area.

• CelecoxibandRofecoxibparticles (Fig. 6) were gen-
erated by RESS with CO2 (solubility is very low) and
dimethyl ether (higher solubility), exhibiting differ-
ent solid morphologies, either amorphous or crys-
talline (Perrut et al., 2002). The dissolution rate of
these particles in pure water was found only slightly
higher than the unprocessed material (large flakes)
one, in spite of very different particle sizes and spe-
cific areas. More surprisingly, after formulation with
the commercially-used excipients, the micronized
amorphous material dissolves more slowly into sim-
ulated intestinal juice (pH 5 with 1% SLS) than the
original crystalline material which behaves exactly
like the commercial formulation—probably due to
poor wetting and difficult penetration of the aqueous
medium inside the micro-particles agglomerates.

4.2. Anti-solvent process

• Carbamazepinehas been micronized by supercriti-
cal anti-solvent process, using acetone as solvent and
carbon dioxide as anti-solvent (Kikic et al., 2000,
2002). Ninety percent dissolution of the drug in
pure water was obtained in∼15 min for the SCF-
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processed powder, while∼140 min were require
for the unprocessed material. Unfortunately, no
tails on the solid morphology and particle size w
disclosed by the authors.
Mefenamic acidhas been precipitated from so
tions in methanol, ethanol and acetone by pul
ization into supercritical CO2 (anti-solvent), lead
ing to 10–50�m platelets (Foster et al., 2000). The
dissolution rate in water of these particles was s
ilar to the micronized commercial product (seve
to 20�m) one, and much higher than the origi
material (irregular-shape 150�m crystals) one. Th
authors concluded that this enhancement is fou
on the surface area increase.
Copper–indomethacinbeing insoluble in CO2 was
precipitated from a dimethylformamide solution
supercritical CO2 anti-solvent: work byWarwick et
al. (2002)and Foster et al. (2003). The resulting
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Fig. 4. SEM pictures of RESS-CO2 processed Lovastatin (Courtesy of SEPAREX). (a) Sample 4 (bar = 10�m); (b) sample 6 (bar = 5�m); (c)
sample 8 (bar = 5�m); (d) sample 10 (bar = 1�m).

microparticles were spherical with 90% of the par-
ticles with diameters below 10�m, adequate to be
used as suspensions for injections or for ophthalmic
applications. Micronization was demonstrated to

Fig. 5. RESS-CO2 lovastatin dissolution curves (Courtesy of SEP-
AREX).

lead to an eight-fold increase in dissolution rate
in water compared with the original form of the
compound.

4.3. The PGSS process

• Nifedipinehas also been processed by PGSS-CO2
(atomization of the melted compound saturated in
high-pressure gas) (Weidner et al., 1994; Knez,
2000). Particles of 15–30�m size were obtained in
comparison with the 50�m size unprocessed ma-
terial. Depending on the processing conditions, the
resulting dissolution rate in pure water was sig-
nificantly increased: about twice after 15–60 min
(Weidner et al., 1994) up to seven times at 60 min
(Knez, 2000).

• Felodipinehas been processed by PGSS-CO2 simi-
larly to nifedipine (Knez, 2000). Particles of 45�m
average diameter were obtained with a BET specific
surface area of 1.33 m2/g in comparison with the un-
processed particles of 60�m average diameter and
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Fig. 6. Celecoxib particles by RESS-dimethyl ether (a) and Rofecoxib particles by RESS-carbon dioxide (b). Bars = 1�m (Courtesy of SEPA-
REX).

0.33 m2/g area. However, both the unprocessed and
micronized particles exhibit similar very low disso-
lution rates in pure water of 0.26 and 0.29 mg/l after
1 h, once again due to the very low wettability of the
compound.

5. Discussion

From the results cited in this publication on 13 ac-
tive compounds by a variety of researchers, we would
conclude:

a. Although the accepted theory tends to predict a rate
quasi-proportional to the specific surface areaa, mi-
cronisation alone cannot guarantee a significant en-
hancement of dissolution rate or bio-availability of
hydrophobic drugs.

b. Many other factors play a major role in the dissolu-
tion phenomenon among which the most important
one iswettability; addition of a surfactant in the ex-
cipient mixture is of prime importance.

We would conclude that this does not mean that
SCF-micronization is not valuable; on the contrary, we
would emphasize that an optimized formulation does
permit us to take advantage of the resulting specific sur-
face area increase. On the other hand, SCF processes
c h at-
t rt II
(
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