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For the improvement of therapeutic effectiveness, coating of drug particles with
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applications: The polymer coating could help improve the circulation of drug and maintain
the concentration'of therapeutic agents in the blood vessels. In this research, coating of
microsize and manosize powders with a polymer has been investigated for the production
of controlled-release particulate drug delivery systems, such as microcapsules and
nanospheres. Poly(p-lactide-co-glycolide) or PLGA, as polymer and 1.4-micron silica
(Si0,) and 70-am titanium dioxide (TiOz) powders as core particles were employed as the
coating model for the investigation. As a benign alternative to toxic organic liquid
solvents, a supercritical fluid (SCF) mixture of carbon dioxide (CO,) mixed with ethanol
cosolvent, was used to dissolve PLGA in the preparation of coating solution. With the use
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CHAPTER |

SUPERCRITICAL CARBON DIOXIDE AS A PROCESS

SOLVENT FOR PHARMACEUTICAL POLYMERS

1.1 Introduction

Polymers are used extensively in pharmaceutical applications, both in medical
devices and in drug delivery systems. In the field of drug delivery, polymers represent
an important constituent of pharmaceutical dosage forms, ¢.g. solid dosage forms,
disperse systems and biodegradable particulate systems. Pharmaceutical applications
of polymers range diversely from being filler materials and binders in drug tablets to
agents for controlling viscosity and flowability in liquid drugs. In addition, polymers
can be used for coating drugs to mask the unpleasant taste of drug, to increase drug
stability, to provide prevention of side effect of drug and to modify drug release
characteristics (Jones, 2004).

Various-synthetic and natural polymers are extensively used in pharmaceutical
applications. Processing of pharmaceutical polymers is not.an easy task as most of
them are highly viscous and have a high molecular weight. To dissolve and reduce the
viscosity of these polymers, conventional methods frequently require the use of
volatile organic compounds (VOCs) and chlorofluorocarbons (CFCs) as process
solvents. Nevertheless, VOCs and CFECs are generally known to be toxic to.humans
and environmentally hazardous. Using VOCs and CFCs in pharmaceutical processes
may be subjected to some drawbacks, e.g. alteration of structure of therapeutic agent,

presence of residual solvent in the product, and emissions of a large amount of the



solvents from large-scale manufacturing into the environment. All these drawbacks
have already motivated chemical engineers and chemists in pharmaceutical industries
to look for new and cleaner solvents.

One of promising alternatives is the use of supercritical fluids (SCFs). A SCF is
defined as a substance under supercritical conditions, that is, above its critical
pressure and temperature. Figure 1.1 illustrates a pressure-temperature diagram of a
substance indicating the supercritical region. The critical pressure (P,) is the pressure
which causes the gas to become a liquid at the critical temperature. Above the critical
temperature (7.), a liquid phase will not appear no matter how much the pressure is
increased. The density of a substance at the critical point (C) is called the critical
density (p.). The critical temperatures, pressures, and densities of some common

solvents are listed in Table 1.1.

Supercritical
Fluid

Pressure

Temperature

Figure 1.1 A phase diagram of a substance approaching the supercritical phase



Table 1.1 Critical properties of selected solvents (Mchugh and Krukonis, 1994)

Critical Critical Critical

Solvent Temperature Pressure Density

(73 70 (P,; bar) (Pe; g/ml)
Ammonia 132.5 4l 5 0.24
Benzene 129.0 48.9 0.30
n-Butane 15220 38.0 0.23
Carbon dioxide 211 73.8 0.45
Chlorotrifluoromethane 28.9 39.5 0.58
Ethane 32 A 48.9 0.20
Ethanol 243.4 63.8 0.28
Ethylene 2% 50.4 0.22
Isopropanol 230% 47.6 0.27
Methanol 240.5 . 0.27
n-Propane 96.8 42.6 0.22
Propylene 9ES 46.2 0.23
Toluene 318.6 41.1 0.29
Water 374.2 221.2 0.34

A SCF exists in a homogeneous fluid phase possessing properties between those
of gases and liquids, e.g. liquid-like solvent properties and gas-like viscosity, thermal
conductivity and diffusivity. It is commonly aceepted that the solvent power of a SCF
is mainly related to its density in the critical point region. A high density implies a
strong. solvent power. The. important-unique property -of a SCE.is: that its-solvent
power can be tuned by regulating its pressure or temperature. As demonstrated in
Figure 1.2, a small change in the pressure or temperature of a SCF generally causes a

large change in its density and thus its solvent power. This feature is beneficial for



pharmaceutical solubilization, polymer plasticization, separation and extraction or
organic solvents or impurities (Brunner, 2004). Even though the density of SCFs
increases with pressure and becomes liquid-like, the viscosity and diffusivity remain
between liquid-like and gas-like values. The gas-like properties of SCFs significantly
enhance mass transfer that promotes selectivity for extractions and reactions.
Additionally, SCFs.have a-very low surface tension, which allows efficient
penetration into microporous materials. As a result, extraction of natural products can
be expected to be more efficiently processed with SCEs than with conventional liquid
solvents (Rantakyla, 2004). The combination of these unique properties makes SCFs
excellent for use as solvents or reaction mediums. A comparison of properties of

liquid, gas and SCF solvents is presented in Table 1.2
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Figure 1.2 Variation of SCF density with pressure (the fluid is CO,. Redrawn from
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Table 1.2 Selected properties of liquids, gases and supercritical fluids (Mchugh and

Krukonis, 1994)

Properties Liquid Supercritical Fluid Gas
Density (kg/m’) 1,000 200 —800 1
Viscosity (mPa.s) 0.5=1.0 0:05=10.1 0.01
Diffusivity (cm?/s) 2 o107 0.1

Various compounds can be used as SCF solvents. However, light hydrocarbons,
water and carbon dioxide (CO;) are-among the most received attention compounds.
Low molecular weight gases, such as CO, and ethane, and polar compounds such as
trifluoromethane have received great attention for extraction purpose. Ethane is the
choice of solvent for solid hydrocarbons, whereas chlorotrifluoromethane is a good
solvent for all solids except non-polar hydrocarbons (Rantakyla, 2004). With the
ability to act both as electron doner and acceptor, CO: is a good solvent for non-polar
and some polar compounds with low molecular weight, but a poor solvent for polar
and most high molecular weight compounds (Hyatt, 1984). Alternatively, rare gases
such as krypton and xenon, although they are favorable for some purposes, are seldom
used for economic reasons.

Despite the beneficial features described above, SCFs should not be considered
as universal solvents. An overview of Table 1.1 indicates that the critical temperature
of a compound depends.on the polarity of the compound. For examples, the critical
temperatures of non-polar gases such as carbon dioxide or ethane are below 50°C,
whereas for polar compounds such as methanol or water, the critical temperature is

well above 200°C. For many fluids, the transition into supercritical state occurs at



high temperatures, which are generally not permissible for pharmaceuticals. It is
usually desirable that the critical temperature of the solvent is below 100°C or as low
as room temperature to prevent degradation or denaturation of therapeutic agents
(Laitinen, 2000). In addition, the solvent must be non-toxic to allow safety use for
human due to possible solvent contamination inthe product. These requirements point

towards CO; as asuitable solvent for supercritical processing of pharmaceuticals.

Table 1.3 Selected properties of carbon dioxide

Chemical formula CO, (0=C=0)
Molecular weight 44.01
Normal boiling point -78.5°C
Latent heat of vaporization 5713 kJ/kg
Specific gravity (gas) 1.539 (1 for air)
Specific heat (gas) 0.85 kJ/kg-°C
Density (gas) 1.9769 kg/m’

Triple point temperature -56.6°C
Triple point pressure 5.17 bar
Critical temperature 31.1°C
Critical pressure 73.8 bar

12 Supercritical Carbon Dioxide
Carbon dioxide (CO,) is a natural gas whose its chemical structure is composed
of two oxygen atoms covalently bonded to a single carbon atom. It makes up less than

1% by volume, but is an important constituent of the atmosphere. CO; is produced by



the respiration of animals, decomposition of organic matters and through human

activities such as burning of fossil fuels, coal and wood. It is colorless, odorless,

versatile and a promising alternative to VOC- and CFC-based solvents. The main

properties of CO; are summarized in Table 1.3.

CO, is the most ecommonly used solvent in industrial practice for several

reasons. Compared.with VOC- and CFC-based liquid solvents (Aaltonen and

Rantakyla, 1991; Dixon and Johnston, 1997):

COy is nen-toxic, non-flammable, non-reactive, non-corrosive and
available in a large amount as a by-product from ammonia and ethanol
industries and refineries.

CO; can be easily removed by simple depressurization. It does not leave
any solvent residue in the product after processing.

CO; is inexpensive. It is the second least expensive solvent after water.
Although highly pure CO, is not economical, it is comparable in price
with highly pure organic solvents.

CO; possesses no disposal problems and fewer hazards than VOCs and
CFEGCs. It does not create a problem with respect-to the green house effect

as it is being conserved during the processes.

Compared with all liquid solvents (Rantakyla, 2004):

The high and large seale of diffusivity, low viscosity and low surface
tension of CO; is expected to reduce time consumption for mass-transfer
controlled processes, such as separations, extractions and reactions.

The solvent power of CO, depends strongly on pressure and temperature.

Thus, the solute can precipitate from the CO, by a pressure reduction.



This separation becomes a gas-liquid or gas-solid separation; therefore
fractionation of large amounts of dilute liquid solutions in the
downstream phase can be avoided.

The separation of CO, from the mixtures is an energy efficient process.
The heat of vaporization, of CO, needed for the separation is much
smaller than that needed to evaporate most liquid solvents.

Product fraetionation and purification can be carried out directly from
the mixtures without changing solvents. This can be done in a series of
separator vessels arranged in descending pressure/temperature order or
in countercurrent contactors.

Product erystallization can be carried out directly from CO, by allowing
the mixtures expand into a lower pressure or ambient air. Formation of
ultrafine particles with a small size distribution can be performed in this
way.

CO, creates a non-oxidizing atmosphere for products throughout the

process.

However, €O, is not ideal in all respects. For examples, mixtures of CO, and

water are. corrosive, and CO, is. not inert with respect to primary and secondary

aliphatic amine solutes because both react with CO; to yield carbonates (Giddings,

1989). In addition to the benefits stated above, CO, provides particular advantages in

the pharmaceutical industries due to the facts that:

The supercritical conditions of CO; are easily attainable. CO, becomes a
SCF when it is heated above 31.1°C and simultaneously compressed

above 73.8 bar. Under these conditions, denaturation of pharmaceutical



compounds and polymers can be avoided.
e CO; is a Generally Regarded As Safe (GRAS) solvent that leaves no

trace in the product. This is probably the most important pharmaceutical

advantage of CO5.
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Figure 1.3 Effect of density on solvent power (n*) of SC-CO, (Redrawn from

Ikushima et al., 1991)

Supercritical and liquid CO, can both be used as solvents. In contrast to liquid
CO3, the solvent power of SC-CO, is highly dependent on its temperature and
pressure. At low pressure, the density of SC-CO, decreases dramatically with an
increase in temperature, whereas changes in temperature have much less effect on the
density at high pressure. Thus, to a first approximation, density, not pressure, is
proportional to the solvent power of SC-CO,. Based upon solubility measurements in

the range from ambient conditions up to 1000 bar and 100°C, the solvent power of
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SC-CO; increases with density at a given temperature, and increases with temperature
at a given density (Smith et al., 1987; Ikushima et al., 1991; Taylor, 1996). The
density dependence of the solvent power can be observed through the relationship
between the density and the dipelarity/polarizability (1), a solvent-strength parameter,
of SC-CO; in Figure 1.3.

The environmentally benign nature of CO; is known as a result of high bonding
stability in its melecule..CO;y has a symmetrical molecular structure without a lone
pair on the central atom. Thus, it is a good solvent for hydrocarbons and non-polar
solids with low molecular weight, but a poor solvent for polar and most high
molecular weight compounds (Hyatt, 1984 ). The solubility of a compound in SC-CO,
strongly depends on the chemical groups available in the compound molecules, e.g.
aromatic hydrocarbons, phenols, aromatic carboxylic acids, pyrones and lipids
(Werling and Debenedetti, '1999). ‘As the number of carbon atoms increases and
following the introduction of polar functional groups, the solubility decreases
dramatically with pressure up to 40 MPa. This feature provides the possibilities for
fractionating extraction of complex carbon compounds. An exeellent summary on the
solvent behavior of SC-CO, has been given by Stahl et al. (1980):

e Hydrocarbons and other typically lipophilic organic compounds of
relatively. low polarity, e.g. esters, ethers, lactones and epoxides, are
dissoluble in the lower pressure range, i.e. 7-10 MPa.

o The introduction of strongly polar functional groups (e.g..-OH, -COQH)
decreases solubility. Tn the range of benzene derivatives, substances with

three phenolic hydroxyls are still soluble, as are compounds with one
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carboxyl and two hydroxyl groups. Substances in this range that decreases
solubility are those with one carboxyl and three or more hydroxyl groups.

e More strongly polar substances, e.g. sugars and amino acids, are not
soluble in the range up to 40 MPa.

e Fractionation occurs in the pressure gradient when there are greater
differences-in the commencement of boiling or sublimation, i.e. in the
volatility, and/or marked differences in the polarity of the substances
(dieleetric constant value). The fractionation effects are most marked in
the range where there is a sharp rise in the density and dielectric constant
of fluid carbon dioxide:

It is commonly accepted that adding small amounts of polar compounds (called
cosolvents, entrainers or modifiers) to. CO, can enhance the solubility of polar and
non-polar solutes in SC-CO,. Water and short-chain alcohols are usually the most
acceptable cosolvents in industrial practice. Some reviews of solid solubilities in SC-
CO; have been published by several research groups (Hyatt, 1984; Gupta and Shim,

2007).

1.3 Solubility of-Polymers in SC-CO,

The knowledge of polymer solubility in SC-CQ; 1s. crucial for the success of a
polymer-SC-CO, process. The solubility represents the amount of the polymer that
can be dissolved.in the SC-CO;,.at equilibrium conditions. Comprehensive attention.is
paid to where the polymer is dissolved in SC-CO; in order to define the processing

window.
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1.3.1 Thermodynamic Fundamentals of Polymer-SC-CO, mixtures

The fundamental principles of molecular and classical thermodynamics can be
used to provide a theoretical approach to model the thermodynamic properties and the
solubility behavior of polymer-SC-CO, mixtures. In addition, they provide a rational
methodology for choosing cosolvents to enhanee the polymer solubility in SC-CO,
and to reduce pressure and temperature thresholds for obtaining a homogeneous phase
between the components.

For a binary mixture of CO, in contact with a polymer, the Gibbs free energy

(AG,,,) is given by:

AGmix = AI_Imix_TYAS'mix (11)

where AH,, and AS

.. are the change of enthalpy and entropy, respectively, on
mixing. To form a stable solution of the polymer in SC-CO, at a given temperature

and pressure, the Gibbs free energy must be negative and minimum (Prausnitz et al.,

1986). Enthalpic interactions strongly depend on the mixture density and on the
polymer-polymer, €0,-CO, and polymer-COy.interaction energies. AS . depends on

both the combinatorial entropy of mixing and the non-combinatorial contribution
associated with the volume change on mixing. The combinatorial entropy always
favors: the mixing. ‘Alternatively, ' the non-combinatorial ‘contribution canhave a
negative impact on the mixing if the polymer-polymer interactions are very strong

(Patterson, 1982).
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At the supercritical conditions, the change in the internal energy on mixing

(AU

mix

) can give a reasonable approximation to the change of the enthalpy of mixing,

which is shown in Equation (1.2):
A[{mix ~ AU/m'x = iiizxi‘xjjrygijyzd}/ (12)
2

where subscripts é'and j refer to the polymer and the CO; components, x; and x; are

mole fractions of the components, T",,

; 18 the Intermolecular pair-potential energy of
the components, the electrostatic attractive part of the potential energy between the

molecules, which is a function of temperature (7°) and the intermolecular radius, the
distance between molecules of the components, (7), p is the solution density, which
is a function of temperature and pressure, g, isthe radial distribution function, which

is dependent of y, p and 7 , and k3 is the Boltzmann constant (Lee, 1988).

In general, a polymer chain can be understood as scveral repeating units
connected to one another. Thus, the solution of polymer in SC-CO, should not be
characterized by a mixture of repeating units of the polymer randomly distributed
among the CO, molecules. Since a high value of enthalpy of mixing indicates a strong
interaction between the solute and the solvent molecules, and thus a high solubility of
the solute in the solvent, some important information on the solubility behavior of the
polymer in SC-CO, are derived from the interpretation of Equation (1.2):

e The solubility of the polymer in SC-CO, can be considered roughly

proportional to its density.
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e An enhancement of the polymer solubility can be achieved by an
increase in density through increasing the solution pressure.

e Increasing the density by an addition of a dense liquid cosolvent to SC-
CO; also can result in enhanced polymer solubility.

The dissolution of the polymer in a SCF solvent is essential to satisfy the
energetic criteria.Itis required that the polymer-solvent interactions predominate over
the polymer-polymer and the  solvent-solvent interactions.. The disparity in the
interaction energies between the components in the solution can be overcome partly
by hydrostatic pressure. A useful parameter to describe the balance of the interaction

energies is the interchange energy(a)) , Which'is defined as following equation:

® = z{r,}.—%(rﬁrﬁ)} (1.3)

where z is the number of different pairs in the solution and I".is the intermolecular
pair-potential-energy. By making assumption of freely tumbling small molecules in

the solution, I"_is given roughly by:
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where a, p, O are the polarizability, dipole moment, and quadrupole moment of the

components, and C;, C,, C3, C4 and Cs are constants. As indicated in Equation (1.2),
the enthalpy of mixing is a directly proportional function of the intermolecular pair-
potential energy. Thus, the interpretation of Equation (1.4) can give some additional
information on the solubility behavior of the polymer in SC-CO, system:

o The first term on the right of the equation accounts for non-polar
dispersion interactions, which depend only on the polarizability of the
polymerand CO,, not on temperature. CO; 1s therefore not expected to
be a good solvent at high operating temperatures.

e Due to the symmetry of its molecular structure, CO, has no dipole
moment, but a substantial quadrupole moment (—4.3x107° erg"’em™).

The second and the third to fifth terms represent dipolar interactions
and quadrupolar- interactions, respectively, which are inversely
proportional to temperature. At high temperatures, the second term
cancels out; which means any polar molecules behave as non-polar
molecules. If the temperature is sufficiently high, the CO,-CO,
quadrupolar interactions can be considered negligible relative to the
polemer-CO; non-polar dispersion interactions. Consequently, it may
be possible ‘to " dissolve non-polar polymers in" SC-CO, at elevated
temperatures.

e The dipolar interactions usually predominate over the quadrupolar
interactions, especially at low temperatures where polar interactions
are the most dominant. Thus, most polar polymers are dissolved very

limitedly in SC-CO,.
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e The complex formation is associated with specific interactions such as
formation of hydrogen bonds and complexes. With a small dielectric
constant, CO; has a low capability to form a hydrogen bond. However,
CO; still ean form weak acceptor-donor complexes. For example,
when a polymer containing carbonyl groups is in contact with CO,,
the earbonyl oxygen atom acts as an electron donor and the carbon
atom of CO, acts ‘as an electron acceptor.. The strength of such
interactions is known to be very sensitive to temperature.

In addition, there are some other observations concerning the polymer solubility
in SC-CO,. These observations are general and apply also to liquid solvents:

e The polymer solubility in a given solvent depends on difference in the
free volume between the polymer and the solvent (Patterson, 1982).
For this reason, polymers with a high free volume fraction such as
glassy and highly branched polymers tend to be favorable for
dissolving in CO,.

e The polymer solubility in SC-CO, drops to near zero at temperatures
below the melting temperature (Sun, 2002).

o The polymer solubility. varies significantly with the molecular weight
of polymer. The impact of molecular weight falls off sharply as the

molecular weight inecreases above 100 kDa (Sun, 2002).

1.3.2 Literature Review
Over the past two decades, the solubilities of various polymers in SC-CO, have

been measured extensively. The solubility data derived from these polymer-CO,
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systems have been reported in the literatures (Lucien and Foster, 2000). Though SC-
CO; is quite soluble in many polymers, it is rather a feeble solvent for polar and high
molecular weight polymers (Tom et al., 1994; Lucien and Foster, 2000). Amorphous
fluoropolymers and silicones are very few examples of polymers in this group that
have shown a good solubility in pure, SC-CO,-under readily achievable conditions
(DeSimone et al., 1992; Hoefling et al., 1993; O’Neill et al., 1998). In general, an
increase in pressure increases the solubility of a solute in a gas solvent as a result of
variation in the gas density. The same law is true and applicable also to a polymer and
CO,. This means unrealistically high pressures are needed to dissolve the polar and
high molecular weight polymers. In this respect, from the economic point of view the
high pressure may represent a potential problem, since in the short term it translates
into increased capital equipment costs and in the longer term contributes to operating
costs and to overall energy consumption (Perrut, 2000).

However, studies in the molecular level of polymers with SC-CO, have shown
that not only the solubility of a polymer in SC-CO, depends on the CO, pressure, but
also varies from one polymer to another depending on the specific intermolecular
interaction between CO, and the chemical groups available in the polymer molecules.
Due to the symmetry of the molecular structure and the lack of a lone pair on the
central atom, CO, (O=C=0) has no dipole moment, but a substantial quadrupole
moment and Lewis acidity. This is a reason why relatively volatile polar compounds,
such as methanol, DMSO-and ethanol, are miscible' with SC-CO, (Jennings et ‘al.,
1991; Mchugh and Krukonis, 1994). The Lewis acidity in CO, results from the
electro-positivity of the carbon atom due to deficiency of electron density compared

to the oxygen atom. Thus the electron acceptor-donor interaction is presented when
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CO; is in contact with a polymer containing Lewis base site. The quadrupole moment
and Lewis acidity have been suggested as being at least partially responsible for the
polymer solubility in SC-CO, (Kazarian et al., 1996; Brantley et al., 1999; Kazarian
and Andrew Chan, 2003).

The study of multicomponent systems is-also important for the processing of
high molecular weight polymers with SC-CO;. It is well known that the addition of a
chemical modifier, or cosolvent, to SC-CO; often leads to an enhancement in the
solubility of a poelymer. Compared to binary systems (a polymer in contact with SC-
CO,), effects of cosolvent on the solubility enhancement in excess of 10 could be
achieved from the corresponding ternary systems (a polymer, SC-CO, and a
cosolvent) due to improved intermolecular interactions between the components in the
SCF phase (Dobbs et al., 1986; Dobbs et al., 1987; Gurdial et al., 1993; Ting et al.,
1993). In the ternary systems, each component behaves like a cosolvent to each other,
i.e. the higher the cosolvent coneentration, the greater the solubility enhancement of a
component. The less soluble component would be enhanced more significantly by a
greater cosolvent effect of the other component. This suggests that the polymer
solubility in a polymer/SC-CO,/cosolvent system will increase proportionally to the
cosolvent concentration. This phenomenon has-been observed in a number of studies
(Dobbs and Johnston, 1987; Gurdial et al., 1993; Mishima et al., 1998; Mishima et al.,
1999; Chafer et al., 2004). Short-chain alcohols, e.g. methanol and ethanol, and
acetone are usually the most acceptable cosolvents for SC-CO, in industrial practice.
Polymer solubilities in SC-CO, with or without cosolvent have been reviewed by

Bartle et al. (1991) and Gupta and Shim (2007).
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1.4 SC-CO, Plasticization of Polymers

SC-CO; can be considered a potential plasticizer due to its ability to reduce
density and increase diffusivity of polymers (Tomasko et al., 2003). In the presence of
SC-CO,, amorphous polymers can take up a significant quantity of CO, causing a
considerable reduction in the density and wviseosity of the polymers (Goel and
Beckman, 1993).

Amorphous polymers behave differently to semi-crystalline polymers. At near
critical conditions, amorphous polymers absorb CO; to a greater extent than semi-
crystalline polymers and a greater amount of plasticization is found to occur. This is
because CO, is absorbed only into amorphous regions and not crystalline regions
(Goodship and Ogur, 2004). As the concentration of CO; increases, sorption and
swelling in amorphous polymers (or amorphous regions of semi-crystalline polymers)
can cause a phase transition from glass to liquid, in corresponding to a significant
reduction in the glass transition temperature of the polymers. The CO, concentrations
in the range of 10 to 30 wt.% by can be absorbed by the polymers. Treatment of the
polymers with  CO, at concentrations of 8 to 10% can depress a glass transition
temperature of 80°C to below room temperature. The amount of absorption can be
increased by increases in temperature and pressure of CO,. Plasticization of the
polymer also causes an increase in crystallinity, which results in an inerease in the
melting temperature and induces changes in mechanical properties of the polymers,
e.g. elastic. modulus and creep properties (Goodship and Ogur, 2004).

Numerous recent studies have demonstrated the effectiveness of applying SC-
CO; in the plasticization of various polymers (Bortner and Baird, 2002; Lan and

Tseng, 2002; Areerat et al., 2002). Due to the small (cluster) size of SC-CO,, the
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polymers can be more easily penetrated with SC-CO, than do larger liquid solvents.
This property allows a controlled rapid sorption of SC-CO; through the adjustment of
temperature and pressure, which. is very useful for applications such as polymer
fractionation and purification, impregnation and extraction of impurities, membrane
conditioning, polymerization reactions, and production of particles, foams, gels and

fibres.

1.5 Particle Production from SC-CO,

Production of small size particles with desired properties is the objective of
many industries. In most cases, the requirement of small particle size is accompanied
by the desirability of particle size distribution that is as narrow as possible. In the
pharmaceutical industry, particles of micrometer and sub-micrometer size with
precisely controlled particle size are beneficial for use in formulations administered
by various routes including the parenteral, inhalation, and oral modes.

Conventional methods for particle production used in the pharmaceutical
industry include mechanical techniques and equilibrium controlled techniques. The
mechanical methods are milling and grinding, which mostly are carried out by ball
milling, The equilibrium controlled methods are recrystallization, or precipitation
from solution, which ean be carried out by using the temperature dependency of
solubility (e.g. spray drying) or using an anti-solvent to decrease the solubility. These
methods ‘suffer from limitations in producing a desirable ‘end product (York et al.,
2004):

e Milling and grinding results in 10 to 50 um particles with large

particle size distribution. In addition, these methods are not suitable
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for thermally instable and low glass transition temperature compounds
due to the frictional heat generated during the processes that are likely
to modify or even damage the product.

e Spray drying results in particles of micrometer or sub-micrometer size,
but it exposes the product to locally high temperature.

e Recrystallization from solution by anti-solvent methods does not allow
precise control of the particle size and results in high content of
residual organie solvent, which must be removed.

Therefore, it is necessary in the pharmaceutical industry to look for alternative
technologies, which provide micro- and submicron-size particles with a narrow
particle size distribution using as small as possible quantity of organic or VOC/CFC-
based solvent.

The use of near critical or SCF solvents for recrystallization have been shown
to be an attractive alternative to overcome these limitations. Recrystallization from
supercritical fluid is similar to the conventional recrystallization, where the crystals
(particles) are obtained by slowly cooling down a saturated solution according to an
optimum cooling protocol. Since high pressure is required for a SCF solvent,
therefore not only temperature but also pressure can be used to trigger nucleation and
growth of the crystals (particle formation). By this method, it i$ possible to improve
particle characteristics such as size, size distribution, crystal form and morphology.

In the last decade, a number of researches on particle production using SCFs
have been reported. Various methods already exist that use SCFs as a solvent or anti-
solvent. These methods have been well described in the literature (Jung and Perrut,

2001) and can be categorized into three main groups:
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e SCF as solvent: Rapid Expansion of Supercritical Solution (RESS).

e SCF as anti-solvent: Gas Anti-Solvent (GAS), Supercritical Anti-
Solvent (SAS), and Solution Enhanced Dispersion by Supercritical
Fluid (SEDS)

e SCF as solute or plasticizer: Particle from Gas-Saturated Solutions

(PGSS)

1.5.1 Rapid Expansion of Supercritical Solutions (RESS)

This process 1s also known as Supercritical Fluid Nucleation (SFN) (Vasukumar
and Bansal, 2003). RESS is based on crystallization of a solute in order to facilitate
the particle production. In this process, the solute is dissolved in a SCF solvent and
the resulting solution is expanded through a restrictor or an orifice. The resulting
pressure drop causes the solvent power (density) of the SCF solvent to decrease
rapidly, leading to large supersaturations and hence precipitation of the solute. It is
possible to. obtain very small and mono-disperse particles because the pressure
variation is vetry rapid and travels at the speed of sound, leading to uniform conditions
within the expanding solution.

Figure 1.4 represents a schematic illustration of the RESS process, which is
operated as follows. CO, is pressurized and heated to attain the supercritical
conditions needed for the process-and passed through an extractor loaded with a
solute in order to form a stable solution. Following this, the solution is allowed to
expand in the expansion chamber by means of a nozzle with a typical inner diameter
of 50 to 100 um. The expansion chamber is generally at or near atmospheric pressure.

The rapid depressurization leads to precipitation of the solute caused by the lowering
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of the solvent power of CO, and therefore particles are formed. Along with the
depressurization, the solution experiences a large temperature drop as well. An
acceptable assumption is to consider that the depressurization is an isenthalpic process
provided the variation of Kinetic energy can be neglected (Wang et al., 2001). As a
result, the nozzle must be heated to prevent clogging by freezing of CO, and the
solute precipitation..After the-depressurization, CO, turns into the gas phase and is
purged out of the expansion chamber. A frit filter 1s placed at the exit of the expansion

chamber to keep the particles formed in the expansion chamber.

Expansion Unit

Figure 14 ;A schematic illustration of rapid expansion of supercritical solution

(RESS) process.

The particle size and particle size distribution' of the precipitated solute is a
function of its pre-expansion solubility and expansion conditions. The pre-expansion
solubility depends on the nature of the SCF solvent and the solute, operating pressure

and temperature. The higher the pre-expansion solubility, the smaller the particles will
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be and the narrower the particle size range (Vasukumar and Bansal, 2003). Recently,
particle production by the RESS process has been reported with particle size of
nanometers (Young et al., 2000; Turk et al., 2002) and in most cases micrometers and
submicrometers (Berends et al., 1993; Reverchon.et al., 1993; Turk, 1999; Domingo

et al., 1999; Helfgen et al.,; 2000; Charoenchaitrakeol et al., 2000), see Table 1.4.

Table 1.4 RESS experiments for selected materials

Materials Solvent + Pressure Temperature Particle size Reference
Cosolvent (MPa) (K) (pum)
Pharmaceuticals:
Benzoic acid CO, 16-28 308-338 1-2 Berends et al., 1993
B-Carotene C,Hy + toluene 31 343 0.3-20 Chang and Randolph, 1989
Caffeine CO; 15 369-383 3.5 Subra et al., 1998
Cholesterol CO, 20-30 353-422 <0.35 Turk, 1999
Cyclosporine CO, 345 333 0.02-0.09 Young et al., 2000
Flavone CO, + EtOH 23 308 1-5 Mishima et al., 1997
Ibuprofen CO, 13-19 308 <2 Chareontrakool et al., 2000
Nabumetone CO, 4 323 0.02 Merrifiel and Valder, 2000
Phenatrene CO, 16-20 373-403 2-8 Domingo et al., 1999
Salicylic acid CO, 16-20 373-403 1-5 Domingo et al., 1997
Polymers:
PGA CO, - - 10-20 Tom and Debenedetti, 1991
PLLA CO; + acetone - - 4-25 Tom and Debenedetti, 1991
PLLA CO, + HCFC - - 1-2 Tom et al., 1994
PMMA CO, + EtOH - - 1.5-1.8 Matsuyama et al., 2001

While most of the studies on particle production by RESS process employed
expansion into ambient or CO; atmosphere, some of the studies employed expansion
into water (Pace et al., 1999; Young et al., 2000) suggesting that the RESS process is
applicable to water-insoluble drugs. In these processes, a surfactant is added to avoid
agglomeration and flocculation in order to stabilize the precipitated small particles

(Yong et al., 2000).
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The RESS process relies on the solvent properties of SC-CO,. This process will
be mainly efficient for compounds which are fairly soluble in SC-CO,. For this
reason, a preliminary study on the solubility of the compounds with pressure and
temperature is necessary. For pharmaceutical processing, the RESS process has
limited its use due to very low solubility of most pharmaceutical compounds (drugs,
proteins and biodegradable polymers) in SC-CO, (York et al., 2004). In other words,
the solute has to be able to dissolve in the SC-CO, at appreciable amounts in order to
be viable for manufacturing (Debenedetti et al., 1993). A reasonable assumption for
the production rate of pharmaceuticals would be around 10-230 g/h (Thiering et al.,
2001). This quantity usually makes the RESS process unprofitable since typical
pharmaceuticals (such as acetaminophen, for example) is only soluble up to 0.005486
kg/m® in SC-CO, with a density of 854.07 kg/m’. To overcome this limitation, it is
necessary in most cases to use harmful organic cosolvents in order to enhance the
solubility of the target pharmaceuticals. This 1s primarily because the solvent power
of SC-CO, is strongly dependent on its density, which can be adjusted by small
variations of pressure and temperature as well as by addition of small amount of dense
liquids (Smith et'al., 1987; Ikushima et al., 1991; Taylor, 1996). However, such an
addition makes the RESS process less favorable, since it loses its main advantage of
being process free of organic solvent.

The benefit of RESS process is that it is fairly simple and requires only the use
of one capillary nozzle for the expansion process. It 1s also possible to produce to
encapsulate a drug in a biocompatible polymer in order to obtain a controlled-release
system of the drug. Both materials (the drug and the polymer) must be dissolved in a

SCF solvent. Products in the form of polymer-encapsulated drug particles or
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composite particles of the drug and the polymer can be obtained depending on the
relative solubility of the two materials in the SCF solvent (Debenedetti et al., 1993;
Kim et al., 1996). A number of different models of the RESS process have been
reported for encapsulations of drug and coatings of particles with a polymer (Young
et al., 2000; Mishima et al., 2000; Chernyak-et al., 2001; Franklin et al., 2001;
Montero et al., 2001; Henon-et al., 2002; Matsuyama et al., 2003; Tsutsumi et al.,

2003).

1.5.2 Anti-Solvent Techniques
The basic principle of these techniques is to allow a solution of a solute in a
primary solvent to contact SC-CO,. The simultaneous transfers of CO, and the
primary solvent from one phase to the other lead to supersaturation and the
precipitation of the solute. Solids of compounds that are insoluble in SCF solvents can
be recrystallized by means of this approach.
The anti-solvent techniques may be divided into three processes:
e  (Gas Anti-Solvent (GAS)
e Supercritical Anti-Solvent (SAS)

e Solution Enhanced Dispersion by Supercritical Fluid (SEDS)

Gas Anti-Solvent (GAS)

The-gas anti-solvent (GAS) process uses a dense gas such as CO; as-an anti-
solvent to precipitate out a solute from a solution. For the success of this process, CO,
needs to be significantly miscible with the solvent and the solute needs to be insoluble

with CO, at the operating pressure and temperature. Figure 1.5 represents a schematic
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view of the GAS process. Initially, the solution is loaded into a precipitator vessel at a
certain temperature. The rapid injection of compressed CO; into the vessel mixes with
the solution and causes a volumetric expansion of the system. Consequently, the
density of the solution and the solvent power of the solvent are reduced. Due to the
rapid mass transfer between the compressed COyand the solvent, the mixing is very

fast and results in preeipitationof small and uniform particles.

Figure 1.5 A schematic illustration of the gas anti-solvent (GAS) process

The GAS process has been shown to_maintain the biomolecular activity of
proteins, which means that the process is suitable for sensitive biomolecules (Winters
et al., 1999; Thiering et al., 2001). It is more adaptable than the RESS process since it
does not rely on the solubility of the target compound in compressed CO,. Particle
productions of various drug and polymer compounds that are not soluble significantly

in pure CO, have been demonstrated with the GAS process (Randolph et al., 1993;
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Thiering et al., 2000; Berends et al., 1996; Fusaro et al., 2004; Cocero and Ferrero,
2002). A few attempts have been made to encapsulate drugs in biodegradable
polymers using GAS processes because of the difficulty in controlling the time scales
of precipitation of the drugs and the polymers (Elvassore et al., 2001; Koushik and

Kompella, 2004). Table 1.5 summarizes GAS experiments found in literatures.

Table 1.5 GAS experiments for selected materials

Materials Solvadl Pressure Temperature Particle size Reference
(MPa) (K) (nm)
Pharmaceuticals:
ACP DMSO 0.8-1.2 298-333 0.1-1 Pallado et al., 2001
Carbamezepine Acetone 0.7 813 Bl Moneghini et al., 2001
Cholesterol Acetone - - > 50 Liu et al., 2002
Cu2(indomethacin) DMF 0.58 298-313 15 Warwick et al., 2000
p-HBA Methanol - 298-318 1 Thiering et al., 1998
HYAFF-11 DMSO 1 308-323 0.35 Bertucco et al., 1996
Insulin EtOH - - 0.05-0.03 Thiering et al., 2000
Lysozyme DMSO - - 0.05-0.2 Thiering et al., 2000
Myglobin DMSO - - 0.03-0.4 Thiering et al., 2000
Paracetamol Acetone - - 90-250 Fusaro et al., 2005
Sulfothiazole EtOH 0.55-0.58 298 1500-4000 Kitamura et al., 1997
Drug EtOH - 278-323 0.24-10 Muller et al., 2000
Polymers:
PLLA DCM - - 0.5-3 Randolph et al., 1993
PMMA Acetone - - - Coenen et al., 2003

Compared to the RESS process, the main advantages of the GAS process are
(York et al., 2004):
e Lower pressure levels. Most applications, reported involve pressures
less than 10 MPa.
e Wider range of compounds that can be processed, especially including
many polar pharmaceutical compounds that cannot be processed by

RESS.
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Greater number of process parameters to control particle size and

morphology.

On the other hand, the disadvantages of the GAS process in comparison to the

RESS process are (York etal., 2004):

The usc of a primary organic solvent can result in a small amount of
residual solvent remaining in the final product, which can be a serious
concern in pharmaceutical processing.

The continuous addition of a compressed gas can result in wider
particle size distribution due to variations of supersaturation ratio in
the expanded solution.

Lower levels of supersaturation ratio are reached in the GASS process;
therefore particles obtained from the GAS process are generally larger
than those obtained from the RESS process.

Since particles are formed in a liquid phase, an additional step of
drying is required with an appreciable time in order to purge out the
liquid solvent.

Scaling up of the GAS process is not an easy task since the pressure

conditions are temporary.

Supercritical Anti-Solvent (SAS)

SAS'is also known as aerosol solvent extraction system (ASES) or precipitation

with compressed anti-solvent (PCA). This process is a semi-continuous process in

which a specially designed nozzle is used to spray a solution with a product into SC-

CO; in a pressurized vessel. The solution is dispersed into the SC-CO, to improve
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mixing and enhance mass transfer. A schematic diagram of the SAS process is shown
in Figure 1.6.

Similar to the GAS process, the CO, needs to be miscible with the solvent in
order to precipitate the product. To have the ability to control the particle size and
morphology, the dispersion of the  solution—into SC-CO, to induce particle
precipitation must. bein a.controlled-fashion. For this reason, different nozzle
configurations have been-designed as well as addition of ultrasound vibration at the
nozzle tip to enhance the mixing and diffusion of CO;into the solution (Subramaniam
et al., 1997; Jarmer et al., 2003; Chattopadhyay and Gupta, 2001). It is also possible
to mix CO, and the solution inside a small volume before spraying into the
pressurized vessel. The ease of changing the system configuration to adjust the

particle characteristics makes the SAS process very attractive.

Solution
Co,

High pressure
vessel

l Vent

Figure 1.6 A schematic illustration of the supercritical anti-solvent (SAS) process.
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Materials Solvent Pressure Temperature Particle size Reference
(MPa) (XK) (um)
Pharmaceuticals:
Amoxyllin NMP - - 0.2-12 Reverchon et al., 2000
Cholesterol DCM - - 1-15 Domingo et al., 1997
Insulin DMSO - - 1-5 Winters et al., 1996
Lysozyme DMSO - - 1-5 Winters et al., 1996
Sulfathiazole Acetone - - > 750 Yeo et al., 2003
Tetracycline NMP - - 0.15-0.8 Reverchon et al., 1999
Trypsin DMSO - - 1-5 Winters et al., 1996
Polymers:
Dextran DMSO - - 0.125-0.15 Reverchon et al., 2000
HPMA DMSO - - 0.1-0.2 Reverchon et al., 2000
HYAFF-11 DMSO - - 15-20 Benedetti et al., 1997
PLLA DCM - - 1-2 Reverchon et al., 2000

In comparison to the GAS process, the SAS process seems to be better

producing particles due to the following advantages:

in

Smaller and*more uniform particles are obtained in the SAS process,

as a result of improved mixing between CO, and the solution (Jung

and Perrut, 2001; Thiering et al., 2001; Fusaro et al., 2005).

The SAS process is an attractive manufacturing process due to its

semi-continuous nature that allows for large production rates of

product without stopping the system.

Since the solvent is-constantly extracted ‘and removed from the vessel

during the process, the SAS process-does not require more time

consuming drying associated with the GAS process (Thiering et al.,

2001).
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e Less agglomeration of the precipitated particles can be obtained by the
SAS process due to less amount of the solvent presented inside the
vessel during the process.

Compared to conventional organic-solvent based processes, both GAS and SAS
processes are milder for processing drugs in preventing drug degradation and loss of
activity for biomolecules (Winters et al., 1996).

The SAS process has been used in processing different materials including
pigment powders (Hong et al., 2000), semiconductor. precursors (Reverchon et al.,
1998), and inorganic crystals (Yeo et al., 2000). Particle designs with the SAS process
have been widely studied for many pharmaceutical compounds with varying results in
particle size and morphology (Wubbolts et al., 1999; Reverchon et al., 2000;
Reverchon et al., 2002; Subra et al., 2005; Bustami et al., 2000). A particular focus for
single component precipitation is in controlling polymer morphology and shape for
use in controlled release applications (Reverchon et al., 1999; Reverchon et al., 2000;
Pérez de Diego et al., 2005). Encapsulations of drug with a polymer have been
demonstrated possible by changing the nozzle design or by adding multiple injection
nozzles (Bleich.and Mueller, 1996; Young et al., 1999; Elvassore et al., 2001).
Examples of pharmaceuticals materials successfully treated with the SAS process are

listed in Table 1.6.

Solution Enhanced Dispersion by Supercritical Fluids (SEDS)
The SEDS process is based on the idea of the SAS process. With a change in the
nozzle design, the mixing of the solution is enhanced, which allows for better control

in forming particles. Similar to the SAS process, the material of interest does not need
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to be dissolved in SC-CO; and the solvent can be purged out continuously during the
process. The nozzle is designed utilizing the geometry of a coaxial tube to
simultaneously deliver the solution and SC-CO,. Figure 1.7 shows an example
configuration of the nozzle used in SEDS process (Chang, 2006).

Prior to spraying the solution (solvent + material of interest) into the pressurized
vessel through the nezzle, the solution mixes rapidly with SC-CO, by means of the
coaxial tube in_a small volume area called the mixing length (Li;). The mixing is
enhanced within the mixing length and simultaneously particles are precipitated from
the solution just before spraying into the vessel. Such a design makes it possible for
better control of process parameters such as pressure, temperature and flow rate inside

the small mixing area (Hanna and York, 1994; Hanna and York, 1995).

Mixing
length (L;)

P T

Flow direction

Figure 1.7 A schematic view of typical coaxial tube nozzle used in SEDS process

(Chang, 2006)
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The SEDS process is similar to other anti-solvent processes that its operating
conditions are mild and suitable for processing sensitive pharmaceutical compounds.
The process is also versatile due to the benefit that the coaxial tube can be arranged in
different configurations for controlling for particle formations or encapsulations
(Ghaderi et al., 2000; Tu et al., 2002). By wvarying process parameters such as
pressure, temperature, flow rate and solubility of the solution, controlled particle size
and morphology-of the product can be obtained for many drugs and polymers
(Ghaderi et al., 1999; Ghaderi et al., 2000; Rehman et al., 2001; Velaga et al., 2002).

Examples are given in Table 1.7.

Table 1.7 SEDS experiments for selected materials

Materials B e Pressure Temperature Particle size Reference
(MPa) () (nm)
Pharmaceuticals:

Acetaminophen EtOH 8-25 313-353 5-20 Bristow et al., 2001
Insulin Water, EtOH - - 0.05-0.5 Bustami et al., 2000
Lactose MeOH 15-30 323-363 3-10.5 Palakodaty et al., 1998

Lysozyme EtOH 20 328 0.78 Sloan et al., 1998
Salmeterol Acetone, EtOH 25-30 318-363 4-19 Hanna and York, 1998
Sulfathiazole Acetone, MeOH 20 353-393 2-20 Kordikowski et al., 2001
Trypsin EtOH 20 328 1.53 Sloan et al., 1998
Polymers:
PCL Acetone - - 25-85 Ghaderi et al., 1999
PLLA Acetone - - 7-10 Ghaderi et al., 2000
PLLA EtOH - - 1.1-3.6 Chen et al., 2006

1.5.3 Particles from Gas Saturated Solutions (PGSS)

In the PGSS process, SCE does not act as either. solvent or anti-solvent. This
process involves dissolving a SCF in molten material, then expanding the solution

through a nozzle.
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Autoclave

co,

Feed vessel

Figure 1.8 A schematic illustration of the particles from gas saturated solutions

(PGSS) process

Unlike the RESS process, the PGSS process takes advantage of a much higher
solubility of SC-CO, in melten materials or liquids than that of the materials or
liquids in the- SC-CO, at same conditions. The material of interest in the form of solid
must be first melted before the SC-CO, i1s added until saturation is reached in the
solution. In a typical PGSS process, the saturated solution may contain 5 to 50 wt.%
of SC-CO; and the temperature is varied 50 K around the normal melting point of the
material (York et al., 2004). The-solution is then allowed to discharge through an
expansion device under operating ¢onditions that facilitate transition from SC=CQ, to
CO; gas and its further separation from precipitated particles. As a result of the CO,
transition and the Joule-Thomson effect, the particle precipitation is caused by large

temperature drops to below the melting point of the material. Also note that the
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melting point of molten materials is decreased when exposed to compressed fluids
such as SC-CO, (Cooper, 2000).

Figure 1.8 describes the apparatus for carrying out the PGSS process. After the
material is melted in a feed vessel, it is delivered into the autoclave where CO; is fed
from a storage tank by means of a high pressure pump. The liquid phase of the molten
material is allowed to saturate-with CO, at supercritical conditions, then sprayed into
an expansion vessel through a suitable device (e.g. nozzle, capillary tube and orifice).
It causes a supersaturation of CO, and an intense expansion of the nucleated gas
bubbles leads to explosion of the molten material into fine particles. The particles are
formed due to solidification by the cooling effect of the expanded gas.

The PGSS process has a number of advantages over other SCF-based particle
production processes as followings (York et al., 2004):

e The operating pressure is considerably lower than in the RESS
process, but of the same order of magnitude or higher than in the
antisolvent processes.

e  The size of apparatus for carrying out the PGSS process is smaller due
to smaller amounts of CO, is required.

e The PGSS process requires no use of additional solvent, thus no
residual solvent remains in the product. This feature makes the PGSS
process favorable for processing pharmaceutical compounds.

e " The PGSS process can be carried out in continuous. operations, while
the anti-solvent processes are operated in discontinuous or semi-

continuous mode.
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For processing with polymers, the PGSS process allows operation at
low temperature. The polymers can be melted at a temperature much
lower than their normal melting or glass transition temperature.

The versatility of the PGSS' process makes it possible to form
microspheres by means of suspensions of active molecules in a
polymer or other carrier substances.

The concept of the PGSS process is simple, since the target materials
do not have to be soluble in the SC-CO,. This feature favors the
application of the PGSS process to various types of product. Polymers
and sticky materials can be' treated advantageously by the PGSS

process.

The PGSS process has some drawbacks as well due to the following limitations

(York et al., 2004):

The particle size and particle size distribution cannot be easily
controlled.

For highly thermally sensitive materials, the operating temperature
required to melt the materials may be so high-that the materials may be

damaged. Some pharmaceuticals may decompose before melting.

However, the balance between advantages and drawbacks of the PGSS

process seems to be positive. Unlike the anti-solvent processes which mostly are still

under development, the PGSS process has been patented (Mandel et al.; 1996;

Weidner et al., 2000) and is already used on industrial scale with capacities of some

hundred kilograms per hour (York et al., 2004).
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Table 1.8 PGSS experiments for selected materials

Materials Solvent Pressure Temperature Particle size Reference
(MPa) (K) (nm)
Pharmaceuticals:
Cyclosporine A CO, - - 4.5 Tandya et al., 2006
Drug-PLGA CO, - 305 - Mandel et al., 2000
Felodipine CO, 20 423 42 Knez, 2000
Fenofibrate CO, 19 338-353 - Kerc et al., 1999
Nifedipine CO, 20 443 10 Weidner et al., 2000
Nifedipine CO, - - 15-30 Reverchon et al., 2006
Nifedipine CO, 10-20 448-463 Sl ) Sencar-Bozic et al., 1997
Polymers:
Catalase CO, - - - Howdle et al., 2001
PEG CO, 15-25 303-363 170-500 Weidner et al., 1996
PLGA CO, - - - Howdle et al., 2001

Some materials of pharmaceutical interest have been treated successfully with
the PGSS process both in batch and continuous modes, listed in Table 1.8 for
examples. The batch process has been used to produce powder of poly(ethylene
glycol) (PEG) (Weidner et -al.; 1996). Conventional coating systems (e.g. acrylic
coatings and low-melting polyester coatings) have been developed using a PGSS

continuous process (Weidner et al., 2001).

1.5.4 Selection.of a SCF Process

As has been shown in the discussion above, supercritical fluids offer a wide
range of techniques to produce ultrafine particles of pharmaceutical materials with
different particle sizes. and-morphologies. Several features make them very attractive.
However, some points, such ‘as particle recovery and process scale-up, need to be
improved before applying them to industrial practice. Table 1.9 presents a summary

of these techniques.



Table 1.9 Comparison of various SCF processes

Process Solvent Driving force P:‘;:;t;r)e | p(ell;;' U Par?pcll:)s - Advantages Drawbacks
RESS CO, Pressure decrease 20-30 310-400 0.2-3 Simplicity, Low solubility of
M inimal or no use of materials,
organic solvent High pressure,
High fluid consumption
GAS Organic solvent Anti-solvent effect 6-10 298-333 0.1-100 Applicable for polar Batch,
compounds, Use of organic solvent,
Low pressure and Wide particle size
temperature distribution
SAS Organic solvent Anti-solvent effect 7-15 298-333 0.2-10 Applicable for polar Use of organic solvent,
- compounds, Separation of solvent
Solvent evaporation Low pressure and and fluid,
temperature, Semi-continuous
Controlled particle size process
SEDS Organic solvent Anti-solvent effect, 10-30 308-363 0.05-10 Applicable for polar Use of organic solvent,
+ compounds, Separation of solvent
Solvent evaporation Small particles and fluid,
Semi-continuous
process
PGSS Organic solvent Pressure decrease 8-10 323-460 15-50 Low pressure, Wide particle size

No use of organic solvent,
Low fluid consumption,
Continuous process

distribution,
High temperature

6¢



40

Factors affecting a decision on selection of an appropriate SCF process include
the solubility of the target materials in CO,, the solubility of CO, in the material, the
solubility of CO; in a solvent and the solubility of the material in a solvent. The
solvent processes such ‘as  RESS and 'PGSS are well-accepted given the first
preference since they require minimal or no-use of organic or VOC/CFC-based
solvents. There is.a.major difference between the RESS and PGSS processes in the
solubility term. In'-RESS, the target material is dissolved in SC-CO,, while SC-CO; is
dissolved in the material in' PGSS. With SC-CO, as solvent, the RESS process is
applicable only to a limited number of pharmaceutical materials due to low solubility
of the materials in SC-CO,. In that case, the PGSS process may be a better choice.
However, it has yet not been tested for different classes of materials and may require

some modifications.

1.6 Objective of Study

1.6.1 To develop a process for coating ultrafine particles with a polymer by
using SCF technology. The developed process is intended for use in the preparation of
polymeric drug delivery systems.

1.6.2 To investigate the influence of process parameters on the morphology

and internal structure of the particle products.

1.7 Scope of Study
1.7.1 Coating of ultrafine particles with a polymer using SCF technology
1.7.1.1 The core particles are:

(a) Silica (Si10,) particles with average size of 1.4 um, and



41

(b) Titania (TiO,) particles with average size of 70 nm.
1.7.1.2 The polymer is poly(p 1 -lactic-co-glycolic acid) or PLGA (M.W.
=50,000-75,000; PLA:PGA = 85:15).
1.7.1.3 Theprocess is developed on the basis of the RESS process.
1.7.1.4 The solvent is supercritical-earbon dioxide (SC-CO,).
1.7.1.5..The cosolvent is ethanol (C,HsOH, EtOH).
1.7.1:6 The maximum extraction pressure is 30 MPa.
1.7.1:7 The maximum extraction temperature is 313 K
1.7.1.8 The extraction time is 180 min.
1.7.2 Influence of process parameters on the morphology and internal
structure of the particle products
1.7.2.1' The core-to-polymer weight ratio is 1-3.
1.7.2.2 The nozzle inside diameter is 100-300 pm.
1.7.3 Characterization of the particle products
1.7.3.1 Scanning Electron Microscopy (SEM)
1.7.3.2 Transmission Electron Microscopy (TEM)
1.7.3.3 Image-analyzing software (Image-Pro_Plus version 3.0; Media

Cybernetics)

1.8 "Expected Benefits
1.8.1.. Polymei-coated ultrafine particles . will.be obtained by.a RESS process:
1.8:2 * Comprehension of the mechanism of particle coating in the process.
1.8.3 Comprehension of the influence of process parameters on the

morphology and internal structure of the particle products.



CHAPTER II

MODELING SOLUBILITY OF POLY(p-LACTIC-CO-
GLYCOLIC ACID) IN SUPERCRITICAL CARBON DIOXIDE

WITHETHANOL AS COSOLVENT

2.1 Introduction

In SCF precipitation processes for particle production, nucleation is a very
strong function of supersaturation, which, depends on solubility. Solubility also can
have a noticeable effect on precipitation kinetics which, in turn, yields the size and
morphology of the precipitated products (Shekunow et al., 1999). Depending on the
aim of the process, either a high solubility or low solubility may be desired. High
solubility in SC-CO; is required in a process based on rapid expansion of supercritical
solution (RESS) technique (Thakur and Gupta 2005). On the other hand, the anti-
solvent processes, such as gas anti-solvent (GAS), supercritical anti-solvent (SAS)
and solution enhanced dispersion by supercritical fluid (SEDS), require low solubility
in a mixture 'of CO, and organic solvent (Chattopadhyay and Gupta, 2001;
Chattopadhyay .and Gupta, 2002; Thote and Gupta, 2005;. Gupta and Kompella,
2006). In these cases, knowledge of solubility of the target material in SC-CO, is
essential both for the initial feasibility study and final process design of a successful
process.

However, the SCF precipitation processes have found their limitations in
pharmaceutical processing, mostly due to the absent or incomplete knowledge about

solubility of the material of interest in SC-CO,. To date, there is a relatively little
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knowledge about the experimental solubilities of most pharmaceutical materials in
SC-CO; (Coimbra et al., 2006). The deficiency of experimental data is essentially due
to several drawbacks in the experimental methods for the solubility measurement.

In general, the most common methods for obtaining solubility data in SCF
solvents are the dynamic flow (or transpiration)-and in situ spectroscopic techniques.
The dynamic flow method often-encountered some experimental difficulties in valve
clogging and sampling of saturated mixture, which resulted in inaccurate data
measurements (McHugh and Krukonis, 1994). It has been shown that the consistency
of solubility measurement in the flow method is relatively low when the solubility is
10* mol fraction or lower (Ngo et al, 2001). On the other hand, the in situ
spectroscopic techniques, including infrared, ultraviolet and fluorescence, require no
calibration or sampling for measuring the solubility data over a wide range of
concentrations, as low as 107 or 10 mol fraction (Ngo et al., 2001). However, this
method has a drawback in that it requires appreciable time to reach equilibrium (as
long as 10 hours when the solubility approaches 10~ mol fraction) (Ngo et al., 2001).
In addition, these solubility measurement methods are complex-and require expensive
experimental apparatuses. Huge investment and long construction and operation
periods are often givento the cost of a laboratory-scale development, which may
present as a major obstacle to the initial feasibility study of'a SCF process. Therefore,
if not completely determined experimentally, the solubility in SCF solvent must
otherwise be obtained through correlations based on theoretical or empirical. models
applied to existing experimental data.

Prediction of the equilibrium solubilities using thermodynamic models is a

reliable alternative way for obtaining the solubility data of solutes in SCFs (Hartono
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et al., 2001; Guha and Madras, 2001; Madras et al., 2003; Coimbra et al. 2005).
Generally, the most common thermodynamic models used for predicting solute
solubility in SCF solvent are cubic equations of state (EOS). The most used models
are those from van der Waals family (such as Peng-Robinson (PR), Soave-Redlich-
Kwong (SRK) and Pater-Teja (PT)) and Sanchez-Lacombe lattice fluid model.
Several mixing and.combining rules, like classical van der Waals mixing rules, are
utilized to incorporate selution model into the EOSs. Together with several solute
properties, all of these models require at least one parameter exhibiting interactions
between components in the solution, which, in most cases, must be determined from
existing experimental solubility data.

It is important to select an appropriate EOS and mixing rules for a solubility
prediction because €ach model cannot treat effectively the solubility of all the solutes
of interest. In many cases, especially for most pharmaceutical materials, the necessary
solute properties (e.g. critical properties, molar volume, sublimation pressure and
Pitzer’s acentric factor) are not yet available in the literature and need a prior
experimental determination or prediction by several estimations. This may lead to
excessive error_on the results of the solubility prediction. Therefore, apart from
selecting the appropriate EOS and mixing rules,-an extreme caution should be made in

applying these additional estimations.

2.2 Modeling of Solubility in SCF solvent with Equation of State
The general method for estimation of the solubility of a solid species (solute, 2)
in a SCF phase starts with satisfying the phase equilibrium condition of equal

component fugacities in the solid and SCF phases as follows:
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f;‘olid — f‘ZSCF (2 1)

For the SCF phase, the solute mole fraction ( yz) can be written as a function of

fugacity ( 5 ) and fugacity coefficient (gofCF ):

fSCF
y, = %ﬁc—FP (2.2)

where P is the total pressure. Assuming that the SCF is not absorbed by the solid

solute, the solid phase may be considered as a pure phase, and fugacity in the solid

phase ( /;"“d) can be written as:

2 solid
f-zsolid _ stozid zsolid exp J‘ v dP (2.3)
PEsolid RT

solid

where 7 is temperature, v, is the molar volume of the_solid solute (m3 / mol) ,

P"*.is wapor pressure or:sublimation pressure-of ithe solid-solute, and R is gas

constant (8.314 J/mol-K ) . For most solutes which do not possess a strong tendency

of association, the values of ¢ can be taken.to l.due to the low.vapor.pressures..In

addition, due to the fact that solids-are incompressible, it is reasonable to assume that

the values of v;”“ are independent of pressure. Hence, the solubility of a solid solute

(»,) ina SCF can be written as:
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Pmlid 1 V;Dlid P_F)zsolid
v, = = {(DSCF eXp{ ( ) (2.4)

P | ¢ RT

where the term

SCE:
2

solid (p _ psolid
exp[v2 (ZTPZ )

] 1s-called the enhancement factor and

solid
2

is the solubility«in the'ideal gas. The fugacity coefficient of the solid solute in

SCF phase (¢2SCF ) can be calculated from (Prausnitz et.al., 1986):

RTIngs e IKS_PJ _EJJV_RTIH(% @)
v n2 Tv,m ¥

where n, is the number of moles of the solid solute, n, is the number of moles of

CO,, and v is the molar volume of the mixture. An appropriate equation of state is

then used to evaluate the integration and the value of v.

2.2.1 Selection of EOS Model and Mixing Rules

SCF precipitation processes are used to micronize a number of pharmaceutical
materials, which involve various types of molecules, from simple to very complex. To
select a reliable and appropriate model of EOS and mixing rules that contains all the
molecular information of the material, a brief comparison between commonly used
models should be noted here. Most of the van der Waals family models (PR, SRK and

PT) are well correlated with solubility data of simple sphere-like molecules. On the
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other hand, the Sanchez-Lacombe model has been developed on the basis of a lattice
fluid model for treating chain-like molecules (Colussi et al., 2006). It should be
remarked that these two models are mean-field models, which means that they cannot
be applied in the vicinity of the critical point with good results.

In this study, a commercial biodegradable-polymer, poly(p -lactic-co-glycolic
acid) (PLGA) and SC-CO, with ethanol as cosolvent are mixed to provide SCF
solutions for RESS process. To the best of knowledge, data about the solubility of
PLGA in a SCF solventhave not been yet available in the literature. Moreover, there
is no information about a reliable mathematical model which may be used in
predicting the PLGA solubility. Taking into consideration that the majority of PLGA
molecules are long-chain, not sphere-like; it is therefore reasonable to use the
Sanchez-Lacombe 'EOS to evaluate the PLGA solubilities in the SCF solvent.
Together with a thermodynamically consistent expression of fugacity coefficients,
proper estimations of the EOS' characteristic parameters will be made in order to
obtain a reliable evaluation of the PLGA solubilities. The Sanchez-Lacombe EOS has
been used suecessfully for modeling solute solubilities in many polymer/SC-CO,

systems (Chernyak et al., 2001; Sarah et al., 2003; Li et al., 2007)

2.2.2 - Sanchez-L.acombe EQOS (Sanchez and Lacombe, 1976)
Based on the lattice theory of Sanchez and Lacombe stated that a pure fluid can
be viewed as a mixture of segments and holes which occupy the sites of a lattice, the

lattice-fluid model of EOS for a pure component has the following form:



(2.6)

where

(2.7)

2.8)

(2.9

(2.10)

(2.12)

gyl"" 1.:';

where P @ and p are the reduced para -—_:- " and V' are the
()

characteristic -.w o
I
L

ol.dﬁe, respectively, M,, is

the molecular wa%bt R isthe gas constant 831451J mol - K ‘1 and r isthesize

”ﬂﬂ%ﬁﬁ%ﬁﬂ“&ﬁ]’ﬂﬁ

q, order to extend the use of thls model to mixtures, the mixing rules described

q RIS I Ingna e

i _ z¢ (2.12)
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b = pi. (2.13)
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2.3 Results and Discussion

The Sanchez-Lacombe EOS together with mixing rules, Equation (2.6) —
Equation (2.18), were used to model the phase behavior of the system CO, + PLGA
+ ethanol at upstream conditions of the RESS process. For the scope of this study,
RESS experiments were performed under certain-pressure and temperature conditions.
A series of preliminary experiments were carried out on RESS of PLGA to check the
applicability of the apparatus and to determine the range of operating pressure and
temperature conditions.” The ~experimental results suggested that the operating
conditions at upstream pressure of 25 MPa and temperature of 313 K PLGA allowed
appreciable formation of PLGA particles, according to observations by scanning
electron microscopy (SEM) technique, and facilitated maintaining a stable operation
of the apparatus. Details of the preliminary. RESS experiments will be given and

discussed later in Chapter I1l. Thus, the pressure and temperature parameters were

fixed and set to these values (P:25 MPa, T =313 K ) in calculations of the phase

equilibrium medeling.

2.3.1 Determination and Optimization of Parameters

Modeling the solubility-of-a solid-in SCF solvent with-the Sanchez-Lacombe
EOS requires several characteristic parameters ‘of  the.pure ‘components. Binary
interaction parameters are necessary to represent the behavior of the multicomponent
system. For CO, (1) + PLGA (2) + ethanol (3) ternary system, the values of the pure
component parameters were taken from the literature as basic input. These values are
presented in Table 2.1 and Table 2.2.

The binary interaction parameters are independent of pressure, but a function of
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temperature (Matsuyama and Mishima, 2006). Arce and Aznar (2006) have studied
phase equilibrium of PLGA + SC-CO, systems for different compositions of PLA and

PGA. They reported useful correlations between the binary interaction parameter and

temperature for Sanchez-Lacombe EOS ‘in the.form of &, =C, + % For the PLGA

used in this study, the PLA:PGA copolymer ratio is 85:15. The dependence of binary

interaction parameter(%,, ) on temperature (7'(X)) in the range of 312.15 — 364.85 K

can be expressed by:

¥3.1p21

k, = —02228+ (2.19)

To determine the binary interaction parameter between CO, and ethanol, k;,

the Sanchez-Lacombe EOS have been used to correlate the vapor-liquid equilibria of
ethanol/CO; systems at elevated pressures by Joung et al. (2001). A linear dependence

of k, on temperature 7(K) was found in the range of 313.4-344.75 K, which can be

expressed by:

k, = 241x10°'T -4.84x10" (2.20)

In the determination of the binary interaction parameter between PLGA and
ethanol, £,,, due to the scarceness of experimental data under high pressure in the

literature, this study makes use the experimental data reported by Eser and

Tihminlioglu (2006) for this binary system at low pressures, given in Table 2.3. This
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treatment is reasonably effective under the assumption that, as mentioned earlier, the
binary interaction parameter is independent or a weak function of pressure in the
range of certain temperatures. To apply the experimental data in the determination of

k,,, the temperature dependence of k,, was treated by a linear approximation in the

range of 353 — 373 K, which can be expressed by:

ky, = =1.10x107T + 59197 %107 (2.21)

Table 2.1 Molecular weights (M ) and structures of pure components

Component M (g mol'l) Molecular structure
CO; (1) 44.01 0=C=0
0]
o %H
PLGA (2) 62,500° HO 2 O ,
O

>

Ethanol (3) 46.07 _ o~ (IZ -0-H
H

a
average value

Table 2.2  Characteristic parameters of pure components for Sanchez-Lacombe EOS

* * il 3
Component P (MPa) ' 6K P (kg rim ) Reference
CO, (1) 720.3 278.5 1580 Sanchez and Lacombe, 1976;
Spyriouni and Economou, 2005
PLGA (2) 620.3 631.0 1362.8 Aionicesei et al., 2009
Ethanol (3) 1069 413.0 963.0 Sanchez and Lacombe, 1976
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The straight line in Figure 2.1 represents the above equation fit to the
experimental data. Clearly, It is reasonable to use Equation (2.21) for extrapolation

of the experimental data to neighbering values of temperature, if necessary.

Table 2.3 Experimental data of binary interaction parameters for PLGA-ethanol

system at various temperatures (Eser and Tihminlioglu, 2006)

Interaction parameter of PLGA (2)-ethanol (3) system (k23)

353K 363 K 373 K 393 K
0.0204 0.0192 0.0182 0.0218
003 &
:ﬁ 0.025
&
© 0.02 -
c .\"\‘
o
S 0015 -
c
o
‘= 0.01 -
a
2 0.005 -
0 et

350 355 360 365 370 375

Temperature T (K)
® Experimental data (Eser and Tihminlioglu, 2006);

data at 393 K excluded
— Eq. (2.21)

Figure 2.1 Temperature dependence of interaction parameter between PLGA and

ethanol (k,, )
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The interaction parameters between CO, and PLGA (ku) , CO, and ethanol

(k). and PLGA and ethanol (k,, ) were determined at the operating conditions by

setting 7=313 K in Equation (2.19) —Equation (2.21). The values are tabulated in

Table 2.4.

Table 2.4 Interaction parameters for CO, (1) + PLGA (2) + ethanol system at 313 K

k12 k13 k23

0.04286 0.02703 0.02477

For a binary system consisting of a solute and a solvent, the binary interaction

parameter (k,y) is a measure of the strength of interaction between the solute and the

solvent, and therefore as a‘'guide in the prediction of solute-solvent compatibility. In

general, the rather small value of £, indicates strong interaction between the solute
and the solvent molecules (Derawi et al., 2003). The values of k, can range from

minus in a highly miscible system to positive in an immiscible system (- 0.10105 in
water-ethanol system and 0.276 in water-benzene system (Ashour and Aly, 1994), for
examples). According to this criterion, it can be expressed as neither CO, nor ethanol
were good solvents for PLGA. But, ethanol can be considered as a better solvent for

PLGA than CO,. In addition, a comparison among the calculated values of £,

suggested that the interactions in the ternary system can be represented in the order of

favorable interaction by:
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CO,—-PLGA < CO,—ethanol < PLGA-ethanol

The chemical structure plays an important role in the interactions between CO,
—PLGA, CO; —ethanol, and PLGA —ethanol. Due to the symmetry of molecular
structure, CO; has no dipole moment and a very low polarity. The van der Waals
forces in CO, aregenerally tesponsible for their interactions with other molecules.
Since ethanol is polar and capable of being both donor and acceptor of hydrogen
bonds, it has a fairly high polarity and forms self-associates by hydrogen bonding of
its hydroxyl group. The CO,— ethanol interaction in the binary mixture is mainly
contributed by the ethanol self-association through hydrogen bonding with the CO,
molecule. Furthermore, at the pressure and temperature conditions of this study, CO,
and ethanol form a completely miscible phase, according to vapor-liquid equilibrium
data in the literature (Suzuki and Sue, 1990; Jennings et al., 1991; Yoon et al., 1993).
In the case of CO,—PLGA and PLGA —ethanol binary mixtures, the polarity and van
der Waals forces of CO, are too weak for PLGA, while ethanol has too high polarity
and forms self-associates with PLGA between their polar end groups. However, the
polarity matching to PLGA is improved and the degree of‘ethanol self-association
with. PLGA is reduced in the ternary mixture..On the other hand, it may be considered
that PLGA and ethanol form a microemulsion in the SC-CO, single phase. In this
case, ethanol is considered as a cosolvent. Consequently, it is reasonable to conclude
that the CO, + PLGA + ethanol mixture forms a single-phase supercritical solution at

the operating conditions of this study.
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The interaction parameters y, corresponding to the calculated values of &,

were determined by using Equation (2.16) with the numerical values presented in

X2
i3
X3

composition (on the basis of s frac [ the terr ixture, governed by the

equality constrain sof t ma ’ fracti >qual to unity:

Wi +W, +W, At Lyl (2.22)

expressed as functions of

|l
by expanding Equation (2. 13) U

ﬂU&l')ﬂElﬂiwmﬂi
q 1 ﬁ@fﬁm ﬁ“ﬁ’”n f E‘J”Tﬁﬂ

the closed paé :

the mass fracti
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Substitutions numerical values for the characteristic densities, listed in Table

2.2, yielded expressions for ¢, ¢, and ¢, as functions of the mass fractions, in the

following equations:

/4

¢ = (2.23)
W, +1.15938W, + 1.6407 17,

¢ = ", (2.24)
0.86253W, + W, 4 1.41516W,

¢ = s (2.25)

0.609491; + 0706631, + W,

The corresponding expressions for the characteristic parameters of the mixture
were derived through Equation (2.10) — Equation (2.25) by use of some pre-

determined numerical values. A series of steps was taken in the following order:

I. The characteristic pressure P was obtained by substitutions of

s *

P,

3

Equation (2.23) — Equation (2.25) and the values of R, 7, P, P,

20

. Xia» X3 and y,, into the expanded form of Equation (2.15):

FE ¢1Pl* N ¢2P2* T ¢3P3* T RT[¢1¢2)(12 . ¢1¢3Z13 4 ¢2¢3Zz3] (2.26)

II... To determine. the characteristic temperature 77, an expression. for v,

was first obtained by using the expanded form of Equation (2.18):
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v, R RT, RT,

3

1 _ 4R &R 4R (2.27)

and followed by substitutions into Equation (2.17).

lIl.  The characteristic volume v was determined through the expansion of

Equation (2.12).

1 _ o9 & (2.29)
2 \VARVARVA

where v, v, and v, werefirst determined using Equation (2.10).

IV. The size parameter r was determined by substitutions into Equation

(2.11).
V. The effective molecular weight of the mixture M, was determined by

substitutions of Equation (2.23)— Equation (2.25) and the numerical

values of molecular weights into the expanded form of Equation (2.14):

(2.29)

V1. Thecharecteristicdensity. p~ wasobtained by Equation (2:10).
By setting P = 25MPa and T = 313K in Equation (2.7) and Equation

(2.8), the reduced pressure and temperature, P and T , were determined, respectively.

The Sanchez-Lacombe EOS in Equation (2.6) and the equality constraint in
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Equation (2.22) were then used to perform the ternary phase equilibrium

calculations. Since the mass fractions W, , W, and W, were introduced as variable

parameters into the above derivations, a system of two equations and four variables

was formed and can be expressed by:

F (W, W, W, p) = ﬁ+;2+f{ln(l—,5)+(l—1j/3} _ 0

r (2.30)

G(W, W, Wo)r= W 4W, #Wo =1 = 0

The system of Equation (2.30) has infinite solutions. To solve this equation
system for a unique set of solutions, it was necessary to identify the independent and

dependent variables.

2.3.2 Obtaining Independent Variable Data

Because PLGA represented a very small amount compared to the whole
mixture, therefore a very limited concentration in the CO.-rich phase, the ternary
phase equilibrium cal cul ations were carried out under the assumption that the PLGA-
dilute (CO,-rich) phase did not contain PLGA. Such treatment was not expected to
cause significant errors in the calculations, and was found in similar calculations
carried out by severa researchers (Daneshvar et al., 1990; Kiran et al., 1993; Xiong
and Kiran,-1994; Matsuyama and Mishima, 2006)..1n the absence of PLGA, CO;, and
ethanol forms a stable homogeneous dense phase under high pressure conditions
(Suzuki et al., 1990; Jennings et al., 1991; Yoon et a., 1993; Pohler and Kiran, 1997;

Zuniga-Moreno and Galicia-Luna, 2002). At the pressure and temperature of this
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study ( P=25MPa,T =313 K ), Pohler and Kiran (Pohler and Kiran, 1997) and

Zuniga-Moreno and Galicia-Luna (Zuniga-Moreno and Galicia-Luna, 2002) have
reported on the high-pressure volumetric properties of CO; + ethanol system (Pohler
and Kiran, 1997). Mass fraction-density data were reported for the mixtures at various
mass fractions of CO, and ethanol, as presented in Table 2.5. These experimental data
can be treated as-a set of values for the independent variables in the ternary phase

equilibrium calculations.

Table 2.5 Phase equilibrium data of CO; (1) + cthanol (3) system at 25 MPa and 313

K (w =mass fraction, p = density)

W, w, P (kg / m3)
0.0000 1.0000 795.70°
0.1000 0.9000 804.90°
0.2237 0.7763 835.82°
0.3022 0.6978 852.86"
0.3966 0.6034 866.57"
0.5456 0.4544 882.26"
0.7621 0.2379 884:00°
0.9000 0.1000 849.10°
1.0000 0.0000 851.10°

# Pohler and Kiran, 1997, = Zuniga-Moreno and Galicia-Luna, 2002

2.3.3. Ternary Phase Equilibrium Calculations
Before applying the data in Table 2.5 to the calculations, the values of the mass
fractions were adjusted to their corresponding values in the ternary system by using

the following equations:
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W, = m
m +m, +m,

w, = — ™
m +m, +m,

wo= — ™ (2.31)
m +m, + My

m = wpV

m = wpV = (1_\,\[1)10\/

where m, m,, and 'm, are the amount (mass) of CO, PLGA and ethanol in the
mixture, respectively; w;, wy and p-are the experimental data of mass fractions for

CO; and ethanol, and density of the mixture, respectively; V is the mixture volume.
For this study, the mixture volume was set equal to the volume of the extraction
chamber, V =1500ml =1.5x107° n?®. The two equation System in Equation (2.30)

was then reduced to one equation, which can be expressed as:
S ———— — 1)\~
F(w,0:W,) = P+p +T|:|n(1—p)+(l——jp:| =0 (2.32)
r

In this equation, w, and p were the independent variables and W, was the
dependent variable. The phase equilibrium calculations were carried out for the mass
fractions of CO,, ethanol and PLGA through Equation. (2.32) by trial and error.in a
Spreadsheet, adjusting the values of W, until F (vvl 0 :Wz) =0. Table 2.6 shows the
calculations necessary for the determination of the mass fractions. The results of the

calculations are tabulated in Table 2.7 for the values of mass fractions at different

ternary equilibrium phase compositions.



Table 2.6 The Sanchez-Lacombe EOS phase equilibrium calculations for CO, (1) + PLGA (2) + Ethanol (3) system at 25 Mpa and 313 K. The system volume is 1500 mL.

w; ws p (kg/m’) W, W, W; p* T* r p* Pr Tr pr F(wy, p: W,)
0 1 795.7 0 0 1 1.07E+09 | 4.136+02 [ 1.496+01 | 9.626+02 | 2.34E-02 | 7.58E-01 | 8.27E-01 -3.84E-02
0 1 795.7 0 0.33855191] 0.66144809 | 9.30E+08 | 4.30E+02 | 1.69E+01 | 9.62E+02 | 2.69E-02 | 7.28E-01 | 8.27E-01 1.96E-05
0 1 795.7 0 0.338442 | 0.661558 | 9.30E+08 | 4.30E+02 | 1.69E+01 | 9.62E+02 | 2.69E-02 | 7.28E-01 | 8.27E-01 1.81E-06
0 1 795.7 0 0.33836858 | 0.66163142| 9.30E+08 | 4.30E+02 | 1.69E+01 | 9.62E+02 | 2.69E-02 | 7.286-01 | 8.27E-01 -1.01E-05
0 1 795.7 0 0.45588202 [ 0.54411798| 8.79E+08 | 4.41E+02 | 1.82E+01 | 9.62E+02 | 2.856-02 | 7.09E-01 | 8.27E-01 2.18E-02
0.1 0.9 804.9 | 0.05469681] 0.45303192 | 0.49227128| 8.61E+08 | 4.36E+02 | 1.756+01 | 1.00E+03 | 2.90E-02 | 7.18E-01 | 8.03E-01 5.15E-02
0.1 0.9 804.9 | 0.07071485] 0.2928515 | 0.63643365] 9.29E+08 | 4.21E+02 | 1.58E+01 | 1.00E+03 | 2.696-02 | 7.44E-01 | 8.03E-01 2.35E-02
0.1 0.9 804.9 | 0.08578889] 0.14211106 | 0.77210005| 9.91E+08. | '4.12E+02 | 1.49E+01 | 1.00E+03 | 2.526-02 | 7.60E-01 | 8.03E-01 4.78E-03
0.1 0.9 804.9 | 0.090577 [ 0.094227 | 0.815196 | 1.01E+09 | 4.10E+02 | 1.46E+01 | 1.00E+03 | 2.48E-02 | 7.64E-01 | 8.03E-01 5.85E-07
0.1 0.9 804.9 | 0.09058409]0.09415913 | 0.81525678| 1.01E+09 | 4.10E+02 | 1.46E+01 | 1.00E+03 | 2.48E-02 | 7.64E-01 | 8.03E-01 -5.85E-06
0.2237 0.7763 835.82 | 0.12444232] 0.44370887 | 0.4318488 | 840171031 |428.277798| 1.656+01 | 1.06E+03 | 2.98E-02 | 7.31E-01 | 7.90E-01 5.54E-02
0.2237 0.7763 835.82 [ 0.15992165| 0.2851066 | 0.55497175| 903999036 | 412.285979| 1.49E+01 | 1.06E+03.| 2.77E-02 | 7.59E-01 | 7.90E-01 2.62E-02
0.2237 0.7763 835.82 | 0.206367 | 0.077482 | 0.716151 | 9.87E+08 | 399.491 | 1.37E+01 | 1.06E+03| 2.53E-02 | 7.83E-01 | 7.90E-01 5.76E-07
0.2237 0.7763 835.82 | 0.20638252 | 0.07741385 0.71620363 | 986567696 | 399.487851| 1.37E+01 | 1.06E+03 | 2.53E-02 | 7.84E-01 | 7.90E-01 -6.25E-06
0.2237 0.7763 835.82 0.2237 0 0.7763 | 1016906824] 396.275811] 1.336+01 | 1.06E+03 | 2.46E-02 | 7.90E-01 | 7.90E-01 -7.18E-03
0.3022 0.6978 852.86 | 0.16961485 0.43873311] 0.39165203] 8.25+08 | 4.236+02 | 1.59E+01 | 1.10E+03 | 3.03E-02 | 7.40E-01 | 7.78E-01 6.09E-02
0.3022 0.6978 852.86 | 0.27530029] 0.08901295] 0.63568676| 9.62E+08.| 3.94E+02 | 1.32E+01 | 1.10E+03 | 2.60E-02 | 7.95E-01 | 7.79E-01 5.42E-03
0.3022 0.6978 852.86 | 0.291205 | 0.036382 | 0.672413 | 9.82E+08 | 3.91E+02 | 1.29E+01 | 1.10E+03 | 2.55E-02 | 8.00E-01 | 7.79E-01 3.17E-06
0.3022 0.6978 852.86 | 0.29122738]0.03630912] 0.67246349| 9.82+08 | 3.91E+02 | 1.29+01 | 1.10E+03 | 2.556-02 | 8.00E-01 | 7.79E-01 -3.89E-06
0.3022 0.6978 852.86 0.3022 0 0.6978 | 9.96E+08 | 3.90E+02 | 1.28F+01 | 1.10E+03 | 2.51E-02 | 8.04E-01 | 7.79E-01 -3.41E-03
0.3966 0.6034 866.57 0.3966 0 0.6034 | 9.69+08 | 3.81E+02 | 1.22E+01 | 1.14E+03 | 2.586-02 | 8.226-01 | 7.57E-01 6.57E-03
0.3966 0.6034 866.57 | 0.33262627] 0.16130541 0.50606831| 9.07E+08 | 3.90E+02 | 1.29E+01 | 1.14E+03 | 2.76E-02 | 8.03E-01 | 7.57E-01 2.47E-02
0.3966 0.6034 866.57 | 0.28642446 | 0.27780016 | 0.43577539| 8.64E+08 | 3.99E+02 | 1.37E+01 | 1.14E+03 | 2.90E-02 | 7.85E-01 | 7.57E-01 4.20E-02
0.3966 0.6034 866.57 | 0.25149218] 0.36587954] 0.38262829| 8.31E+08 | 4.086+02 | 1.44E+01 | 1.14E+03 | 3.01E-02 | 7.67E-01 | 7.57E-01 5.78E-02
0.3966 0.6034 866.57 | 0.22415435] 0.43481002] 0.34103563| 8.06E+08 | 4.17E+02 | 1.52E+01 | 1.14E+03 | 3.10E-02 | 7.51E-01 | 7.57E-01 7.22E-02
0.5456 0.4544 882.26 0.5456 0 0.4544 | 9.226+08 | 3.656+02 | 1.12E+01 | 1.23E+03 | 2.71E-02 | 8.58E-01 | 7.17E-01 1.80E-02
0.5456 0.4544 882.26 | 0.45890821 [ 0.15889258] 0:38219921] 8.63E+08 | 3.756+02 | 1.19F+01 | 1.23F+03 -} 2/90E-02 | 8.35E-01 | 7.17E-01 3.72E-02
0.5456 0.4544 882.26 | 0.39598856 | 0.27421451 0.32979693| 8.23E+08 | 3.856+02 | 1.26E+01 | 1.23E+03 | 3.04E-02 | 8.12E-01 | 7.17E-01 5.52E-02
0.5456 0.4544 882.26 | 0.34824205 [ 0.36172645}0.2900315 | 7.936+08 | 3.96E+02 | 1.34E+01 | 1.236+03 | 3.156-02 | 7.91E-01 | 7.17E-01 7.15E-02
0.5456 0.4544 882.26 | 0.31077072 | 0.43040557 | 0.25882371| 7.71E+08 | 4.05E+02 | 1.41E+01 | 1.236+03 | 3.24E-02 | 7.72E-01 | 7.17E-01 8.61E-02
0.7621 0.2379 884 0.7621 0 0.2379 | 8.38E+08 | 3.37E+02 | 9.72E+00 | 1.38E+03 | 2.98E-02 | 9.30E-01 | 6.42E-01 2.24E-02
0.7621 0.2379 884 0.6412085 | 0.15862944 | 0.20016206| 7.86E+08 | 3.50E+02 | 1.04E+01 | 1.38E+03 | 3.18E-02 | 8.95E-01 | 6.42E-01 4.39E-02
0.7621 0.2379 884 0.55341982 [ 0.27382256 | 0.17275761] 7.536+08 | 3.636+02 | 1.12E+01 | 1.38E+03 | 3.326-02 | 8.63E-01 | 6.42E-01 6.33E-02
0.7621 0.2379 884 0.48677486 | 0.36127168] 0.15195347] 7.30E+08 | 3.75+02 | 1.19F+01 | 1.386+03 | 3.436-02 | 8.34E-01 | 6.42E-01 8.02E-02
0.7621 0.2379 884 0.43445598 | 042992261 0.13562141 [ 7.136+08 | 3.87E+02 | 1.26E+01 | 1.38E+03 | 3.51E-02 /| 8.086-01 | 6.42E-01 9.49E-02
0.9 0.1 849.1 0.9 0 0.1 7.74E+08 | 314402 | 8.82E+00 | 1.49E+03 | 3.236-02 | 9.966-01 | 5.71E-01 1.99E-02
0.9 0.1 849.1 | 0.75232829]0.16407968] 0.08359203| 7.27E+08 | 3.30E+02"| 9.576+00 | 1.49E+03 | '3.44E-02 | 9.48E-01 | 5.71E-01 4.30E-02
0.9 0.1 849.1 | 0.64628591 | 0.28190455 | 0.07180955| 6.99E+08 | 3.46E+02 | 1.03E+01 | 1.49E+03 | 3.57E-02 | 9.04E-01 | 5.71E-01 6.31E-02
0.9 0.1 849.1 0.5664443 | 037061745 0.06293826 | 6.82E+08 | 3.62E+02 | 1.11E+01 | 1.49E+03 | 3.67E-02 | 8.65E-01 | 5.71E-01 7.99E-02
0.9 0.1 849.1 | 0.50416071] 0.43982143]0.05601786 | 6.69E+08 | 3.76E+02 | 1.18E+01 | 1.49E+03 | 3.74E-02 | 8.33E-01 | 5.71E-01 9.40E-02
1 0 851.1 1 0 0 7.20E+08 | 2.95402 | 8.17E+00 | 1.586+03 | 3.476-02 | 1.06E+00 | 5.39E-01 5.90E-03
1 0 851.1 | 0.83624275 | 0.16375725 0 6.80E+08 | 3.13402 | 8.92E+00 | 1.58E+03 | 3.68E-02 | 9.99F-01 [ 5.39E-01 3.20E-02
1 0 851.1 | 0.71857147 0.28142853 0 6.586+08 | 3.326+02 | 9.67E+00 | 1.58E+03 | 3.80E-02 | 9.44E-01 | 5.39E-01 5.38E-02
1 0 851.1 | 0.62993117] 0.37006883 0 6.45E+08 | 3.49E+02 | 1.04E+01 | 1.58+03 | 3.87€-02 | 8.97E-01 | 5.39E-01 7.17E-02
1 0 851.1 | 0.56075813] 0.43924187 0 6.37E+08 | 3.65E+02 | 1.12E+01 | 1.58E+03 | 3.92€-02 | 8.58E-01 | 5.39E-01 8.64E-02

a9
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Table 2.7 Calculated mass fractions of CO, (1) + PLGA (2) + ethanol (3) system at

25 MPaand 313 K

W,

0. %4 0.6616
10,0942 | 08152

................................

Figure 2.2 Predicted solubilities of PLGA in a mixture of CO; and ethanol at 25 MPa

and 313 K
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Figure 2.3 Effeet of ethanol coneentration on PLGA solubility in CO, (1) + PLGA

(2) + ethanol (3) system at 25 MPa and 313 K

The solubilities of PLGA in a mixture of SC-CO, and ethanol at 25 MPa and
313 K are presented in a ternary phase equilibrium diagram, as shown in Figure 2.2.

The solubility behavior of PLGA in this system may be described as follows. Without
PLGA, the mixture of CO, and ethanol forms a single supercritical fluid phase as
mentioned earlier. It was clearly seen that PLGA does not dissolve in pure SC-CO..
The solubility of PLGA is strongly dependent on the concentration of ethanol. The
effect of ethanol on the enhancement of PLGA solubility is also observed in Figure
2.3. Inspite of the fact that ethanol, in pure form, is not a good solvent for PLGA, it
should" be noted that ethanol is capable of being ‘a fairly good cosolvent for this
system. Similar results were reported for other ternary systems of polymer in the

mixture of SC-CO, and ethanol (Mishima et al., 1999; Matsuyama et al., 2000;
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Matsuyama and Mishima, 2006). As a result of the phase equilibrium calculations, a
PLGA solubility of about 33 wt.% in pure ethanol was predicted at this pressure and
temperature, suggesting a possible application of high pressured or even supercritical
ethanol in the pharmaceutical production of PLGA particles. In the mixture of SC-
CO; and ethanol, the maximum value of 9.42 wt.% is achieved for the PLGA
solubility at 81.52 wt.% ethanol. While the PLGA solubility in SC-CO; increases
with the concentration of ethanol, it may be unchanged or very slightly changed
within the concentration range below 50 wt.% ethanol. According to these results, it
may be possible to apply the RESS process for the production of PLGA particles with

ethanol as a cosolvent.

2.4 Conclusions

The solubility data of PLGA in the mixture of SC-CO; and ethanol at 25 MPa
and 313 K were predicted by a ternary phase equilibrium modeling using the
Sanchez-Lacombe EOS together with mixing rules. The calculations were performed
under the assumption that the PLGA concentration in the polymer-dilute phase was
zero. As the calculation results show, PLGA is not soluble in pure SC-CO, or even in
the SC-CO; mixed with ethanol up to 50 wt.% .-The cosolvent effect of ethanol on the
solubility enhancement-of PLGA was observed in the range of ethanol concentrations
above 50 wt.%. that the PLGA solubility increases with the ethanol concentration.
The Sanchez-Lacombe EOS with the mixing rules provides an appreciable tool for the
investigation of phase equilibrium behavior and the solubility modeling of PLGA in

the ternary mixture of this study.



CHAPTER IlI

FORMATION OF POLY (p,.-LACTIC-CO-GLYCOLIC ACID)
PARTICLES BY RAPID EXPANSION OF SUPERCRITICAL

SOLUTIONWITH ETHANOL AS COSOLVENT

3.1 Introduction

Over the two last'decades, a number of different techniques using supercritical
fluids (SCF) as solvents or anti-solvents have been developed for the preparation of
fine particles of polymers and polymer composites. Due to their favorable solvent
properties, i.e. gas-like mass transfer and liquid-like density properties, SCFs could
replace the conventional organic liquid solvents. It is possible to produce nano- or
micron-size particles for ‘both low and high molecular weight materials. For
pharmaceutical applications, carbon dioxide (CO;) has already been used as a
common SCF as it is non-toxic and offers a solvent-free final product inert in nature.

When a supercritical solution of a solute in CO, expands across an orifice or a
capillary, the solvent density decreases dramatically and the-polymer is rejected from
the solution.. This. process. was first .named. for.short .as. the. Rapid Expansion of
Supercritical Solution or RESS by Petersen et al. (Petersen et al., 1986). This process
is very rapid because the expansion occurs at the speed of sound, and the reduction
across the: expansion device leads to both uniform conditions and very high
supersaturation ratios in the post-expansion jet. These features make the RESS
process favorable for formation of fine particles of polymer with narrow particle size

distributions (Debenedetti, 1990).
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3.2 Literature Review

The basic concept of RESS was first described 120 years ago by Hannay and
Hogarth (1879). They found that a solid could become crystalline or could be brought
down as a ,,snow"in a gas, or on a glass asa ;,fiost”, when the solid was precipitated
by suddenly reducing the gas pressure. However, the concept of RESS was really
understood and developed after the studies of Krukonis et al. (1984) and Matson and
Petersen (1987) en RESS of hydrocarbon-based polymers. They reported on particle
formation from polypropylene, polystyrene, polyphenyl sulfone and PMMA using
propylene, pentane, and propane as SCFs. However, a concern with these studies was
the use of the flammable solvents.

Smith et al. (1986) studied performance of capillary restrictors in Supercritical
Fluid Chromatography (SFC) and found that expansion of'a SCF solvent from too low
a temperature could result in formation of a condensed solvent phase. The expansion
process was directly observed and solvent droplet size was found to be strongly
dependent on the SCF temperature, with average droplet size decreasing to under 0.2
pum above the-critical temperature and being negligible for reduced temperature > 1.3.
Kinetic considerations of the SCF expansion process were very detailed. In addition,
the expansion of the SCF solvent dissolved with nonvolatile compounds was
investigated for formation of ultrafine powder and the results with polycarbosilane
were presented as an example.

In the early 1990%s, the focus on particle formation by RESS meved to
biopolymers that dissolved in non-flammable SCFs such as CO,. Due to the low
solubility of the biopolymers in SC-CO,, cosolvents were often used to enhance the

biopolymer solubilities. Tom and Debenedetti (1991; 1994) reported on particle
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formation from (-PLA and p1-PLA using SC-CO,. In their work, the polymers were
dissolved in SC-CO, with CHCIF, as a cosolvent and precipitated by RESS. It was
found that different morphologies of the precipitate, e.g. microparticles, microspheres,
agglomerates, or dendrites, could be obtained depending on the type of the expansion
device (orifices or capillaries), pre-expansion temperature, and solvent composition.
Precipitating using orifices resulted in various morphologies, while using capillaries
resulted in microparticle formation. In addition to [ -PLA and p;-PLA, Lele and Shine
(Lele and Shine, 1992) also reported on particle formation from poly(caprolactone)
(PCL) using supereritical chlorodifluoromethane (CDEM).

In more recent years, various publications have shown that RESS enable the
particle formation of polymers and thermally sensitive materials with particle sizes
less than 500 nm (Turk, 1999; Helfgen et al., 2000; Hils et al., 2000). Reviews have
become more general, discussing RESS as one of several alternatives for particle
formation using SCFs (Subramaniam et al., 1997; Subra and Jestin, 1999; Kikic and
Sist, 2000). Such a development is not surprising as many of the other SCF techniques
have been developed to overcome the major disadvantages of RESS, the limited
solubility of many polymers in SC-CO,. To overcome the difficulties associated with
SCF-insoluble polymer compounds, Mishima et-al. (1996) have developed a modified
RESS technique called Rapid Expansion of Supercritical Solution with a Non-solvent
(RESS-N), wherein a polymer dissolved in SC-CO, mixed with a non-solvent for the
polymer ‘as cosolvent is sprayed through a nozzle' to, atmospheric pressure. The
solubility of the polymer in SC-CO, was found to be increased significantly by the
cosolvent, but in pure form the polymer itself was insoluble in the cosolvent (Mishima

et al., 1997; Mishima et al., 2000).
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In order to obtain sub-micron size particles of water-insoluble polymer
compounds, Henriksen et al. (1997) applied the method invented by Frederiksen et al.
(1997), called Rapid Expansion.of Supercritical Solution into Aqueous Solution
(RESAS), by submerging-the nozzle in an-agueous solution containing one or more
surfactants. In addition, Yoeung et al. (2000) reported on the application of the RESAS
technique to precipitate cyclosporing by spraying into a solution of Tween-80
polymer. The mean particle size of the precipitated cyclosporine was found in
between 400 and 700 nm and the solubility. of cyclosporine increased significantly.
Pace et al. (1999) have improved the RESAS technique by dissolving a surface
modifier together with a polymer in a SCF solvent and expanding it in an aqueous
solution containing surface modifiers and additives. These techniques were later
named as Rapid Expansion of Liquefied Gas Solution (RELGS) and Rapid Expansion of

Liquefied Gas Solution'and Homogenization (RELGS-H)

3.3 Description of RESS Process

With CO3as SCF, the principle of RESS is very simple that it utilizes the high
solvent power of SC-CO,. After loading SC-CO, with a solute, the rapid phase
change from supercritical to gas-like phase occurs 'during the expansion in a
supersonic free jet, leading to a very high supersaturation, and ‘subsequently particle
formation.

As shown in Figure 3.1, the RESS process can be considered to consist of four
steps: (a) preparation of the supercritical solution, (b) setting of the pre-expansion

conditions (c) rapid expansion of the supercritical solution to ambient conditions
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through an expansion device, and (d) recovery of the product in the expansion

chamber. A schematic diagram of a typical RESS process is shown in Figure 3.2.

SC-CO,
Supercritical Pre-expansi Rapid Product
Eor =1 ] [ e (Y ()
N v,
l Solute
Figure 3.1 Simplified diagram of RESS process
Pump
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| 1 I |
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Extraction unit

Expansion unit

Figure 3.2 A schematic illustration of rapid expanmsion of supercritical solution

(RESS) process

a) Preparation of supercritical solution. The supercritical solution is

prepared by delivering liquefied CO, from a cylinder through an



b)
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extraction chamber (autoclave or high-pressure chamber) loaded with
the solid solute of interest at a defined supercritical extraction pressure
and temperature condition. If the mean residence time of the SC-CO, in
the extraction chamber is sufficient, the solute attains its equilibrium

value at the chamber outlet.

By recalling that the degree of supersaturation (.S') is defined as

s . (3.1)

where y and 'y, are, respectively, the mole fraction and equilibrium

mole fraction of solute at the defined temperature and pressure at the
same location-in the process. Referring to Figure 3.2, the solution is
prepared at any value of the solubility up to the value corresponding to

the equilibrium solute concentration, i.e. S <1, and leaves the extraction
chamber at saturated conditions, i.e. S=1.

Setting of pre-expansion conditions. After a supercritical solution of the
desired solubility has been prepared, the pre-expansion conditions, the
conditions just upstream of the expansion device, are established. The
pre-expansion pressure is determined by the CO, pump and is held
constant. The pre-expansion temperature is then established by heating
the expansion device, usually a capillary nozzle. This temperature must
be set high enough to prevent formation of dry ice which frequently

leads to clogging of the nozzle. Heating the nozzle can increases the
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solubility of the solute in SC-CO, (S <1) and helps ensure that no

precipitation of the solute occurs before the actual rapid expansion
process. However;, for polymer-CO, systems which exhibit retrograde

behavior, heating the nozzle may" decrease the solute solubility and

causes.a saturated solution to precipitate prior to the expansion (S > 1)

(Lele and Shine; 1994; Mawson et al., 1995). In addition, for thermally
sensitive polymers, an upper limit of pre-expansion temperature must be
determine in order to prevent the thermal effects on the polymer
properties. (Larson and King, 1986; Reverchon et al., 1995).

¢) Rapid expansion of supercritical solution to ambient conditions through
an expansion device. After the pre-expansion conditions are established,
the supercritical solution is rapidly expanded across a nozzle. During
expansion, the density of the SC-CO, decreases dramatically to gas-like
values, resulting in very high supersaturations and precipitation of the
solute from solution. The nucleation process, which subsequently leads
to the solute precipitation, is initiated by pressure reduction. The
depressurization travels at the speed of sound which favors uniform
conditions during the expansion.

A typical nozzle used for the expansion is made of a capillary tube
with an inner diameter ranging from 50-to 300 um and a length-to-
diameter ratio (L/D) from 150 to 6000.

d) Recovery of product. Scanning. The expansion chamber should be
completely contained so that CO, can be vented. Electron Microscopy

(SEM) stages covered with sticky carbon tape are used for recovery of
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the product in the expansion chamber. (Alessi et al., 1996; Blasig et al.,
2002). For particle size characterization, SEM is commonly used. An
online particle size measurement method has been developed based on a

three-wavelength extinction technique (Turk, 1999).

3.4 Poly(p-lactic-eo-glycolic acid), PLGA

Poly(p -lactic-co-glycolic acid) or PLGA is a copolymer of hydrophobic poly
lactic acid (PLA) and hydrophilic poly glycolic.acid (PGA). It is known to be superior
in biocompatibility and biodegradability, and is a useful material as base material for
sustained-release formulation in drug delivery applications.

PLGA has a molecular structure as shown in Figure 3.3. It can be synthesized
by means of random ring-opening co-polymerization of two different monomers, the
cyclic dimers (1,4-dioxane-2,5-diones) of glycolic acid and lactic acid. During
polymerization, successive monomeric units (of glycolic or lactic acid) are linked
together in PLGA by ester linkages, yielding a linear aliphatic polyester as a product
(Astete and Sabliov, 2006). Different forms of PLGA can be obtained depending on
the ratio of lactide to glycolide used for the polymerization. These are usually
identified in regard to the monomers' ratio used. For example, PLGA 75:25 identifies

a copolymer whose composition is 75% lactic.acid and 25% glycolic acid.

O

0 H
HO HH/\O]L
X y

Figure 3.3 Molecular structure of PLGA
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PLGA is amorphous polymer that has a glass transition temperature in the range
of 40 to 60°C. It can be dissolved by common solvents, such as chlorinated solvents,
tetrahydrofuran (THF), acetone or ethyl acetate. In the presence of water, PLGA
degrades by hydrolysis of its ester linkages. The time required for degradation of
PLGA is related to the ratio-of PLA to PGA used in polymerization. Ratios higher in
PLA show longer degradation times. For example, PLGA with a 75:25 ratio has a
degradation time of 4 to 5'months, while 50:50 PLGA show a degradation time of 1 to
2 months (Saltzman, 2001). Beside its sustained-release property, PLGA can be
fabricated into solid scaffold for use in cartilage regeneration (Astete and Sabliov,

2006).

3.5 Experimental

In this study, particle formation of PLGA by RESS process with ethanol as
cosolvent has been studied in detail. A series of batch RESS experiments were carried
out using the apparatus setup shown in Figure 3.4 at pre-expansion pressure and
temperature ‘of 25 MPa and 313 K, and atmospheric post-expansion conditions. The
expansion process was performed through capillary nozzles into ambient air. By using
the solubility data from the solubility modeling work discussed in Chapter II,
cosolvent concentrations up to 23.8 wt.% were used . The experimental results have
been presented in terms of particle. size, morphology and particle size distribution.
The influences of change i cosolvent concentration ‘on product characteristics were

studied and discussed.
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Figure 3.4 RESS experimental apparatus used in this study: (a) Apparatus housing
with control:p;c-lhel; (b) Vessel cap with bolts, ports, thermocc;np;le and vent pipe; (¢)
Magnetic stirrer and heater; (d) HPLC pump; (e) Pressure transducer and vent hole;

(f) Spraying device.

3.5.1 Materials

Poly(lactic-co-glycolic acid) (PLGA) having properties. shown in Table 3.1
were purchased from Aldrich Chemicals Ltd. In each experiment, PLGA' granules
were grounded and classified to a certain size range of 100-200 um. Liquid CO,

(critical temperature 7, =304K, critical pressure P, =7.4 MPa, Suzuki Shokan Co.
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Ltd., Tokyo, Japan) was used as solvent. Due to the limited solubility of PLGA in SC-
CO,, ethanol (special grade; > 99.5%; Kanto Chemical Co., Inc., Tokyo, Japan) was

employed as cosolvent. All chemicals and materials were used as received.

Table 3.1 Properties of PLGA (reported by-supplier; Aldrich Chemicals Ltd.)

PIA: PGA M, T, (K)
85:15 50,000-75,000 318-323

3.5.2 Experimental Procedure

Apparatus. Figure 3.5 depicts schematic diagram of the experimental apparatus,
which consists of a high-pressure pump (3), a stirred high-pressure vessel (6), and a
spray nozzle (9). The high-pressure pump was equipped with a refrigerator (2) before
the suction part to avoid cavitation. The high-pressure vessel had a capacity of 1,500
ml and maximum allowable operating pressure and temperature of 30 MPa and 473
K, respectively. During each experiment, the vessel temperature was kept constant at
313 K by using-an automatically controlled electric heater (7). The spray nozzle (11)
was simply made from a stainless steel tube with a length of T0 mm and was equipped
with a shut-off valve (8). The spray nozzles has aninner diameter of 0.1'mm. In the
case that the nozzle is easily clogged, a'spray nozzle with-an inner diameter of 0.3 mm
may be employed. Temperature of'the nozzle was kept eonstant at 423 K by a ribbon
heater (10) to prevent the nozzle clogging with dry ice during spraying. A planar
target (100mmx>100mmx>10 mm) (12) covered with aluminum foil was employed to

collect samples of particles generated from the spray for characterization.
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Figure 3.5 Schematic diagram of experimental apparatus: (1) CO, cylinder; (2)
refrigerator; (3) HPLC pump; (4) heater; (5) regulating valve; (6) high-pressure
vessel; (7) vessel heater; (8) shut-off valve; (9) atmospheric chamber; (10) ribbon

heater; (11) nozzle; (12) target plate

Procedure. Meanwhile, the PLGA polymer used in this study has a limited
solubility in SC-CO; because of its very high molecular weight (Tom et al., 1994). In
order to increase the PLGA solubility in SC-CO, to a beneficial extent, ethanol was
used as cosolvent. A 2 g portion of PLGA with different amounts of ethanol was
placed in the high-pressure vessel for preparation of SC-CQ, solution. After being
carefully sealed, the vessel was heated and fed with CO, via the high-pressure pump
until the desired supercritical conditions were achieved. The mixture in the vessel was
stirred by a mixing paddle rotating at 300 rpm, and was left for 3 hours to achieve
equilibrium. The prepared supercritical solution was then sprayed through the nozzle
to allow its rapid expansion. The target plate was placed against the sprayed flow at a
distance of 300 mm from the nozzle tip within a chamber under atmospheric

conditions. In order to evaluate the particle formation performance, effect of
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cosolvent concentration and diameter size of the spray nozzle on the size and size
distribution of the particle samples was investigated. The experimental parameters
and conditions used in this study are listed in Table 3.2. Figure 3.6 depicts step-by-

step conceptual representation of polymer particle formation using RESS.

Table 3.2 Experimental parameters and conditions of RESS process

Material Solvent CO,; P.=74MPa; T.=304K; T)=266 K; T; =353 K
Cosolvent ethanol; 0-23.8 wt% (polymer-free basis);
p =789 kg/m’
Polymer Poly(D,L-lactide-co-glycolide), PLGA; 85:15;
M,,=50,000-75,000; T, = 318-323 K
Dissolution Vessel Cylinder; 1,500 ml
Agitation 300 rpm; 180 min
Conditions P>=25MPa; T,=313 K
Expansion Nozzle stainless steel; d = 0.1, 0.3 mm; L = 10 mm; 75 =423 K

Spraying time 3 's

Target distance 300 mm

€
= = = 5
CO, Dissolve Spray
supply

PPy =1, Po->P>P coz P=P>P. co> P>P. cor > Po

Polyglie and To>T>T, coz T=T>T, coz T>T. co2 > To
cosolvent CO, is supplied Polymer and cosolvent Evaporation of cosolvent and
are immisicible are dissolved in CO, formation of polymer particles

B polymer;[&] cosolvent

Figure 3.6 Schematic representation of polymer particle formation process by RESS

with a cosolvent
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Field emission scanning electron microscopy (FE-SEM; Hitachi, S-900) was
used to examine the particle samples obtained from each experiment. For SEM
sample preparation, the aluminum: foil uncovered from the target plate was cut into a
small piece, mounted on-a specimen stub with .conductive paint and coated with
platinum by a sputtering device (Hitachi, E-1030) for 20 s. The SEM was operated at
an accelerating voltage of 10.kV-and a magnification between 1,000 and 200 k. The
SEM images were processed for particle size analysis by using image-analyzing

software (Image-Pro Plus version 3.0; Media Cybernetics).

3.6 Results and Discussion

3.6.1 Formation of PLGA particles by RESS

It is commonly accepted that ethanol is an environmentally friendly cosolvent
used in the RESS of CO,-insoluble pharmaceutical materials due to its low toxicity. In
comparison with other alcohols, ethanol is a more economical commercial solvent of
which scalable production is available. Thereby, ethanol has.been chosen as the
cosolvent in-this work. Although results of the solubility modeling presented in
Chapter II predicts that PLGA may have very limited or no solubility in pure SC-CO,,
it was reported that the:PLGA solubility could be enhanced in mixture of SC-CO; and
ethanol (Mishima et al., 2000). Since ethanel is' capable of being both donor and
acceptor of hydrogen bonds, it can self-associate through hydrogen bonding with both
CO; molecules and hydroxyl groups on the backbone chains of PLGA, which leads to
significantly improved PLGA solubility in SC-CO,. The solubility enhancement of
various polymers by ethanol cosolvent has been reported and discussed in several

papers (Mishima et al., 1997; Guan et al., 1999; Mishima et al., 1999; Chafer et al.,
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2004).

A solution of PLGA in SC-CO; plus ethanol was prepared at 25 MPa and 313
K. Under these conditions, several tesearchers have reported that CO, and ethanol
become miscible at all ecompositions and form.a single supercritical fluid phase
(Jenning et al., 1991, Suzuki et al., 1991; Pohler-and Kiran, 1997; Zuniga-Moreno and
Galicia-Luna, 2002). A different amount of ethanol was added to the high pressure
vessel at 0, 100,.200, 300 and 400 ml, respectively. Because the amount of PLGA
dissolved in the CO,-ethanol mixtures was very small, compared to that of CO, and
ethanol, the ethanol concentration in the mixtures could be estimated, regardless of
PLGA presented in the mixtures, from the vapor-liquid equilibrium data of CO, +
ethanol system at 25 MPa and 313 K, reported by Pohler and Kiran (Pohler and Kiran,
1997) and Zuniga-Moreno and Galicia-Luna (Zuniga-Moreno and Galicia-Luna,
2002). The vapor-liquid equilibrium data necessary for evaluations of the ethanol
concentration are summarized in Table 3.3. According to the varied amount of
ethanol mentioned above, the calculated values of the polymer-free concentration of
ethanol are 0,6.2, 12.1, 17.8, and 23.8 wt.%, respectively.

In the experiments using pure SC-CO, and SC-CO; incorporated with 6.2 wt.%
ethanol, negligible amounts of polymer particles were detected in the collected
samples under SEM observations, thereby indicating negligible particle formation
during the RESS process. This implied that both pure SC-CO, and SC-CO,
incorporated with ethanol at 6.2 wt.% were unable to dissolve PLGA to a ‘sufficient
extent. As a result, supersaturation was not achieved to trigger particle nucleation in

these cases.
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Table 3.3 Phase equilibrium data of CO; (1) + ethanol (3) system at 25 MPa and 313

K (w = mass fraction, p = density)

w, w; P (kg / m3)
0.0000 1.0000 795.70°
0.1000 0.9000 804.90°
0.2237 0.7763 835.82"
0.3022 0.6978 852.86"
0.3966 0.6034 866.57"
0.5456 0.4544 882.26°
0.7621 0.2379 884.00°
0.9000 0.1000 849.10°
1.0000 0.0000 851110

# Pohler and Kiran, 1997, & Zuniga-Moreno and Galicia-Luna, 2002

Figure 3.7 shows typical SEM images of PLGA particles produced by RESS
using SC-CO, mixed with ethanol at 12.1, 17.8 and 23.8 wt.%. The charged amount
of PLGA in SC-CO; with 23.8 wt.% ethanol was approximately 0.60 wt.% of the total
amount of supercritical solution. Also in Figure 3.7 it is clearly observable that the
generated particles exhibit a nearly spherical shape with submicron size distributed in
a narrow range. At the higher ethanol concentrations, the resulting PLGA particles
were micrometer in size with an irregular surface. However, the increase in ethanol
concentration could result in much smaller particles with smooth surface. This is
attributed to higher vaporization of ethanol due to the higher ethanol weight percent
and rigorous shear stress due to the rapid expansion of SC-CO, flow (Mohamed et al.,

1989; Dixon et al., 1993).
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Figure 3.7 SEM images of PLGA particles produced by RESS using ethanol

cosolvent at different ethanol concentrations: (a) and (b) 12.1-7\‘)vt.%; (c) 17.8 wt.%; (d)

23.8 wt.%.

On the basis of these experimental results, the formation of PLGA particles via
RESS could be described-as follows. Under the equilibrium condition of SC-CO.,
PLGA, CO,, and ethanol would form a single homogeneous supercritical solution
though saturation of PLGA was not yet achieved. During the rapid expansion, phase

transition from supercritical to gas-like state of CO, taking place in the post-
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expansion free jet would result in a drastic increase in the PLGA solubility in the
droplets, leading to precipitation of the dissolved polymer. As mentioned previously,
since ethanol could not single-handedly dissolve PLGA, it also vaporized out during
the expansion and then did not remain in the polymer (Dixon et al., 1993). Therefore,
it is reasonable to consider that the precipitated-polymer particles were solvent-free
and did not undergo an agglomeration process because of its dilute solid content.
These results suggested that the generated polymer particles would possibly be

employed to coat core particles.

3.6.2 Effect of Cosolvent Concentration

Analyses ‘of typical SEM images of particle samples obtained from the
experiments at different cosolvent concentrations were carried out to determine their
size distribution. At least 300 particles dispersed in different regions of the SEM
images were taken into account in the determination of their size distribution.

Figure 3.8 reveals that the PLGA particles produced by RESS at different
ethanol concentrations all exhibit log-normal size distribution behavior. The obtained
geometric mean and standard deviation of the distribution were plotted as function of
the ethanol concentration, as shown in Figure 3.9. It is clearly seen that the particle
size distribution of the prepared PLGA particles was strongly dependent on the
ethanol concentration. As the ethanel concentration was increased from 12.1 to 23.8
wt.%, the particle geometric mean decreased to a minimum of 55 nm while the
geometric standard deviation increased to a maximum of 1.67. The decreased average
size of precipitated PLGA particles would be ascribed to the increase in the PLGA

solubility, thereby increasing the supersaturation of PLGA in the sprayed mixture
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after its rapid expansion. According to the classical nucleation theory (Mohamed et
al., 1989; Debenedetti, 1996), higher nucleation rate and smaller critical nucleus size
could be expected if the dissolved polymer concentration becomes increased.
Meanwhile, a higher supersaturation ratio’ would also result in the occurrence of
“nucleation bursts” which could generate several families of random size particles in
the early stage of nuecleation(Giulietti et al., 2001). It is also noteworthy that an
increase in the particlesnumber concentration could provide higher coagulation
frequency. These opposing phenomena were responsible for a smaller mean size but
wider distribution of the resulting PLGA particles when a higher concentration of

ethanol was used.
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Figure 3.8 Dependence of particle size distribution of PLGA particles on ethanol

concentration: log-normal particle size distributions
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Figure 3.9 Dependence of particle size distribution of PLGA particles on ethanol
concentration: mean particle size and standard deviation of particle size distribution as

function of ethanol concentration

3.7 Conclusions

The rapid expansion of supercritical solution (RESS) process using ethanol as
cosolvent was_ successfully carried out to produce non-agglomerated submicron
particles of PLGA at 25 MPa and 313 K. Ethanel concentrations up to 23.8 wt.% were
used. Notably, in contrast to the modeling. results presented in Chapter 11, the
experimental results revealed that, with the assistance of ethanol cosolvent below 50
wt.%, it was possible to dissolve PLGA in SC-CO, to an extent sufficient for reliably
achieving precipitation of PLGA by RESS. The inconsistency between the modeling
and experimental results may be due to the wrong choice of Mixing rules, the

inaccuracy of the binary interaction values taken from the literature, and the use of
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oversimplified assumption of negligible amount of PLGA applied to the ternary
mixture calculations. However, the experimental results supported the modeling"s
prediction that the cosolvent concentration played a key role in the solubility behavior
of PLGA in SC-CO,, and correspondingly in-the.control of PLGA particle size and
size distribution; the higher the cosolvent concentration, the higher the PLGA
solubility, the smaller the average particle size and wider particle size distribution of
the generated particles. According to the experimental results, a minimum average
size of 55 nm was achieved for the generated PLGA particles obtained at 23.8 wt.%
ethanol concentration. The influence of cosolvent concentration on the particle size
and size distribution can be well described by the classical nucleation theory. The
experimental results also suggested that coating of core particles with the precipitated
PGLA would be possibly achieved by means of a modification to RESS of PLGA

with SC-CO, and ethanol as cosolvent.



CHAPTER IV

COATING OF MICROSIZE SILICA AND NANOSIZE
TITANIUM DIOXIDE POWDERS WITH POLY (p -LACTIC-CO-
GLYCOLIC ACID) BY RAPID EXPANSION OF

SUPERCRITICAL SUSPENSIONS

4.1 Introduction

Coating of powders has found its application in various industries, including
pharmaceuticals, foods, agriculture and energetic materials. Normally, coating is
considered as a shell-like barrier that protects powders from exposure to the
environment or allows modification of powder surface functionality (Jono et al.,
2000). In the pharmaceutical industry, the general purposes of coating are to provide
protection from rapid degradation, control of release rate and prevention of side effect
of therapeuticagents. While the conventional process used for coating powders is
generally based on fluidization technique, there is a limitation for powders smaller
than 70 pym in diameter because of poor fluidization behavior (Geldart, 1973).
Emulsion-based techniques, such as water-in-oil-in-water (w/o/w) double emulsions
or soltd-in-oil-in-water (s/o/w) emulsions, may be used for coating ultra fine powders.
However, due to the common use of organic solvents and harsh processing conditions,
these emulsion-based techniques involve some drawbacks including alteration of

structure of therapeutic agent, presence of residual organic solvent in the coated
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powders and emission of volatile organic compounds to the environment (Fu et al.,
1999; Wang et al., 2004).

In the last few decades, numerous attempts have been made on the application
of supercritical fluids (SCFs) to overcome the problems of organic solvent in the
conventional coating processes (Jung and Perrut,;-2001). SCFs exhibit both liquid-like
and gas-like properties with densities and solvent characteristics similar to those of
the liquid and mass transfer similar to the gas. For pharmaceutical applications,
carbon dioxide (€O,) is the most commonly used SCF, due to its inert properties,
non-toxicity, non-polluting nature and mild critical conditions.

Several studies have been reported on coating of microscale and nanoscale
particles with polymers by using supercritical carbon dioxide (SC-CO,) via different
approaches (Mishima et al., 2000; Ribeiro Dos Santos et al., 2002; Tsutsumi et al.,
2003; Wang et al., 2004). Process variables, such as feed composition of polymer and
size of the host particles, were experimentally found to be the key parameters
affecting the coating performance in these processes.

As mentioned earlier in Chapter I, it is well-known that the simplest SCF
technique for formation of pharmaceutical particles and composite materials is the
rapid expansion of supercritical solution (RESS) (Tom et al., 1994). With the RESS
technique, a solute is dissolved in SC-CO, and the solution is then instantaneously
depressurized by spraying it through a capillary nozzle, causing precipitation of the
solute as' SC-CO; vaporizes. Submicron- and nano-sized dry particles with'a narrow
particle size distribution could be prepared from various pharmaceutical compounds
and polymers (Jung and Perrut, 2001). Meanwhile, there are also other similar

processes recognized as supercritical antisolvent (SAS) or gas antisolvent (GAS) (Yeo
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et al., 1993) and solution enhanced dispersion by supercritical fluids (SEDS) (Hanna
and York, 1994). All of those processes have been discussed in Chapter 111 for both
advantages and disadvantages, depending on conditions of their applications.

In the previous chapters (Chapter Il and Chapter I11), an initial investigation
on the application of RESS process with ethanol-as cosolvent for formation of PLGA
(Poly(p, -lactide-co-glycolide)) particles has been carried out. As suggested by the
results of the investigation, the RESS process with ethanol as cosolvent is modified
for coating of ultra fine powders with PLGA in this study. Miecrosize silica (SiO,) and
nanosize titanium dioxide (Ti0,) particles were chosen as preformed drug ultra fine
powders, while PLGA was used as the coating material. Basically, PLGA-coated ultra
fine powders can be used to investigate simple-diffusion controlled release of the
drugs in subcutaneous and intravenous applications (Jono et al., 2000). Effects of the
process parameters, which' were the particle size of ultra fine core powder, spray
nozzle diameter as well as powder to-polymer weight ratio, and mechanism of the
coating process are presented and discussed based on the characterization results of

coated powders regarding morphology and internal structure of eoated particles.

4.2 Literature Review

Due to the limited solubility of several polymers in SC-CO, leading to low
productivity of the RESS process for producing particles, the interest in application of
RESS has. shifted to particle coatings or producing composite particles as these
applications did not require mass production of particles. In most cases, the RESS
processes were carried out in a modified way in which a SC-CO; solution of polymer

containing a suspension of microparticles of drugs was rapidly expanded. This
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modified process was sometimes known as Rapid Expansion of Supercritical
Suspension (Tsutsumi et al., 2000) or RESS coprecipitation. The earliest studies on
the RESS coprecipitation were conducted by Debenedetti et al. (1993) on p;-
PLA/lovastatin system and by Kim et al. (1996) on | -PLA/naproxen system. In these
studies, the polymer and drug were dissolved together in SC-CO, and expanded to
atmospheric pressure. It was.found that spherical polymer particles with embedded
drug were produced along with some pure polymerand drug particles. Analysis of the
produced particles showed that it was very difficult to control the concentration of the
drug in polymer phase since proper manipulation of sequence of supersaturation of
the two compounds was not achieved. For this reason, the research focus of RESS
coprecipitation in later years moved to particle coating which was the more active
area.

Many authors demonstrated that the RESS coprecipitation technique was useful
for particle coating when the core particles were absolutely insoluble in SC-CO,.
Mishima et al. (2000) successfully coated protein microparticles with biopolymers
using RESS“process. In their work, microparticles of SC-CO;-insoluble proteins
(lysozyme and ‘lipase) were suspended in a SC-CO,. solution of polymer
(polyethyleneglycols (PEG), PMMA, [-PLA, 1-PLGA) containing a cosolvent
(alcohols) which was anon-solvent for the polymer. The suspension was then sprayed
to atmospheric pressure, resulting.in polymer-coated protein microparticles. The
coating process took advantage of the solubility difference of polymer (soluble) and
protein (insoluble) in supercritical mixtures of CO; and cosolvent. The study showed
that the thickness of polymer coating layer was controlled by varying the

compositions of polymer and protein in the feed.



91

In 2003, Matsuyama et al. (2003) successfully produced microcapsules by
encapsulating medicines with polymers using the RESS coprecipitation technique
assisted with a cosolvent which was a non-solvent for the polymers. The authors
introduced a new term namely Rapid Expansion of Supercritical Solution with a Non-
solvent or RESS-N for this process. The particle encapsulation process was carried
out by first preparing a suspension of medicine (p-acetamidophenol, acetylsalicylic
acid, 1,3-dimethylxanthine, flavones and 3-hydroxyflavone) in SC-CO; containing a
cosolvent (alcohels) and dissolved polymer (PEGs, PMMA, ethyl cellulose and PEG-
PPG-PEG triblock copolymer) and then spraying the resulting suspension through a
nozzle to atmospheric pressure. They found that the solubilities of the polymer and
the medicine were very low in pure CO, and in pure cosolvent; however, the polymer
solubility became significantly increased in the mixture of the two. During RESS-N,
microcapsules consisting of the medicine as core and the polymer as coating were
formed according to the precipitation of the polymer onto the medicine particles. The
thickness of polymer coating was controlled with changes in the feed composition of
the polymer. The authors also noted advantages of this process associated with the use
of the non-solvent in (1) raising the polymer solubility in_ SC-CO,, (2) producing
solvent-free product and (3) preventing agglomeration of the produced microcapsules.

Turk et al. (2003) conducted and described the coprecipitation process of -
sitosterol and Eudragit (an ethyl acrylate-methyl methacrylate copolymer) by RESS.
This process led to formation of finely-divided B-sitosterol/ Eudragit particles with
less than 500 nm in diameter.

Tsutsumi et al. (2003) also applied the RESS coprecipitation technique to coat

I-um and 20-nm SC-CO;-insoluble core particles with paraffin in an impinging-
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stream reactor. Paraffin was a low-molecular weight polymer which had reasonably
high solubility in SC-CO,. In their work, supercritical suspensions were formed by
dispersing the core particles in supercritical solutions of paraffin. By means of rapid
expansion of the supercritical suspensions from two capillary nozzles located at each
side of the impinging-stream reactor, a uniform-paraffin coating was achieved in the
single 1-um particle-and in the agglomerate of 20-nm particle. They also observed the
influence of impinging distance on the coating rate of the core particles.

Besides the RESS coprecipitation methods,. it was reported that drug/polymer
composite particles could also be generated by impregnating drug materials into
polymer matrix using RESS impregnation technique. Cristini et al. (2003) reported
the application of this technique to producing microsize composite particles of
ibuprofen (drug) within e-lactose and B-cyclodextrin (polymer). In this study, a SC-
CO; containing dissolved ibuprofen was sprayed into a stirred vessel previously
introduced with particles of the polymers. The impregnation of drug into the polymer
was allowed by the precipitation of ibuprofen by RESS in the presence of the polymer
particles under the vigorous agitation. The study showed an improvement on the
dissolution rate of impregnated ibuprofen in the composite particles compared to plain

drug particles.

4.3 Description of Rapid Expansion of Supercritical Suspension Process

With CO;, as SCF, the principle of rapid expansion of supercritical suspension
or RESS Coprecipitation process is similar to that of the RESS process for particle
formation, which has been described in Chapter Iil. The RESS coprecipitation

process for particle coating takes advantage of the difference in solubilities of core
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particles and polymer in the mixture of SC-CO, and a cosolvent. The insoluble core
particles are suspended whereas the polymer is soluble, forming a suspension of the
core particles in the supercritical: solution of the polymer in SC-CO; plus ethanol.
During rapid expansion, the polymer will precipitate, cumulatively deposit on the core
particle surface and form a polymer shell surrounding the core particles. Figure 4.1

represents a simplified diagram of the RESS coprecipitation process.
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Figure 4.1 Simplified diagram of rapid expansion of supercritical suspension (RESS

coprecipitation) process

4.4 ~Experimental

441 Materials

Silica (Si0;) powder with a nominal diameter ‘of 1.4 um (Kojundo Chemical
Lab, Japan) and titanium dioxide (Ti03) powder with a nominal diameter of 70 nm
(Ishihara Sangyo Kaisha, Japan) were employed in this study. Poly(py-lactic-co-

glycolic acid) (PLGA) having properties shown in Table 3.1 were purchased from
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Aldrich Chemicals Ltd. In each experiment, PLGA granules were grounded and
classified to a certain size range of 100-200 um. Liquid CO; (critical temperature

T, =304K, critical pressure P, =7.4 MPa, Suzuki Shokan Co. Ltd., Tokyo, Japan)

was used as and solvent. Due to the limited solubility of PLGA in SC-CO,, ethanol
(special grade; > 99.5%; Kanto Chemical Co., Inc., Tokyo, Japan) was employed as

cosolvent. All chemicals and materials were used as received.

4.4.2 Apparatus and Procedure

Apparatus. Figure 4.2 depicts schematic diagram of the experimental apparatus,
which consists of a high-pressure pump (3), a stirred high-pressure vessel (6), and a
spray nozzle (9). The high-pressure pump was equipped with a refrigerator (2) before
the suction part to avoid cavitation. The high-pressure vessel had a capacity of 1,500
ml and maximum allowable operating pressure and temperature of 30 MPa and 473
K, respectively. During each experiment, the vessel temperature was kept constant at
313 K by using an automatically controlled electric heater (7). The spray nozzle (11)
was simply made from a stainless steel tube with a length of 10 mm and was equipped
with a shut-off valve (8). Two spray nozzles with different inner diameters of 0.1 mm
and 0.3 mm were employed for investigating.the effect of nozzle diameter size on the
morphology, size and size distribution of the product samples. Temperature of the
nozzle was kept constant at 423 K by a ribbon heater (10) to prevent the.nozzle
clogging with dry ice during spraying. A planar target (100mmx100mmx 10 mm) (12)
covered with aluminum foil and a carbon-coated copper microgrid was employed to

collect samples of particles generated from the spray for characterization.
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Figure 4.2 Schematic diagram of experimental apparatus: (1) CO, cylinder; (2)
refrigerator; (3) HPLC pump; (4) heater; (5) regulating valve; (6) high-pressure
vessel; (7) vessel heater; (8) shut-off valve; (9) atmospheric chamber; (10) ribbon

heater; (11) nozzle; (12) target plate.

Procedure. 1t should be noted that the ultra fine powder, PLGA and ethanol, in
pure form, are not soluble in each other. Thus, they form an immiscible ternary
mixture under. atmospheric conditions. Experimental procedures similar to those
described in Section 3.5.2 were carried out so as to dissolve PLGA in SC-CO, with
the aid of ethanol in the presence of microsize Si0, or nanosize TiO; core particles. It
should be noted that in this study nanosized TiO, powder was selected because of its
low agglomeration and monodispersity compared with those of the more expensive
nanosized Si0,. Under these conditions, the core particles were not dissolved but
suspended_in a_single homogenous supercritical phase of CO,, ethanol and the
dissolved PLGA. The supercritical suspensions were then allowed to expand through
the nozzle for a few seconds. It could be observed from each experiment that in the

case of PLGA expansion without core particles, there is nothing remaining in the
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autoclave. However, when core particles and PLGA were taken into account, after
expansion there would be some residues left in the vessel. After expansion, all coated
particles were collected for characterization by using the target plate as already
mentioned above. In orderto evaluate the coating performance, effect of three process
parameters, i.e., diameter of the spray, nozzle, particle size of the core powder and
powder-to-polymer weight ratio,-on the coating characteristics was investigated. The
experimental parameters-and conditions used in this study are listed in Table 4.1.
Figure 4.3 depicts step-by-step conceptual representation of polymer coating of

powder by RESS coprecipitation process.

Table 4.1 Experimental parameters and conditions of RESS coprecipitation process

Material Solvent CO,;, P.=74MPa; T,=304 K; T)=266K; T, =353 K
Cosolvent ethanol; 0-23.8 wt% (polymer-free basis);
p =189 kg/m’ (reported by supplier)
Polymer Poly(D,L-lactide-co-glycolide), PLGA; 85:15;
M,, = 50,000-75,000; 7, =318-323 K; 2 g
Powder SiO,; mean particle size 1.4 um
TiO,; mean diameter 70 nm

Core-to-polymer 1:1,2:1, 3:1, 4:1 (weight ratio)

Dissolution Vessel Cylinder; 1,500 ml
Agitation 300 rpm; 180'min
Conditions P;=25MPa; T, =313 K
Expansion Nozzle stainless steel; d= 0.1, 0.3 mm; L = 10 mm; I; =423 K

Spraying time 3 's

Target distance 300 mm
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Figure 4.3 Schematic representation of coating of powder with polymer by RESS

coprecipitation with a cosolvent

Field emission scanning electron microscopy (FE-SEM; Hitachi, S-900) was
used to examine the particle samples obtained from each experiment. For SEM
sample preparation, the alummum foil uncovered from the target plate was cut into a
small piece,-mounted on a specimen stub with conductive paint and coated with
platinum by a-sputtering device (Hitachi, E-1030) for 20 s. The SEM was operated at
an accelerating voltage of 10 kV and a magnification between 1,000 and 200 k. For
verification of polymer coating of the ultra fine powder, the particle samples on the
microgrid were further analyzed by a transmission electron microscope (TEM; JEOL
2000-EX) operated at 200 kV in the bright-field mode. To analyze the structures and
morphology of the coated powders, the mass-thickness contrast between the coating

polymer and the core powder was taken into account.
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4.5 Results and Discussion

45.1 Effect of RESS on the Deagglomeration of Microsize SiO, and
Nanosize TiO, Powders

Ultra fine particles have a strong tendency to agglomerate due to their van der
Waals interactions. In general, spontaneous agglomeration of ultra fine powders could
take place and result-in particle size enlargement and unstable processing conditions
in the conventional coating processes (Mohamed et al., 1989). In the RESS process, in
which the expamsion flow is considered as a supersonic or at least free jet,
tempestuous turbulence is expected to be developed in the rapid expansion flow (Sun
et al., 2002; Helfgen et al., 2003). This turbulence could provide an advantageous
contribution to the disintegration of agglomerates of ultra fine powders to facilitate
the formation of a coating layer on the primary particles.

Figure 4.4 shows typical SEM images of silica and titanium dioxide ultra fine
particles before and after performing the rapid expansion of their suspensions in
mixtures of SC-CO, and ethanol. The suspensions were prepared with 23.8wt.%
ethanol in SC-CO,; under conditions of 25 MPa and 313K. Before rapid expansion, it
could be observed that the ultra fine powders could agglomerate to form large
particles as revealed in Figure 4.4(a) and Figure 4.4(b). The agglomerate sizes are
approximately 2-5 pm- for the fine silica powder and 3-20 um for the ultra fine
titanium dioxide powder. Figure 4.4(c), Figure 4.4(d) and Figure 4.4(e), Figure
4 4(f) illustrate the change in the morphology of the ‘ultra fine powders prepared by
rapid expansion through nozzles with different diameters of 0.1 and 0.3 mm,
respectively. Deagglomeration of the ultra fine powders was observed and

consistently indicated by a decrease in the agglomerate size and an increase in the
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number concentration of primary particles. It could be implied that the dispersion and
deagglomeration of the ultra fine powders were achieved as a combined result of
boundary friction due to flow along the nozzle wall, turbulence in the high-velocity
fluid and collisions between the ultra fine powder particles along the rapid expansion
path. The boundary friction-and the turbulence were responsible for fragmentation of
large powder agglomerates into.smaller ones, whereas the particle collisions could
result in either particle .coagulation or particle dispersion depending on relative
velocities and collision angles of the particles.

Comparison between the SEM images of particle samples produced by these
two nozzles suggests that a better dispersion and deagglomeration effect was achieved
with the bigger 0.3-mm diameter nozzle, and the effect was stronger for the larger
silica fine powder. This reveals the influences of nozzle diameter and particle size of
the ultra fine powder on the performance of dispersion and deagglomeration of the
ultra fine powder in the rapid expansion process. As pointed out by Smith et al.
(Smith et al., 1986), at the same pre- and post-expansion conditions, an increase of the
nozzle diameter results in a higher Reynolds number, more turbulence, a higher total
flow rate and a larger friction loss. In addition, with shorter residence time the
probability of particle coagulation becomes lower. These lead to an improvement of
the dispersion ‘and deagglomeration of the ultra fine powders. Accordingly, the
cohesive forces are smaller, the number concentration lower and the probability of
particle coagulation lower for large particles compared with the small ones. The
reasoning supports our experimental results that the dispersion and deagglomeration
of the 1.4-um silica powder were better than that of the 70-nm titanium dioxide

powder. It should be noted that in case of the ideal condition, individual core particles
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Figure 4.4 Effect of diameter of Spray nozzle on the-deagglomeration of ultra fine
powders. [.4-um silica: (a) before expansion; (¢) after expansion (nozzle diameter 0.1
mm); (e) after expansion (nozzle diameter 0.3 mm). 70-nm titanium dioxide: (b)
before expansion; (d) after expansion (nozzle diameter 0.1mm); (f) after expansion

(nozzle diameter 0.3mm)
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should be obtained if agglomeration can be completely suppressed by the rapid
expansion. Therefore, a smaller nozzle would reasonably be expected to provide the
well dispersed core particles after the expansion. However, it was coincidentally
found that the smaller nozzle was easily clogged. To avoid this difficulty as well as to
obtain a favorable coating process with low agglomeration tendency, the 0.3-mm
diameter nozzle was selected for the coating of the ultra fine powders, which will be

discussed in the next section.

4.5.2 Coating of Microsize SiO, and Nanosize TiO, Powders with PLGA
by Rapid Expansion of Supercritical Suspensions
A series of experiments was carried out on coating 1.4-um silica particles and
70-nm titanium dioxide particles with PLGA by rapid expansion of supercritical
suspensions to investigate' the -effect of experimental parameters on coating
performance. In a real situation, preformed drug particles, i.e. dexamethasome and
insulin, would be employed for the coating process to verify. their sustain-release
performance (Liu et al., 2006; Zolnik and Burgess, 2007). However, because of the
economic constraints as well as the scope of this study which focused on the physical
aspects of coating, commercial silica and titania particles with designated size were
chosen as model particles for coating experiments. Regarding those physical aspects,
i.e. coating film thickness and degree of agglomeration, they are useful data for
further examination of the releasing rate of coating drug particles.
In all experiments, the supercritical suspensions were prepared by using the
conditions at which the solubility of PLGA in the mixture of SC-CO; and ethanol

could be determined, i.e., the supercritical pressure and temperature of 25 MPa and
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313 K, the ethanol concentration of 23.8 wt.% and the polymer solubility of 0.15
wt.%. The powder-to-polymer weight ratio was varied through an adjustment of the
powder concentration in the suspension by changing the amount of powder added to

the high-pressure vessel at-the beginning of each experiment.

Effect of powder-to-polymer weight ratio. Figure 4.5 shows some samples of
the morphology and internal structure of PLGA-coated silica fine powder produced
by the rapid expansion of supercritical suspension process at different powder-to-
polymer weight ratios. It appears that the coating of silica fine powder was achieved
in the form of both individual dispersed particles and agglomerates. The coated silica
particles exhibit a core-shell structure, as shown in the bright-field TEM images
(Figure 4.5(b) and Figure 4.5(d)). Due to the stronger interactions between the
electrons and silicon than that between the electrons and carbon (a major component
of the polymer) in the TEM, the silica particles appear as a darker contrast area than
the PLGA phase in these images. It is clearly seen that the darker contrast area is
thoroughly covered by the lighter contrast area, indicating that the silica particles
were completely coated with a layer of PLGA. The rapid expansion of a suspension of
SC-COs-insoluble particles in the supercritical CO, solution of a polymer led to
deposition .of the polymer on the surface of the suspended particles, thereby
generating polymer film coating on the particle surfaces (Mishima et al., 2000;
Tsutsumi et al., 2003). These experimental results consistently agree with this

explanation.
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Figure 4.5 SEM and TEM images of PLGA-coated silica fine powder produced by
the rapid expansion of supercritical suspension process at powder-to-polymer weight

ratios: (a)yand (b) 1 : ls(c)and (d)3: 1

When Figure 4.5 is compared with Figure 4.4(a), it is clear that; as a
concurrent result of the rapid expansion of supercritical suspension, the dispersion and
segregation of the silica fine powder contributed to the low agglomeration tendency of
the coated particles. It was observed that, at the powder-to-polymer weight ratio of 1,

there was no significant agglomeration of coated silica particles that took place during
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the coating process (Figure 4.5(a) and Figure 4.5(b)), while the agglomeration
process appeared to be enhanced when the powder-to-polymer weight ratio was
increased to 3 (Figure 4.5(c) and Figure 4.(d)). This is mainly attributable to the
increased number concentration of silica particles in the rapid expansion flow,
resulting in more frequent collisions and higher-eoagulation probability of the silica
particles within the.mezzle, and consequently an increase in the degree of particle
agglomeration. In-addition, it can be observed in the TEM images that the thickness of
the coating layer was not uniform and estimated to be around 10-100 nm from the
scale bar. It is likely that the PLGA particles, which precipitated and then deposited
on the silica particle surface, spread and formed solid bridges between them, thereby
resulting in growth of the coating layer. The strong turbulence in the rapid expansion
flow dissipated much of the eddy energy (Sun et al., 2002), which can be considered
to cause significant disturbances to the just-formed coating layer.

It is interesting to note that, from the experimental results, the coating layer
thickness seems not to be sensitive to the change in the powder-to-polymer weight
ratio. As a possible assumption, the particle coagulation along the length of the nozzle
during the rapid expansion flow plays a significant role in the coating process. Particle
coagulation results in‘a drastic decrease in the particle number and a drastic reduction
of the particle surface area, on which coating takes place. The higher the probability
of particle coagulation, the more pronounced the reduction of the coating surface area
and" capability. Since the: particle coagulation  probability is proportional. to ‘the
powder-to-polymer weight ratio in the coating process, it might be assumed that the
change in powder-to-polymer weight ratio did not provide a significant change in the

total coating surface area and it had no influence on the coating layer thickness.



105

Figure 4.6 SEM and TEM images of PLGA-coated titanium dioxide ultra fine
powder produced by the rapid expansion of supercritical suspension process at

different/specified powder-to-polymer weight ratios: (a) and (b) 1 : 1; (c)and (d) 3 : 1

Similar results were obtained for the coating of 70-nm titanium dioxide ultra
fine powder with PLGA, as shown in Figure 4.6. When compared with Figure 4.5,
the experimental results shown in Figure 4.6 suggest that the coating of titanium
dioxide ultra fine powder with PLGA could also be achieved in the same process as

that of silica fine powder. However, SEM and TEM images reveal that the coating of
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titanium dioxide ultra fine powder always took place in the form of agglomerates of
primary particles. In Figure 4.6(b) and Figure 4.6(d), the coated particles are
composed of an agglomerate of titanium dioxide particles in the core and a coat of
PLGA as shown by the darker and the lighter contrast areas, respectively. It should be
noted that no PLGA is observed in the void among the titanium dioxide particles,
suggesting that the PLGA coat'was formed as a growing layer on the titanium dioxide
agglomerate surface, nota coalescence of coated primary particles. The agglomerate
sizes are in the range of some hundred nanometers to a few microns, which is
consistent with the typical size of agglomerates shown in Figure 4.4(f). Obviously,
the flow turbulence and friction loss generated during the rapid expansion of
supercritical suspension process was not sufficient to disintegrate agglomerates into
primary particles. This is attributable to the extremely strong adhesion forces among
the nanosize titanium dioxide particles. The non-uniformity of the coat can also be
observed in the TEM images, indicating the deposition of relatively large PLGA
particles on the irregular surfaces of the titanium dioxide agglomerates. Anyway, the
change of powder-to-polymer weight ratio from 1:1 to 3:1 did not cause a significant
change in the coating layer thickness. The thickness is estimated from the scale bar to
be around 10-100 nm, which is comparable to that of the fine silica particles.

Table 4.2 summarizes the results on size measurement of coated silica and
titanium dioxide powders obtained from experiments using 0.3-mm diameter nozzle
at different powder-to-polymer weight ratios. Influence of the’ powder-to-polymer
weight ratio on the average size of the coated powders is depicted virtually in Figure
4.7. Tt could be clearly confirmed that, with the increase in the powder-to-polymer

weight ratio, the average sizes of the coated silica and titanium dioxide powders
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became larger, indicating the higher agglomeration and possibly the thicker coating
layer. However, the silica powders exhibited a much lower degree of agglomeration
regarding a lower increasing rate of the average sizes with respect to the increased

powder weight ratio in comparison with those of the titanium dioxide powder.

Table 4.2 Average sizes (Z p) of coated 1.7-pm silica‘and 70-nm titanium dioxide

powder obtained by using 0.3-mm diameter nozzle at different powder-to-poymer

weight ratios

Powder-to-polymer weight ratio

1:1 2:1 3:1 4:1
d . sio, (nm) 1500 1600 2000 2200
d .10, (nm) 80 110 380 700

Figure 4.7 Effect of powder-to-polymer weight ratio on the average sizes of coated

silica and titanium dioxide powders



Table 4.3 Influence of powder-to-polymer weight ratio and nozzle diameter on

coating operatability

Powder-to-polymer
weight ratio

Nozzle diameter size

0.1 mm 0.3 mm

1:1 total ice clogging uniform spraying

d .50, =1500 nm
6_1,;,Ti02 =80 nm

2:1 partial ice clogging uniform spraying
d . si0, =1700 1 d . sio, =2000 nm

dp.1i0, = 120.n1m d . io, =380 nm

3:1 uniform spraying uniform spraying
d.sio, = 2000 nm d . si0, = 2000 nm

Ep,TiOz =380 nm Z,,, rio, =380 nm
4:1 partial ice clogging partial ice clogging

d . si0, = 2000 nm

d » 10, =380 nm

d . si0, = 2000 nm
gp,TiOZ =380 nm

Effect “of nozzle diameter size. Table 4.3 summarizes the effect of nozzle
diameter size on.coated product characteristics and the operatability of RESS process
investigated in this study. It could be clearly observed that there was only a limited
condition of operable RESS when the 0.1-mm diameter nozzle was employed. With a
lower powder-to-polymer weight ratio, or in other words “a high fraction of polymer”,
rapid expansion could only be conducted at the first short moment, then the nozzle tip
would be totally covered by ice due to the isenthalpic Joule-Thompson effect. A
higher polymer fraction would lead to a more serious Joule-Thompson effect because

of its fluid behavior (Tom et al., 1994). On the other hand, when the powder-to-
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polymer weight ratio was increased to 4:1, the clogging of nozzle was caused by the
sticking of the agglomeration of coated powders. There was only the condition of
powder-to-polymer weight ratio of 3:1 which could provide the coated powders.

On the other hand, with the 0.3-mm nozzle no clogging due to the Joule-
Thompson effect could be observed. Coating of powders could be smoothly
conducted until the powder-to-polymer weight ratio-was increased to 4:1 which
partial clogging of the nozzle would take place due to the sticking of agglomerated
powders (Mohamed et al., 1989). Similarly, these results would be ascribed that the
high powder fraction would bring about the rigorous agglomeration of coated
powders as could also be confirmed by the increased average sizes depicted in Figure
4.7. For the coated silica particles, the increasing size was relatively low when
compared with that of coated titantum dioxide particles which preferred to
agglomeration. The agglomeration would be compensated by the shear stress due to
the turbulent flow of rapid expansion of the supercritical suspension (Tsutsumi et al.,
2003). All the coated powders prepared by the 0.3-mm diameter nozzle possessed the
physical characteristics as shown in Figure 4.5 and Figure 4.6. Therefore, it would be
worth to mention that the bigger 3-mm diameter nozzle could provide broader range
for the RESS of powder:coating with PLGA ‘in‘comparison with the 1-mm diameter
nozzle. These results would suggest that there is a possibility to increase the
productivity of PLGA-coated powders of either silica or titanium dioxide once a

nozzle with an appropriate diameter is selected.

Description of coating mechanism. Based on all the experimental data shown

previously, the potential mechanisms that would possibly contribute to the formation
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Figure 4.8 Potential mechanism of polymer coating of ultra fine powder by the rapid

expansion of supercritical suspension process

of coating on the ultra fine powders are schematically summarized as depicted in
Figure 4.8. Under the high-pressure condition, PLGA dissolved in SC-CO, could be
absorbed (wet) onto the surface of the core particles. In the figure, the wet coating
layer on the surface of the core particles is represented by the dotted line covering the
particle flowing within the nozzle. During the rapid expansion, the vaporization of
CO; to the ambient leads to the formation of solidified PLGA film on the surface of
core particles. Such coating layers would experience impaction among particles and
shear forces due to high flow of surrounding gas, resulting in relatively uniform

coating layer on the coated particles which would have some remaining agglomera-
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tion. The solidified polymer coating layer is represented by a thick solid line covering

images of particles after being sprayed out of the nozzle.

4.6 Conclusions

The rapid expansion of supercritical suspension or RESS coprecipitation
process was successfully carried out for the preparation of PLGA-coated microsize
silica and nanosize titanium dioxide powders. According to competitive influences of
phase transition, turbulent flow, boundary friction and particle coagulation along the
expansion path, the rapid expansion of supercritical suspension process exhibited two
major phenomena, polymer precipitation and deagglomeration of ultra fine powders.
These phenomena further resulted in a layer growth of polymer on the surface of
deagglomerated ultra fine powders. Coating of the silica fine powder could be
achieved in the form of both agglomerates and dispersed particles, depending on the
powder-to-polymer weight ratio; whereas, coating in the agglomerate form was
inevitable for the titanium dioxide ultra fine powder. In addition, non-uniformity of
the coating layer was also observed. Surprisingly, the powder-to-polymer weight ratio
appeared to have an insignificant effect on the thickness. To reduce agglomeration
tendency, larger spray nozzle diameter, smaller powder particle size and low powder-
to-polymer. weight ratio are favorable. It is noteworthy that, in pharmaceutical
applications, the RESS process with a cosolvent could be a promising environment-
tally friendly technique for coating CO;-insoluble ultra fine drug particles with a high

molecular-weight polymer with limited solubility in CO,.



CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

5.1.1 Modeling Solubility of Poly(p,.-lactic-co-glycolic acid) (PLGA) in
supercritical carbondioxide (SC-CO2) with ethanol as cosolvent

The solubility data of PLGA in the mixture of SC-CO; and ethanol at 25 MPa
and 313 K were predicted by a ternary phase equilibrium modeling using the
Sanchez-Lacombe EOS together with mixing rules. The calculations were performed
under the assumption that the PLGA concentration in the polymer-dilute phase was
zero. As the calculation results show, PLGA is not soluble in pure SC-CO, or even in
the SC-CO, mixed with ethanol up to 50 wt.% . The cosolvent effect of ethanol on the
solubility enhancement of PLGA was observed in the range of ethanol concentrations
above 50 wt.%. that the PLGA solubility increases with the ethanol concentration.
The Sanchez-Lacombe EOS with the mixing rules provides an appreciable tool for the
investigation of phase equilibrium behavior and the solubility modeling of PLGA in

the ternary mixture of this study.

5.1.2 Formation of Poly(p, -lactic-co-glycolic-acid) (PLGA) Particles by
Rapid Expansion of Supercritical Solution (RESS) with ethanol as cosolvent

The rapid expansion of supercritical solution (RESS) process using ethanol as
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cosolvent was successfully carried out to produce non-agglomerated submicron
particles of PLGA at 25 MPa and 313 K. Ethanol concentrations up to 23.8 wt.% were
used. Notably, in contrast to the modeling results presented in Chapter II, the
experimental results revealed that, with the assistance of ethanol cosolvent below 50
wt.%, it was possible to dissolve PLGA in SC-CO»to an extent sufficient for reliably
achieving precipitation-of PLGA by RESS. The inconsistency between the modeling
and experimental results'may be due to the wrong choice of Mixing rules, the
inaccuracy of the binary interaction values taken from the literature, and the use of
oversimplified assumption of negligible amount of PLGA applied to the ternary
mixture calculations. However, the experimental results supported the modeling’s
prediction that the cosolvent concentration played a key role in the solubility behavior
of PLGA in SC-CO,, and correspondingly in the control of PLGA particle size and
size distribution; the  higher the cosolvent concentration, the higher the PLGA
solubility, the smaller the average particle size and wider particle size distribution of
the generated particles. According to the experimental results;.a minimum average
size of 55 nm-was achieved for the generated PLGA particles obtained at 23.8 wt.%
ethanol concentration. The influence of cosolvent concentration on the particle size
and size distribution‘can be well described by the classical nucleation theory. The
experimental results also suggested that coating of core particles with the precipitated
PGLA would be possibly achieved.by means of a modification to RESS of PLGA

with SC-CO; and ethanol as cosolvent.
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5.1.3 Coating of Microsize Silica (SiO,) and Nanosize Titanium Dioxide
(TiO,) Powders with Poly(p, -lactic-co-glycolic acid) (PLGA) by Rapid
Expansion of Supercritical Suspensions

The rapid expansion of supercritical suspension or RESS coprecipitation
process was successfully carried out successfully forthe preparation of PLGA-coated
microsize silica _and nanosize-titanium dioxide powders. According to competitive
influences of phase transition, turbulent flow, boundary friction and particle
coagulation along the expansion path, the rapid expansion of supercritical suspension
process exhibited two major phenomena, polymer precipitation and deagglomeration
of ultra fine powders. These phenomena further resulted in a layer growth of polymer
on the surface of deagglomerated ultra fine powders. Coating of the silica fine powder
could be achieved in the form -of both agglomerates and dispersed particles,
depending on the powder-to-polymer weight ratio whereas coating in the agglomerate
form was inevitable for the titanium dioxide ultra fine powder. In addition,
nonuniformity of the coating layer was also observed. Surprisingly, the powder-to-
polymer weight ratio appeared to have an insignificant effect on the thickness. To
reduce agglomeration tendency, larger spray nozzle diametet, smaller powder particle
size and low powder-to-polymer weight ratio are favorable. It is noteworthy that, in
pharmaceutical applications, the RESS process with a cosolvent could be.a promising
environmentally friendly technique for coating CO,-insoluble ultra fine drug particles

with a high molecular-weight polymer with limited solubility in CO,.
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5.2 Recommendations for Future Work

The solubility behavior of PLGA in SC-CO, with or without ethanol as
cosolvent should be inv ans of spectroscopic techniques.

- For the purpose “ Zy of PLGA solubility in SC-CO,,
utilization o%olves for er types of alcohols with an
anticip _ iting | e investigated.
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Abstract—-Rapid expa
coating of ultra fine po
PLA : PGA ratio of §
nm TiO, particles” ifical carbon dioxide with
cthanol as a cosolvent. ! so -PL ks pillary nozzles to ambient con-
ditions, resulting in formation of sl p 3 1 pansio f suy critical solution of CO~
PLGA suspended with'the copg'pa 5 OOu wide sol r n.and deposition of submicron PLGA par-
ticles on the surface of the ¢ a ulting i DA ation g2 il p dispersed particles of SiO, and

i polymer particles and polymer
tic-co-glycolic acid) (PLGA with
&s Were 1.4-um SiO, and 70-

agglomerates of TiO,. : ¢ & well as powder-to-polymer
weight ratio were also investigated od Wi xt ¢ m‘
Key words: RESS, Powder Cg actic-co-ghycolic 1 Ag of'ﬁ'\\-. ¢

‘u

INTRODUCTIO A ) on-toxicity, non-polluting nature and mild
" critical onc ..’* eral studies have been reported on coating of
Coating of powders has found its app

At Nd Nanosca pamchswuh w’yHme) “5'“85‘4’“
tries, including phammaceuticals, foods, agricu rbon dioxide (SC-CO,) via different approaches [6-9]. Pro-
materials. Normally, ming'smidemdma 1

es, such as feed composition of polymer and size of the

mpowdusﬁumpomwuw ronment or w gawcre experimentally found to be the key parameters
mdmydwgawml S ide ation of phanmaceutical par-
ﬁommpoddegmdmm g0l © : of ickes and composite rals.is thé rapid expansion of supercriti-
side effect of therapeutic ag » ventional processused ¢ Vit RESS technique, a solute is dis-
for coating powders is g »'» al p afation is then instantancously depres-
there is a limitation for pomh!‘ through'a capillary nozzle, causing precipita-
because of poor fluidization [2] Emulsion-haced fion of the solute as SC-CQ), vaporizes. Submicron- and nano-sized

niques, such as water-in-oil-i (w/o'w) double emulsions or dry particles with a icle size distribution could be pre-
solid-in-oil-in-water (so'w) 3 pamd from various phamaceutical compounds and polymers [5].

fine powders. However, due to the common i ﬂmacah)wusmlhpommoglmdssw

d‘nxm of their q)plwmlom

In the last few decades, numerous attempts have been In this study, the pmmwimacosolvmlis pro-
mmofsupammlﬂunis(SCl*s)tom d.x:efnepmnc and the process is also for
g0 - 33»]%“ Gen

gas. orptmnacalmlq:pl mer was used as the coating mat ly, PLGA-coated ul
carbon dioxide (CO,) is the most commonly used SCF due fine powders can be used to investigate simple-diffusion controlled
release of the drugs in subcutancous and intravenous applications
*To whom correspondence should be addressed. [1). Effects of the process parameters, which were the particle size
E-mail: ctawat@chula.ac.th of ultra fine core powder, spray nozzle diameter as well as powder-

838




143

Formation of deagglomerated PLGA particles and PLGA-coated ultra fine powders by RESS with ethanol cosolvent 839

to-polymer weight ratio, and mechanism of the coating process are The first part of the experimental work was carried out to inves-
presented and discussed based on the characterization results of § tigate the applicability of the RESS process for generating polymer
ed powders regarding morphology and intemal icles, which will be used to coat ultra fine powders. For RESS

particles. . Al pessing/of a polymer, the information of its solubility in SC-CO,
. . C Oithe best of our knowledge, there is no report on the

EXPERIMENT. :\q_“ " mSC-CO, PLGA polymer used in our study

— ity in SC-CO, because of its very high molec-

1. Material ; order to increase the PLGA solubility in SC-
Microsize silica (SiO,) panticles wit 7eof (K(’_ Wedmolmsmedasoosolm 2gof
jundo Chemical Lab, Japan) and nanosize tit entamounts of ethanol were placed in the high-
particles with a mean size of 70 ihara Sang aisitty, Jo oSS on of SC-CO, solution. Afier being care-
were employed as core partices. Poly o ..:'“ he hwlcdmldfcdwmcomﬂrhlyr
(PLA : PGA=85 : 15, molecular we pe pumg il the'desired supercritical conditions were achieved.

temperature=47.5 °C, Aldrich Chemicals Lad) and fiquid Iwnsstimdlyamixingpaddlcmmhg
ical temperature T,=304 K, critical press j’ P, Suzuki pan, and Wwas ’1\\-4 3 hours to achieve equilibrium. The
Shokan Co. Ltd., Tokyo, Japan used g agentand so prepared solution, was then sprayed through the noz-
vent. Due to the limited solubifity of P The tanget plate was placed against
cial grade; >99.5%: Kanto Chemical €0., Ing Dpél e spraved floy distance of 300 mm from the nozzle tip within
mpwasmm All che nicals a aler] : _ b ¥ | an i - l "5\ 00 it'u]s,
received. th of this performance of the RESS pro-
2. Experimental Procedure \. ing of PLGA on ultra fine powders was
‘The experimental apparatus c : v gate 1l e apparits It is noteworthy that the ultra
sists of a high-pressure pump (3), 8% joh-press ¥ kr, "_\x d'ethanol, in pure form, are not soluble in
and a spray nozzle (9). The hig mstalled witha ther. Thus form ‘an immiscible temary mixture under
cooler before the suction part to avoid€avita e high-pres- spheric condditio vpanmmlpmcedmsmlh'lomeﬁrsl

sure vessel had a capacity of 1,500 mlgnd ma | |#par amied out S0 to dissolve PLGA in SC-CO, with the
erating pressure and temperature of 30 MPa aid 473 K. tively. i in'the presence of fine SiO, or nanosize TiO, core
During each experiment, the vessel temperiure was kept - these conditions, the core particles were not dis-
at 313K by using an automatically contro «E‘:"‘: s ended in a single homogenous supercritical phase

speay nozzle was simply made from a stainless — thanol and the dissolved PLGA. The supercritical suspen-
lutghofmnmamimmmadwlhashu-olf en allowed to expand through the nozzle for a few sec-
nowjawnhduﬂ'mmmcﬁamasofm il .. ' observed from each experiment that in the case of
employed for investigating the effect o er on th core poavder, there is nothing remaining
ing process. Temperaturg of the no pt constant al : powder and PLGA were taken
by a ribbon heater to previent the eing with dry ice dv nto-account; after-expansion thereAvould be some residues left in

ing spraying. A planar ta wl he il cogeed particles were collected for
with aluminum foil and a @ X he tisrmet plite as already mentioned above.
ployed to collect samples of’ aenerate the performance, effect of three pro-
characterization, Il s parameters, i.c., di of the spray nozzke, particle size of

the core powder and pow tymer weight ratio, on the coat-

ing characteristics was investigated. The experimental parameters
md”anmodmmlswukaclmcdmﬁbbl Fig. 2 depicts
.t PDOR 'ml’ck f(!lllﬂ‘

T Fi 5i ning e FE-SEM; Hita-
T 1 i, $900) ine es obtained from
2 q {10 4 mchexpalmForSEMmpkptmmmeahmmunfonl
i moo\aedﬁunthc phuwmcumloasmall
ve paint and coat plati-
"' formlcsmmssby g image-analyzing software (Image-
%ﬁ‘;‘l"gm 6‘.3:2353‘2".&” Pro Plus version 3.0; Media Cybemetics). For verification of poly-
4. Ribbon heater 10. Ribbon heater mer coating of the ultra fine powder, the particle samples on the
5. Shut-off valve 11. Nozzle microgrid were further analyzed by a transmission electron micro-
6. Stirred high-pressure vessel 12, Target plate, or microgrid scope (TEM; JEOL 2000-EX) operated at 200KV in the bright-
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Table 1. Experimental parameters and conditions of RESS processes

Material Solvent PB4 MPa; T304 K; T,=266 K: T,=353 K
Cosolvent nol; 00
Polymer LGA; 85:15: M, 50,000-75,000; T, 318-323 K
Powder
ing experiments)
feed ratio
Dissolution Vessel

Agitation
Cond
Expansion Nozzle nipfess steel: d=0.1..¢ LEl0mm; T,=423 K
sprayi T -

* polymer-free basis; ** powder-to

| T>T cu2To
on of cosolvent and

field mode, ass-thickncs

{ . i coaime b’- y Mo
mer and the coré powder was the structures and gen bonding with both CO, and PLGA. which leads to significantly
morphology of the coated powders. € improved PLGW&)’ in SC-CO.. The solubility

. ) of various poly ethanol cosolvent has been and

A , }

| a sol -

. Fi n of PL v ot i i 0,

“thanol is a commonly used ent in the RESS of CO.-in- come miscible at all compositions form a single supercritical
uble pharmaceutical materials due to its Jow toxicity. Although fluid phase [21-23]. A different amount of ethanol was added to

PLGA has limited solubility in either SC-CO, or ethanol, it was the pressure vessel at 0, 100, 200, 300 and 400 ml, respectively. Be-
reported that the PLGA solubility becomes higher in the mixture cause the amount of PLGA dissolved in the CO_-ethanol mixtures
of these two fluids [6]). Since ethanol is capable of being both donor was very small, compared to that of CO, and ethanol, the ethanol

July, 2008
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/

ized out during the expansion and then did not remain in the poly-
mer [26]. Therefore, it is reasonable to consider that the precipitated
particles were solvent-free and did not undergo an agglom-
ss because of its dilute solid content. These results sug-
generated polymer particles could be used to coat

s of typical SEM images of particle samples ob-
fromthe&XPeriments were camied out to determine their size
distribemionand morphology. At least 300 particles dispersed in dif-
500 nm 2 um . ferenl Mﬂn SEM images were taken into account in the
: determination of thelrsize distribution. Fig. 4(a) reveals that the
PLGA minticles produced by RESS at different ethanol concentra-
tions allexhibit log-nomal size distribution behavior. The obtained
hmqu standard deviation of the distribution were plot-
ﬂu function of therethano! concentration, as shown in Fig. 4(b).
cha!ly seen that lh?pﬁlc size distribution of the prepared
pn:h was strongly &kndm on the ethanol concentration.
e As eﬂk\lwk\ml increased from 11.1 to 21.8 wi%, the

___I‘xm)clc%‘mm'kmcan &u\;wcd to a minimum of 55 nm, while

ethanol cosolvent at different eths
and (b) 11.1 wt%e; (¢) 16.4 wt9e;

pmmm-lcrs lmd in the calcuhmn were obt.uncd from cﬂsw
in the literature [24,25]. According to the v Wdﬁdﬂbﬁ
mentioned above, the calculated values of | : concentra-
tion of ethanol are 0, 5.7, 11.1,416.4 and 21.8 wi%, respectively.

In experiments using mn. 0. and €O with ‘Wm‘lveiniol, -

negligible amounts of arti

lected samples under SEME ations, thereby M@-

ible particle formation during the RESS process. This implied that . Lo g
both the pure CO, and the CO, mixed with ethanol at $.7wi% were < 300 4 L 1.65

unable to dissolve PLGA to Mwnnl extent; as a result, super- E 3
saturation was not achieved to trigger particle nucleation in these r Bocadl 1.6 1
cases. On the other hand, Fig, ssho\\smm& ‘M images of PLGA i 1200 4 L 155 2
particles produeed by RESS using GO, with cthanobat 1.1 -fi Py H
164 and 21 8% mdm"i}m"ﬁmmw m{ TUE 150 - 1.5 g
"ISerdhnol mm\umu 0|7wﬁz o(’ﬁe*m[anwu Ti 1=~|.L i L i B
of supercritical sohution: “Ako inFig. 3 it iselearly observablethat = 1 L ’ ;3"
the generated m@cs exhibit a nearly spherical shape with subm:- 3 50 4 14 T
cron size distributed in a namow range. 3 = 436 z

Based on the experimental results, the tonnmmn of PL. (JA par- Saa]
b e 108 55 15?‘_—. a" {” =

#ickEMVERESS' qoumeuwﬁa-s 1 100 7% 4 ,
b dmm)leon of SCA0, PLGA, €. and amqol woukd fom a n | Empl concentration 4
singieh supéreptical sohion theuh Sauration OFPLGA | | "y

awas not yet .schnc\ ed. During the rapid expansion, phase transition ; “" -
“of CO, taking place in the post-expansion free jet would result in a Fig. 4. Dependence of particle size distribution of PLGA particles
drastic increase in PLGA concentration in the droplets, leading to on ethanol concentration: (a) log-normal particle size distri-
precipitation of the dissolved polymer. As mentioned previously, butions; (b) mean particle size and standard deviation of par-
since ethanol could not single-handedly dissolve PLGA, it also vapor- ticle size distribution as function of ethanol concentration.

Korean J. Chem. Eng.(Vol 25, No. 4)
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the geometric standard deviation increased to a maximum of 1.67.
An increase in the ethanol concentration in the SC-CO. mixture
resulted in an increase in the PLGA solubility, leading o higher
supersaturation of PLGA in the sprayed mixture after S rapii ex-
pansion. According to the classical nucleation théory 127.28]: highér
nucleation rate and smaller critical nucleus size. could be expected
if the dissolved polymer concentration becomes mcreased, Mean-
while, a higher supersaturation ratio would 8leresult.in the occur-

rence of “nucleation bursts” which couldgenerate-several familics”

of random size particles in the carly stage of nucleation. [29]. It is
also noteworthy that an increase-inthe particle number efncentra-
tion could provide higher coagulation freguericy. Thtse Opmsfng
phenomena were responsible for a smalfer meanize bt wider dis- |
tribution of the resulting PLGA particles whm a hither concéntra-
non of ethanol was used.

2. Effect of RESS on the Wmuthn of \lkrtlbr Sil
ica and Nanosize Titanium Dm\ldc l’o“dﬂ’\

. Sum”

Fig. 5 Effect of dinmeter 'of spray nozzle 'on the deagelomertion:

of ultra fine powders. L4-jtm silica: (a) before expansion:
(c) after expansion (nozzle diameter 0.1 mm); (¢) after ex-
pansion (nozzle diameter 03 mm). 70-nm titanium diox-
ide: (b) before expansion; (d) after expansion (nozze dinme-
ter 0.1 mm); () after expansion (nozzle diameter 03 mm).

July, 2008

Ultra fine partickes have a strong tendency to agglomerate due
to their van der Waals interactions. In general, spontancous agglom-
ertion of ultra fine powders could take place and result in particle
size senlargement and unstable processing conditions in the conven-
tional mmgpnxxchs [27]. In the RESS process, in which the ex-
pansion MW is gonsidered as a supersonic or at keast free jet, tem-
Mﬁm_ulm‘rum. is expected to be developed in the rapid expan-
sionf Tlow=§3031)This turbulence could provide an advantageous
contribution o the-disintecration of agglomerates of ultra fine pow-
ders (0 Tacilitate the fonmation of a coating layer on the primary par-
ticles.

Fig, Sshowstypical SEM images of silica and titanium dioxide
ultra, fine panticles before and afier performing the rapid expansion
of their suspensions in mixtures of SC-CO, and ethanol. The sus-
pensions were prepared with 21.8 wi% ethanol in SC-CO, under
congitions of 25 MPa and 313 K. Before rapid expansion, it coukd
be observed that ultrfine powders could agglomerate to form large
particles asrevealed mFig, S(a) and Fig. 5(b). The agglomerate sizes

Jare appeoximately' 2-5 pm flox the fine silica powder and 3-20 um

for the ulira fipe titanium dioXide powder. Fig. 5(c), Fig. 5(d) and
FigaS(¢), Fig. 1) iMustrate the change in the morphology of the
ultra fine powders prepared by rapid expansion through nozzles
with different diameters of 021 and 0.3 mm, respectively. Deagglom-
eration of the i fine powders was observed and consistently in-
dicaied by a decrease in the agglomerate size and an increase in
the number coneentration of primary particles. It could be implied
that the dispersioniand deagglomeration of the ultra fine powders
were achicyed as acombined result of boundary friction due to flow
mdn‘,l'mf/lc wall, turbulence in the high-velocity fluid and col-
lisions betiveen the ultra fine powder particles along the rapid ex-
pansionpath. The boundary friction and the turbulence were respon-
sible for fragmentation of farge powder agglomerates into smaller
ones, whereas the particle collisioos could result in either particle
coagulation or particle dispersion depending on relative velocities
and colfision angles of the partielcs, Comparison between the SEM
images of particle samples pradicad by these two nozzles suggests
that a better dispersion and deagelomeration effect was achieved
with the bigger 0.3-mm diameter nozzle, and the effect was stron-
ger for the larger silica fing powder. This reveals the influences of
nozzke diameter and particlésize of the ultra fine powder on the per-
formumce of dispersion and deagglomeration of the ultra fine pow-
der i the rapid expansion process. As pointed out by Smith et al.
[32}pat thesame presand postsexpaasion conditions, an increase
of théipozzle diameter results in @ higher Reynokls number, more
turbulence. ahigher total flow rate and a farger ffiction loss. In ad-
dition; with Shortér residénce time the probability of particle coag-
ulation becomes lower. These lead to an improvement of the dis-
persion and deagglomeration of the ultra fine powders. Accowlingly,
the cohesive forces-are smaller. the number concentration’ lower
and the probability of particks congulation lowes fogfarse particles
compered with the small ones. The reasoning supports our experis
memal results that the dispersion and deaeglomeration of the | 4=
wm silica powder were better than that of the 70-nm titanium diox-
ide powder. It should be noted that in case of the ideal condition,
individual core particles should be obtined if agglomeration can be
completely suppressed by the rapid expansion. Therefore, a smaller
nozzle would reasonably be expected to provide the well dispersed
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core particles after the expansion. However, it was coincidentally
found that the smaller nozzle was easily clogged. To avoid this dif- |

ficulty as well as to obtain a favorable coating process. with '-|j .u'l

agglomeration tendency, the 0.3-mm diameter nozzle was,

for the coating of the ultra fine powders, which will be discussed
the next section.

3. Coating of Microsize Silica and !\mm Diox-
ide Powders with PLGA by Rapnd ?ﬂamus:fpmm.-

cal Suspensions

A series of experiments was carried out ing Tbpum silicy
particles and 70-nm titanium dimw _' rapid
expansion of supercritical suspmsum invest '
experimental parameters on co
the supercritical suspensions were
at which the solubility of PLGA in
anol could be determined, ie.,
perature of 25 MPa and 313
wi% and the polymer solubility of 0.
mier weight ratio was varied th
concentration in the suspensi
added to the high-pressure vessel at
ment.

2

of 218

tof pmv}r
?cwl L\-;’”"

Fig. 6 shows some samples of the'mc ' and intemal Stiig-
ture of PLGA-coated silica fine powder by the upd ex-
pansion of supercritical suspension crent powder-to-

polymer weight ratios. It appears that
der was achieved in the form of both indivi
and agglomerates. The coated silica parti
structure, as shown in the bright-field T

exhibit-a core-shell

1 images (Fig.&(b) and. -

.

[ "the darker contrasst area i thoroughly covered by the lighter
tf’ 3 indicating that the silica particles were completely
et widhet

ing of silica v |
| dispersed ek ls
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Fig 6(d)). Due to the stronger interactions between the electrons

, angd silicon than that between the electrons and carbon (a major com-
of the polymer) in the TEM, the silica particles appear as a
ast area than the PLGA phase in these images. It is clearly

ver of PLGA. The rapid expansion of a suspension

of . particles in the supercritical CO, solution of a
polymer led to-deposition of the polymer on the surface of the sus-
pended pasticles, thereby gencrating polymer film coating on the
mmcﬁmﬂ"pbfmmWﬁmmml results are consistent with
this e.\pbmlm *When Fig. 6 is compared with Fig. 5(a), it is clear
that, as'a concurrent result'of the rapid expansion of supercritical
suspension the dispersion and deagglomeration of the silica fine
powder contibuted tothe low agglomeration tendency of the coated
mcb It wats obsenved that, at the powder-to-polymer weight
of 1, thexe was no signifieant agglomeration of coated silica

e e [imcl-i that took plaoe ‘during the coating process (Fig. 6(a) and
pcmdcr

_Fig. «lh). while the agglomeration process appeared to be enhanced
when the powder-to-polymerWeight ratio was increased to 3 (Fig.
oerand I’L “d)} Thisis mainly attributable to the increased num-

/" ber concentration of silicajparticles in the rapid expansion flow, re-
.'.,mllm-' in nm Wnt dh\nm\ and higher coagulation proba-

m of the silica particles within the nozzle, and consequently an
'M'ln the;k.ne ©f agglomeration of the particles. In addi-
it can be Wkn the TEM images that the thickness of
mmu Ia\u\qm not uniform and estimated to be around 10-
lw]mﬁvn lhe e bar. It is likely that the PLGA pasticles, which
‘ en deposited on the silica particle surface, spread
solsd bridges between them, thereby resulting in growth

'

; “of poaling layer. The strong turbulence in the rapid expansion
o mmnh of the eddy energy [30], which can be consid-

" ered 10 cause significant distu to the just-formed coating layer.
usmwmmﬁx our experimental results, the coating
fayer thickness seems not to bescaritive o the change in the pow-

500 nm

Fig. 6. SEM and TEM images of PLG A-coated silica fine powder
produced by the rapid expansion of supercritical suspen-
sion process at powder-to-polymer weight ratios: (a) and
yl:(c)and (d)3: 1.

‘ Wmﬁﬂn M' ssible assumption, the particle
coagulation along the lenih nozzle during the rapid expan-
sion flow plays a significantirole in the coating process. Particle
coagnlation results in a draslu. decrease in the particle number and
a drastic reduction of the ‘particle surface area, on which coating
takes place. The higher the probability of particle coagulation, the
mm:]iunmﬁ the reduction of the coating surface area and capa-

: b-hw.&uuﬂ»mwmgul-op peobability isproportional to the

powder-to-polymer ritio i thecoating Process, it might be
‘pssumed dmma,dmge in powder-igspolymer weight ratio did not
“provide a significant ehanze in the tofal coating Surface arca and it
had no influence on the coating layer thickness.

Similar results were obtained for the coating of 70-nm titanium
dioxide ultra fine m‘r with PLGA, as shown in Hg.l “When
| compared with Fig- 6. the experimental resulfs shown i Big. 7 sue-
| cost that the coating of fitonium cb\l(hum: fine mmt'rwlh I‘Lb/\
chd aho be aghicvein thesame process as thatof d&a{ ine p;m-
der. However, SEM and TEM images reveal that the coating of tita-
nium dioxide ultra fine powder always took place in the form of
agglomerates of primary particles. In Fig. 7(b) and Fig. 7(d), the coat-
ed particles are composed of an agglomerate of titanium dioxide
particles in the core and a coat of PLGA as shown by the darker

Korean J. Chem. Eng.(Vol 25, No. 4)
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tickes, suggesting that the PLGA coat was formed as a growing laver

, on the titanium dioxide agglomerate surface, not a coalescence of

| coule primary particles. The agglomerate sizes are in the range of
nanometers to a few microns, which is consistent
ﬁu‘?p:u! size of agglomerates shown in Fig. 5(f). Obviously,
lenee and friction loss generated during the rapid ex-

fansfon 1 of !!ﬁ:'rmucal suspension process was not sufficient to

3 disififegrate-ag®¥omcrates into primary particles. This is attributable
- 10 the-extremelvsstrong adhesion forces among the nanosize tita-

nium Jioxide particies. The nonuniformity of the coat can also be
observedin the TEM images. indicating the deposition of relatively
large. PLGA. panticles on the imegular surfaces of the titanium di-
oxide agolomerates. Anyway, the change of powder-to-polymer
| Weightratio from s to 30 T did not cause a significant change in
II| the coating fayer thickness: The thickness is estimated from the scale
bar 1o be argund 10- l()Gnln, Which is comparable to that of the fine
ﬂ!ﬂ,lﬂlm Based.on all the experimental data shown previ-
s Osly the potential mechanisms that would possibly contribute to the
 formation of coating on thewwltra fine powders are schematically
'|' summanized as depicted in Fig 8. Under the high-pressure condi-
A uuﬁyl.oa dissolved i supercritical CO. could be absorbed (wet)
~onto the surface of the'eore particles. In the figure, the wet coating
Fig. 7. SEM and TEM images g’l L.A&led‘umum m ¢ lyer on the ufme of theigore particles is represented by the dotted
ultra fine powder produced by the mpﬁ'lexpumuu of su- hmvmtgﬁc particle flowing within the nozzle. During the rapid
percritical suspension process at W‘IL the vaporization of CO, to the ambient keads to the for-
to-polymer weight ratios: (*)d (b) lm (c) and (dw» I Mn of solidified PLGA film on the surface of core particles. Such

layers wwli exparience impaction among particles and shear

and the lighter contrast areas, respectively, \hould b:mwdlhm mdn. to hightlow of surounding gas, resulting in relatively
no PLGA is observed in the void among lllmdi(mdepl’- lllﬁm u!m" L’!jk‘r on the coated particles which would have

nbowltiam) T TN N Ganto paticle coliislons)

powder @ Potymer () Powderwetted with polymer () Polymer-coatod powder
Fig. 8. Potential mechanism of polymer coating of ultra fine powder by the rapid expansion of supercritical suspension process.
July, 2008
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'W‘ L EM images of PLGA-encapsulated TiO),
Wawa rupnl expansion of supercritical suspension process at
u powm h«,pnb nw gatio of 3:1.

Figure 3. Typscal SEM and TEM
prepared by raphd expansion of supercritical
to-polymer weight ratio of 1:1

expansion of SC-CO,.

In a real Siffati od! drug | <
. i e

particles, 1.¢. dexamethasome an .

for the encapsulation (o verify " o
However, because of the ¢ 1 ' e W

scope of this work which focused | aspects of h

coating, commercial silica and tit i r ‘L ¢ sio,
size were chosen as model W, ‘L,

Regarding those physical aspe A u Tio,
degree of agglomeration, they areffiselu L - - =
examination of the releasing rate " 121 31 40

In all experiments, the supercriti€al sus ons \\mmnrd " ;:' | owder-to-Polymer Weight Ratio ( - )
using the conditions at which the sol )
mixture of SC-CO; and cthanol could | (lL'SWLC.MJﬂL
the supercritical pressure and temperature of 28-MPa-and 313
K. the ethanol concentration would be 21.8 wi %-and the— ,,—"!

lts were obtained for the xn(..np\uhlmn of 70-
volymer solubility is 0.17 wt %.'™'* Th- r, / A ik su
B elohe oo Wi oty (brorigh s adies porFics M""’ Cam der with PLGA, as shown in Figure 4. The
concentration in the suspéfision. by clmgin; the amount dr mmé“ the encapsulation of titanium

powder added to the m;_ ssure vessel at the beginning of mm %" Fould ‘:::\'::;‘L‘r'": \1“\11":::; ke
each experiment. g ‘-""‘.‘ Wation of TiO; powder took place

Figure 3 shows I\\ul nmpluofl’lﬂA—umpwhnd n the form Mm"dw p.mtlc\ InF Igu[:u 4.
silica fine powder pmduc E&lx‘ rapid expansion of super- the encapsulate ﬁmgla..c composed of an agglomerate of
critical suspension process with powder-(o-polymer Weight Ftio e sism it e particlesfinthe core and a coat of PLGA which
of 3:1. It appears that the t'::f‘“'“""b of silica finc powder could be observed as theddrker and the lighter contrast arcas,
was achieved in the form of individual dispersed particles respectively. It should be noted that only few individual PLGA

and agglomerates. The encapsulated silica particles exhibit a n.mgp‘m,'.lu were observed in the void among the TiO;
core—shell structure, as \h(mn i ﬂnﬂ_ml ficld TEM image Pdrﬂ&*

r \u;_.y.\lmf that the PLGA \hcll was formed as a
(Figure 3b)g It.‘thw llMuc'
rﬁu()

"!ri -'MM ﬁ on |§g;.|u.l me .:ld:l\!,)
slbétwieen the ¢ d'\lll ' a» M a’[{ﬂ;ﬁmlm rﬂefers ibn lhe Encapsu-
g! nd .nrﬁn COm ‘nl ! Iﬂ‘“}” ln(e" ilpu ﬂftbmgensl %mrw effect of the
in the TEM ‘"K 10, ""-' "‘.‘m‘" asar darker contmiSEaTea - pm\ﬂfr l()h»l\ﬁkl‘*‘(\‘ﬂ'ulu rafio hn the .nﬁag diameter of

than the PLi ("\Qﬁ"‘" in these images. Itis clearly seen that the encapsulated SiO; and TiO; powders is depicted in Figure 5. It
darker contrast 414 is thoroughly covered by the lighter copdmst could be clearly confirmed that, with the increase in the powder-
area, indicating that the SiO; particles were completely cofted to-polymer wei &hlﬂ the average dmmclgr\ Ommw
ot w &PL(AW‘W h'ﬁ Apansion of a su slg: of ”g ssﬂfé;un B .nuﬂlu
i a 'l““llh Pﬂ C- COg%olui "F : l' l.nc the ;n\ zu ,{u Nvi
.~‘ le‘cd 10 |mhl u'hug pa.\ ngr muﬂ ﬁ.ﬁfﬁ ,! a lljgmlu lh : s I;IM
Suspendedparticles, therchy generating & polymer ¢ tin Io\hr&;_.n: 4 .lbﬂmm MioPre ﬁb a lo 'tthrta\n
%nr on the particle suri.uu." " 1t should be noted that lhw.‘ of the average diameters with respect to the increased powder
experimental results consistently agree with this explanation weight ratio in comparison with those of the TiO; powders. As
As a concurrent result of the rapid expansion of supercritical could also be confirmed by the visvalized evidence in Figures
suspension, the dispersion and segregation of S10; powder 3 and 4, the significant agglomeration could be observed when
contributed to the low agglomeration tendency of the encap- the powder-to-polymer weight ratio was 3:1. This result would

sulated particles. mainly be attibutable to the fact that, at the high powder-to-
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e Powders with PLGA by Rapid

Solutions with Ethanol

W t \.d'Chenzmmfm . Wiwut Tanthapanichakoon’,
Ta iC tkul = :
rof _ﬁﬂ" ¢ in Particle ‘Enginccring. Chulalongkorn

Univessity.
’Den:

ity of Tokyo, Japan
lopmem Agency, Thailand

ABSTRACT

For pharmaceutical applicatio

polymer-coated microscale and nanoscale S, J DL-1: © t\ olide) Iymcr (PLGA) and core powders,
which were 1.4-um SiO; and 70 N 5. Were sc \‘\ igation on coating induced by RESS
technique. Supercritical solution Was pr . dissolving PLG# in s eTe sriticall carbon dioxide (SC-CO,) with
assistant of ethanol cosolvent. The RESS progce 1S pe aying, the supercritical solution through a
capillary nozzle under ambient conditions. It was found thz 3 bmieron PLGA particles could take place

by the RESS and could be explained by h.ﬂr ‘ e
accompanying by solvent evaporation and d sration of ag uon j, e core powders could provide uniformly
coated microscale and nanoscale m ; peific @onditions, the cumulative deposition of
precipitating PLGA on the coated pow : 3 ders with PLGA in the form of both individual
particles and agglomerates. SEM and - d 1o ekamine morphology and internal structure of the
PLGA-coated powders. !

Meanwhile, precipitation of PLGA

Keywords: RESS,

1 INTRODUCTIO!

mwkct'nimls, foods, agriculture and
energetic materials. ral p ection from rapid degradation,
control of release rate and prevention of side effect of t ‘conventional process used for
coating powders is generally based on fluidization technique, there is a limitation for powders smaller than 70 pum
because of poor ﬂuldlmuow or [1]. Emulsion-based t iq such as water-in-oil-in-water (w/o/w) double
emulsions o, solid-in-oil-i o/w) emulsions, may be or coatin ultml' ine powdcrs However, these
i i presence of
‘to hvironment [2, 3).

Coating of powders has prov

s

coated po _‘ i volatile

many researchers have paid their attention on the application of supercritical fluids (SCFs) to

overcome the problems of using organic solvent in the conventional coating processes [4].  Carbon dioxide (CO;) is

the most commonly used SCF in pharmaceutical @pplications duc 10 its ingrtsproperties, non~tox|cny. nonspolluting
p -~

whmEnah

particle size distribution could be obtained for various phannaccuucal compounds and polymcrs [4]. In this study, the
RESS process with a cosolvent is used to produce fine particles of polymer and the process is also modified for polymer
coating of ultrafine powders. Microsize silica and nanosize titanium dioxide particles were chosen as pre-formed drug
ultrafine powders while poly(lactic-co-glycolic acid) (PLGA) copolymer was used as the coating material.  Effects of
the process parameters, which were cosolvent concentration and particle size of ultrafine core powder, are presented
and discussed based on the characterization results of coated powders regarding their morphology and internal structure.
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APPENDIX B
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BIOMASS AND BIOENERGY 33 (2009) 1452-1457
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Article history: d fatty acid methyl ester (FAME) and
Received 17 December 2008 ted using a phase Doppler anemometry.
Received in revised form s blends of blended biodiesel oil with
24 May 2009 y found that the atomizer could generate
Accepted 13 June 2009 diameters of ca. 30 pm at low air injection
Published online 9 July 2009 h a low velocity along their trajectory after
hieviscosity of blended biodiesel could significantly affect
Keywords: in the controlled droplet size distribution. Blended bio-
Palm oil S | n oil-based FAME would be consistently atomized
Diesel oil et t i iscosity could exert only a small effect on the
Atomization ' re r than 0.2 MPa.
Phase Doppler - }evier Ltd. All rights reserved.
Droplet

1. Introduction improve the combusﬁoiJErfomance and particulate emis-
“‘ sions, many researchers are still further investigating char-
Regarding to a contmuous i “peuoleum fuel bno nuh of lnquxd fuel spray with expenmenml and

dlesel e: ! BTENicR $ different

asing interes : hni 1§ imagi iques or hybrid
thetr ab ty[ ! si g i with a laser
unders of n, it'is drawbacks of

conduct d investigation of its atomization process. ln time consuming. limitadon of non-simultaneous measure-
general, required information would include the droplet size ment, and low reliability [9,10]. Meanwhile, bec f less
and velocity distributions along the plane of injection because  dependence ol let properties and simpli hase

uve
S 0
employi fo ¢l
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0961-9534/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
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prepared from palm oil-based fatty acid methyl ester (FAME) Fuel in foeding syringe
and conventional diesel oil. Droplets sprayed by a typic: i

2. Experimental

(@)
gt
Commercially available palm Ait pump
Thailand), which mainly contained 43%
fractions, was employed as a mode! source fory ! }
acid methy! ester (FAME) using tx teTification m ng pan of PDA
reported in some previous references
derived from palm oil and petro] ‘ . :
compositions were prepared s rasohicated Ay Synog rram of spray atomization and
enizing vessel. The blending ¢ 5/ § | meas ‘
remarked as PX:DY whereas
FAME, D to petroleum dieseli’X and ¥ b 1€ © i :
the FAME and diesel oil, respecti 100, ¢ ‘ alizat B00% ¢ ved FAME, the spray could be
20:80, 30:70, 50:50 and 100:0 Dynamic viscosities of{ ge te: ' 8,5 ufficiently high air inducing pressure.
were measured by a rotati er (RVDV ) s atyibuted to thedower flow rate hindered by its high
A refractometer (2WA), AbBe) wass 2as ractive ¥ y : 5cosity and lower volatility of palm oil-
index of each biodiesel blend, on W, rasured : " AE Id result in some ignition problems wheniitis
by tensiometer (TVT 2-M, g ' iz ese engine [3). Therefore, it is necessary to
all blends characterized at ata for better understanding on its

Fig. 1 depicts a schematic diagn
consisting of a two-fluid atomizi d lhors have reported that blended mixture
neering) and a commercial phageé Dopplér anemon w PDA) l and diesel oil with an optimal ratio of
equipped with an argon ion laser (2000 W at a wi ¥ “.} : 0!‘30 l.l] sult in a stable spray [4,13]. Based on our
488 nm) (PDA-15A, Dantec). The blendeéd biodiesély i Tab e viscosity and surface tension of blended
through the atomizing nozzle unds designated in of pallm oil-based FAME and diesel oil become
pressure controlled by a pneumatic pump. he 0 da ’ ncreaséd when the volume fraction of palm oil is
was injected through an air inlet port to ifdGcet] - ‘than 20 volume per cent. It was also found that the

stream to form a jet of atomized droplets .{W% iodiesel oil at a volume ratio of 20:80 could be fed
S At A
-~ ]

2 th i two-fluid nozzle after applying the minimal
i 0.05 MPa. Typical snap-shot images of
3. Results ang iscu ion. ] perated by an external-mixed two-fluid

- 7 4\-;.1.,"'.1 ,gu.u..uu’ 31 1y mg pressures are deplﬂed in
3.1. Dmplct[ank 0 i

C]i cone of spray with a diverse end
- lets everitually vaporized into gas vapor.

Some previous authors réported that di ncrease it the atomizing pressure from 0.1, 0.2
diesel oil would result ly slight difference in atomize: and 0.3 MPa, liquid ts leave the nozzle tip more rigor-
spray [1,2]. Meanwhile, otér analytical reports also revealed ously as could be y distinguished in Fig. 2(a)-(c),

that balancing of blending r
vuscomy and surfnce tensio

would affect the blended respectively. With the higher injection pressure, the spray
inig. to dlffemm alommng al easured from the visualized images became broader.
- 7 to the turbulent

ults, theoretical
1 -fluid nozzle for
inducing a radial inflow of liquid droplets was conducted. To
determine the time-smoothed velocity distributionin the lxquxd

mass ﬂow ratﬂ&ng the expanding plane

TR ]

o, o, Ol
bl Rl ki ?:Tr( a.) @

100% FAME 17724009 323+015 1469




1454
r-0—u -0
r 0 'h-u‘ 0

re«—i =0

Fig. 2 - Appearance of spray of P20:D80 at different
atomizing pressure (a) 0.2, (b) 0.3 and (c) 0.4 MPa.
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where 1, @, and v are radial, axial velocity and turbulent
kinematic viscosity, respectively. As seen from Fig. 2, the
plume of the spray had comparatively narrow radial distri-
Pution therefore only the axial velocity is accounted here for
simplification. Based on the Boundary Layer concept, the axial
veloeity préfile [i. (r. z)] can be expressed as:
S)
Ug= r—.g;i?‘—. (7)
‘1 = 3 ‘G‘i(_:.‘]m.”

where) is thevateof axial momentum flow (| = 2xpb®@ ), p
and'b aré the fluid density and the spray radius, respectively
[15). Without theexternal disturbance, emerging liquid drop-
lers would be entrained.by.the air flow, leading to a velocity
distnbution, which would be parabolic function of radial and
axial distances,

In \general, diopletisize distribution is also a crucial
parameter foz control of blended biodiesel combustion [9,16]
In this work, the PDAwas employed for collecting information
of droplet'size and velocity at each local position within an
atomized spray with a statistical sample size of more than
4000 droplets. Fig. 3 geveals that the atomized blended bio-
diesel oil droplets typieally exhibit normal size distribution
behavior, With anincrease in atomizing air pressure, fraction
ofidroplet smaller than 10 ym would become higher because
of the'highershear rate induced by the air flow. Park et al. also
reported that compressed air flow could contribute to
stretching and thinning of diesel oil droplets, resulting in
a decrease in atomized droplet size [7]. For quantitative
analysis, ', Sauter mean diameter (SMD) determined by
SMD =S¥N, D!/ 5" N,D? was examined with respect to spray-
ing conditions

The SMD of atomized droplets produced by the two-fluid
atomizer is notonly injection pressure dependent, but is also
affected by density, viscosity and surface tension [7,17,18]
Fig- 4(a) illustrates the SMD-digtributions of P20:D80 spray
along the spray radial distanc® at the axial position of 50 and
70 mm away from atomizer.tip, The larger SMD was found at
the central area of the spray and also the long traveling
distance could result in the larger SMD. As could also be
observed from visualization method, the concentration of
droplets in the central arefl of spray was significantly higher

1200
0.2 MPa
....... “ 0.4 MPa
-
=
o
o
| |
10 20 30 40 50

Diameter (um)

Fig. 3 - Typical droplet size distribution measured by PDA
at two atomizing pressure.
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35
a | 5mm
A omm
i ® smm
[~}
=
0
15 1
b
w
E
; 1 1 1
= 02 03 04
L izing pressure (MPa)
20 -10 X
oplet characteristics on airinjection
& ’ 0 spray at 50 mm from nozzle tip.
Fig. 4 - Distribution of (a) SMD (b) local average velocity
of atomized droplets within y of P20:D80 at ¥ 4
P, = 0.4 MPa. h ‘Hf,-‘ 5 g pressure could lead to a decrease in the SMD
e » zéd droplet. In particular, within the range of
e FF A e omi pressure (0.05-0.1 MPa) the generation of
The higher population of droplets ot the ol Sl ntId b plets would be dominated, resulting in higher SMD

ch would occupy lower stability. A further increase in the
i pressure of up to 0.4 MPa could lead to a slight
he SMD. This is attributable to the fact that the

shear force due to the convective air flow

resulting in the enhanced droplet coales
a longer traveling distance, re

and the air entrai in 3 ; the blended fuel viscosity would
spray. In addition, thé § —-—:-u--h———-—— h regulate the size of droplets §2/4,5]. Because of the symmetric
increasing air injectién ——  therejs no distinguishable difference

Meanwhile, local '* : dedsmixture. Within the uncertainty

induced by the air press: f0.4 3 the SMD of droplets at the center
axial position of 70 rnmlﬂ‘P y from the nozzle tip and thi me or at the radial e of 5 mm away form the center
plotted against the spra ial distance as shown in Fig. 4(b). line was almost equal.

It could be clearly seen that al velocity distribution was Similarly, the effect of the atomizing pressure on the local
almost a parabolic function % distance. The highest velocity of droplets was also examined at 3 radial
local ve! d ' o ? 1 loci ually increased
droplet ioh revea o . However, the
which ctive , whieh could also be
by Eq. A also th d t a distribution
would be e actual atomization, leading to profile along the radial distance due to momentum transfer
a lower valié of measured velocity compared with f the within the convective air flow [15]. This result would suggest

calculated value. The major portion of the energy loss would  that droplets t

WISl 1 e

3.2.  Effect of atomizing air pressure

g along the center line of izing
r than s ndi ;
| c
f tion wi
18] ‘

3.3.  Effect of blending ratio
Fig. S illustrates plots of SMD and local velocity of P20:D80
blended biodiesel against the atomizing air pressure at several  Fig. 6(a) depicts the effect of blending ratio on the SMD of
radial distances. At a low atomizing air pressure, the increase  atomized droplets as a function of the radial distance. It could
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characteristic of the two-fluid nozzle which provides a high
air flow in its core region [7,13].

clusions

tic.study of the characteristic drop size and
vmmded biodiesel spray was conducted
using phase Doppler Anemometry. At low air injection pres-
s 5 droplets were generated with regards
@ plets was significantly higher when
) atomizing a rlowcate increased. Also, the larger droplets and
Wi elogity. were d at a longer downstream distance.
\ operties fally the viscosity, would signifi-
cantly affec Sisize, distribution of sprayed droplets but
0 - ignifidantly’affecty the, droplet velocity profile when
 P20080 ) oM pared air injection pressure.

SMD (micron)

o

Local velocity (m/s)
o
-
3
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