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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 patrticles 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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1. Introduction macopoeia are considered to be “poorly-soluble”, and
a recent study stated that 41% of failures in new drug
As a growing number of new active compounds developmentin seven UK-owned companies have been
exhibit a very low solubility in biological media, the attributed to poor biopharmaceutical properties, includ-
pharmaceutical industry is facing a major challenge ing water insolubility Prentis et al., 1999
to find means to formulate such compounds in order  Infact, it has been shown that, for most orally admin-
to reach an “acceptable” bio-availabilitizig, 2000. istered poorly-soluble compounds, the bio-absorption
More than one-third of the drugs listed in the US Phar- process is rate-limited by dissolution in gastro-
intestinal fluids; in the case of parenteral administra-
tion, the effective bio-availability of compounds is also
limited by solubility issues (risk of precipitation at the
injection point, slow dissolution in serum,.). Many
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parameters related to solid morphology influence the  centrated powder formulation (CFP), applicable to
dissolution rate of a compound, among which the par-  liquid compounds, the liquid viscosity is decreased
ticle size and the crystal habit and crystal pattern have by saturation with high-pressure GCand the lig-
a key-role. uid penetrates the carrier pores where it is adsorbed

Here we review literature and present some of our  during the co-pulverization of the solid and liquid
own results on the dissolution rate enhancement of phasesJung and Perrut, 2001
poorly-soluble active ingredients by using supercritical
fluid (SCF) processesing and Perrut, 2001; Perrut,
2003a; Perrut and Clavier, 2003b order to micronize
these compounds into neat nano-/micro-particles (Part
1), or to formulate them by microencapsulation, cy-
clodextrin (CD) inclusion and impregnation (Part I,
Perrut et al., 2006

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 idung and Perrut, 2001with the
possibility to micronize neat particles with the first two
processes and to prepare composite particles by the all

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

2. Fundamentals {iu, 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 voluvg
into a liquid of volumeV_ is proportional to the solid

four: surfaceS:

om

— =—-hS(Cs—-C 1
o Rapid expansion of supercritical solutio(RES$: ot (Cs b) @

A solution of the compound(s) ina supercritical fluid - \yhereh is the mass transfer coefficient (generally es-
is rapidly depressurised through a nozzle, causing a tjmated byh=D/e whereD is the diffusion coeffi-
rapid nucleation of fine particles (neat or composite) cient of the compound in the liquid areds the thick-
(Jung and Perrut, 2001 _ ness of the diffusion layers the solid solubility and

* Supercritical anti-solven{SAS: A solution of the ¢, is the solute bulk concentration. This leads to the
compound(s) in an organic solvent is contacted with Noyes—Whitney equation giving the dissolution rRte

a supercritical solvent that causes solid precipita- (defined as the concentration charRye SM/5t/V, ):
tion by anti-solvent effect, the organic solvent being

eventually entrained by the supercritical fluid; ei- » _ pg Cs—Cp )
ther neat particles of a unique compound, or micro- eVL

spheres of aningredientembedded in an excipient, or Supposing tha€y, remains very small in compari-
CD-complex particles may be generatddr{g and  gop with the saturation solubilit€s, and as the solid

Perrut, 200} . . 2/3 .
. . surface are8§, is the proportional t&/," ~, Eq.(1), into:
e Particles from gas-saturated solutio(RGS$: The % prop P a-(1)

compound(s) are melted in presence ofacompressedMl/3(0) _ M1/3(t) — Kt (3)
gas that dissolves in the liquid phase which is pulver-
ized towards a low-pressure vessel, leading to pre- known as the Hixson—-Crowell cube root law.
cipitation of solid particles of compound(s); when On the contrary, when the initial amount of solid
a suspension of fine particles of an ingredient dis- approaches the amount needed for reaching a saturated
persed in a liquid excipient is processed, compos- solution, the following equation is obtained, known as
ite microcapsules are generatellifg and Perrut,  the negative two-thirds law:
200D). —2/3¢ _ m—=2/3(00) — K

o ImpregnationThe compound is dissolved in asuper- M=) = M 0) = Kt @
critical fluid that is then depressurized into a vessel Eqgs.(3)and (4an be expressedinthe case of spher-
containing a porous excipient on which the com- ical mono-dispersed particles, showing the dependence
pound is adsorbed. In another concept called con- of the dissolution rate with the particle diameter. But,
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as powders are never mono-disperse and rarely spheri-a poorly soluble compound as bulk or micronized, com-
cal, this is of little help. The knowledge of the particle pared with the theoretical curve of the micronized form,
size distribution may also mislead: a powder sample according to the Hixson—Crowell cube-root equation
with a small mean diameter and large size distribution (Eq.(3)). Further observations using alight microscope
may have a deceptively low dissolution rate due to the showed a high degree of re-agglomeration of the mi-
presence of large particles at the end of the distribution. cronized particles.
It is always better to consider the specific aagather As a matter of fact, micronization—whatever the
than the particle size, the more so because the particleprocess—may alter the solid morphology to a greater
size information may hide particle re-agglomeration or lesser extent. This is of major importance when the
that considerably reduces the specific area. solid exhibits polymorphism and when an amorphous
Moreover, it is to be noted that the solubilifs phase is formed, creating unexpected behavior and/or
of solid particles also depends on the particle size, in- unstable properties. On the other hand, the particle or
creasing for colloidal suspensions. Particles with di- particle aggregate tends to adsorb air and becomes ex-
ameter below Lum possess significantly greater solu- tremely difficult to disperse into an aqueous media. The
bility than larger onesHiguchi, 1983; this difference micronized powder then is not wetted by the liquid,
may be attributed to a greater specific surface area andfloating on the surface instead of dispersing in the lig-
higher surface free energy for fine particles in com- uid bulk, except when a surface-active agent is present
parison with their larger counterparts. It was widely inthe medium.
observed that very fine particles have a tendency to  So, experimental dissolution curves are often altered
dissolve and recrystallize onto larger ones, producing by artefacts or lead to unreliable results when a robust
a shift in particle size distribution until an equilibrium  method of particle processing and dissolution evalua-
solubility is reached (“Ostwald ripening”). 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
3. Experimental issues non-formulated particles.

It must be emphasized that solid dissolution is a
complex operation influenced by a great number of fac- 4. Dissolution rate of SCF-micronized particles
tors, not only the particle size. This can be illustrated in

Fig. 1(Crison, 2009showing the dissolution curves of Among the hundreds of articles dealing with SCF
particle designJung and Perrut, 2001; Perrut, 2003a;
L T A AR R -t Perrut and Clavier, 2003hit is rather surprising that

very few disclose results on the difference in dissolu-

tion rate between unprocessed material and SCF mi-
cronized solid, as detailed below. Moreover, in many

publications, data are not complete and the physical
properties of the solid material are lacking. We have

experienced difficulties in obtaining such comparisons,

but some of our own micronization results are presented
below among literature results.

)(.-{/%’}

—— bulk drug, p =29 um, 6 =2.1
—— micronized, p =4 pm,c = 1.6
- - - - theoretical, p=4 ym, =16

.
50 '
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4.1. RESS process

04 ‘ . ) e Phenacetinwas micronized by RESS with GO
0 % " 60 % and CHR as solvents, and the samples compared
inutes with the milled material l(oth and Hemgesberg,

Fig. 1. Dissolution curves of a poorly-soluble compouftigon, 1986. No p_olymorphic mOdiﬁcaﬂpn was observed
2000. but large differences appeared in particle shapes,
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sizes and specific surface areas. However, despitee lbuprofenis generally found as racemic. As it ex-

considerable differences in specific surface aea
(from 23,800 to 34,100 cni for the RESS-material

in comparison with 14,500 crt 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
(1:2).

Nifedipine was processed by RESS-¢Qeading

to particles of a very uniform size (143n) 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 materigé¢rard
and Quirin, 1988 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-£0
(Martin et al., 2000; Turk et al., 2002The dissolu-
tion rates into artificial gut fluid (pH 4.7) of the un-
processed crystalline compoundim particles
adsorbed onto larger particles up to 20@), the
micronized compound~1um particles) and the
RESS-processed ones (agglomerates~200 nm
particles) were compared; the excellent fit with the
Hixson-Crowell cube root law (E¢4)) led to disso-
lution rate constants of 0.0024, 0.0043 and 0.0069,
respectively, demonstrating the interest to use RESS
for processing such a hydrophobic compound known
for its poor absorption from the gastro-intestinal
tract.

Lidocainewas micronized using RESS-GQFrank
and Ye, 200 leading to spherical nanoparticles
(size estimatee 100 nm) with similar DSC analysis

hibits a significant solubility in supercritical carbon
dioxide, several authors have reported micronization
by RESS. Among thesé&haroenchaitrakool et al.
(2000)andFoster et al. (2003)btained particles of
around 2um size that were dissolved in phosphate
buffer (pH 6.3) at 37C: the dissolution rate coeffi-
cient, defined irfFoster et al. (2003)was five times
higher for RESS-processed material than the orig-
inal material (size~250p.m); as they observed re-
agglomeration of the micronized particles, this may
explainthis 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-CQ process Cristini et al., 2003 The un-
processed material with large crystals (100—269)
dissolved significantly faster in a phosphate buffer
solution (pH 7.2) at 37C, than the micronized sam-
ple (1-3u.m), leading the authors to incorporate the
micronized drug into excipient as described in part
Il (Perrut et al., 2006

Phytosterolwas micronized by RESS-GQ(Jiang

et al., 2003, leading to particles of size varying
between 1 and 2@m according to the process-
ing conditions, that presented a dissolution rate in
water at 35C, much higher than the unprocessed
material: 100% dissolution in 90 min instead of
240 min.

Separexusedthe RESS process to prepare micropar-

ticles and compared the dissolution rate of processed
and unprocessed particles.

as the starting material; the dissolution rates of these ¢ We micronized\ifedipineby RESS using dimethyl

very fine particles in pure water at 3€ were found
substantially higher than the dissolution rate of the
non-processed compound (size estimatedi&sYy.

ether as solvent and obtained microparticles that did
not exhibit an improved dissolution rate in simulated
pepsin-free gastric juice (pH 1.2) as showiirig. 2

at 1 h, the dissolution reaches 75 and 60%, respec-e Lovastatin available as coarse crystals shown in

tively. However, this difference is much lower than it
should be expected from the considerable difference
in specific surface area of the two powders.

Fig. 3, was micronized by RESS-GQith a wide
range of process parameters. Particle characteriza-
tion was operated by SEM and the dissolution rate
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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 (5-30m) of very fine parti-
cles (<1pm) 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 irFig. 5) is rather surprising as the fastest dis-
solution rates correspond to samples that look “un-

Serm

oeePB3

Fig. 3. Lovastatin unprocessed material (bar 5% (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 alower one (sample 10). This may be attributed
to a strong particle agglomeration, leading to a low
“available” specific surface area.
CelecoxiblandRofecoxilparticles Fig. 6) were gen-
erated by RESS with C&{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

e Carbamazepinéas been micronized by supercriti-

cal anti-solvent process, using acetone as solventand
carbon dioxide as anti-solverkikic et al., 2000,
2002. Ninety percent dissolution of the drug in
pure water was obtained 15 min for the SCF-
processed powder, while140 min were required
for the unprocessed material. Unfortunately, no de-
tails on the solid morphology and particle size were
disclosed by the authors.

Mefenamic acidhas been precipitated from solu-
tions in methanol, ethanol and acetone by pulver-
ization into supercritical C® (anti-solvent), lead-
ing to 10-5Qum platelets Foster et al., 2000 The
dissolution rate in water of these particles was sim-
ilar to the micronized commercial product (several
to 20pum) one, and much higher than the original
material (irregular-shape 1%0n crystals) one. The
authors concluded that this enhancement is founded
on the surface area increase.
Copper—indomethacibeing insoluble in CQ was
precipitated from a dimethylformamide solution by
supercritical CQ anti-solvent: work bywarwick et

al. (2002)and Foster et al. (2003)The resulting
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Fig. 4. SEM pictures of RESS-G(Qprocessed Lovastatin (Courtesy of SEPAREX). (a) Sample 4 (bapsf)0(b) sample 6 (bar=pgm); (c)
sample 8 (bar=5m); (d) sample 10 (bar =Am).

Optical density (238 nm)

microparticles were spherical with 90% of the par-
ticles with diameters below 30m, adequate to be
used as suspensions for injections or for ophthalmic
applications. Micronization was demonstrated to
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Fig. 5. RESS-C@Jlovastatin 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 PGSSCO
(atomization of the melted compound saturated in
high-pressure gas)Weidner et al., 1994Knez,
2000. Particles of 15-3Q.m size were obtained in
comparison with the 5Am 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., 1994up to seven times at 60 min
(Knez, 2000.

Felodipinehas been processed by PGSS-Gini-
larly to nifedipine Knez, 2000. Particles of 45um
average diameter were obtained with a BET specific
surface area of 1.33%fy in comparison with the un-
processed particles of @0n average diameter and
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Fig. 6. Celecoxib particles by RESS-dimethyl ether (a) and Rofecoxib particles by RESS-carbon dioxide (b). Bar§Galirtesy of SEPA-
REX).
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