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Abstract

In the last decade, the application of microparticles, nanoparticles
and composite microparticles involved several industrial fields.
Conventional micronization techniques, such as jet milling, spray drying,
liquid antisolvent precipitation and solvent evaporation are sometimes
not suitable, since the produced particles are irregular, with broad size
distribution, could be degraded due to mechanical or thermal stresses and
polluted with organic solvents or other toxic substances. In this context,
supercritical fluids (SCFs) based techniques have been proposed as an
alternative to traditional processes thanks to the specific characteristics
of SCFs, mainly solvent power and liquid-like densities with gas-like
transport properties, that can be tuned varying pressure and temperature.
Among supercritical assisted micronization techniques, Supercritical
Antisolvent (SAS) precipitation has been successfully used to obtain
microparticles and nanoparticles of several kinds of compounds, such as
pharmaceuticals, coloring matters, polymers and biopolymers. In this
process carbon dioxide (CO,) is used as an antisolvent at supercritical
conditions: a solution containing the product to be micronized is injected
into the precipitation chamber, saturated with supercritical carbon
dioxide under the chosen conditions of temperature and pressure. CO,, in
contact with the solution, forms a mixture in which the product is
insoluble, causing the precipitation.

Some aspects of SAS process that are still little examined have
been investigated in depth: the influence of the kind of solvent on particle
morphology, the polymer/drug coprecipitation and the processing of
water soluble compounds.

In order to identify the correlation between the kind of solvent
and particle morphology, the jet behavior of solvent mixtures in contact
with CO, was studied using elastic light scattering and Raman scattering
techniques. It has been observed that for some solvents, like
dimethylsulfoxide (DMSQO), N-methyl-2-pyrrolidone (NMP) and ethanol
(EtOH), the transition from the two-phase mixing (subcritical conditions)
to the single-phase mixing (supercritical conditions) with the bulk CO,
occurrs on a large pressure range; whereas, for other solvents, like
acetone (AC) and chloroform (CHF), the transition occurs on a narrow
pressure range. Analyzing the evolution of the interface between the
injected solvent and bulk CO, for solvent mixtures AC/DMSO, AC/EtOH
and AC/NMP, it was observed that they show intermediate behaviors
between the two solvents during SAS processing. Moreover, precipitation
experiments performed on two model compounds, cellulose acetate (CA)
and polyvinylpirrolidone (PVP), demonstrated that it is possible to
modulate the morphology of SAS precipitates using the appropriate
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solvent mixture. This part of the thesis was carried out on in collaboration
with the Applied Raman Scattering (ARS) Laboratory of the Erlangen
Graduate School of Advanced and Optical Technology (SAOT) of the
Friedrich-Alexander-Universitat (FAU) Erlangen-Nirnberg.

SAS coprecipitation applicability, limitations and the possible
precipitation mechanisms were investigated studying the effect of all the
operating parameters, to elucidate the conditions for a successful
coprecipitation. Well separated microspheres for the systems PVP/folic
acid, PVP/B-carotene and PVP/corticosteroids were obtained. Moreover,
a coprecipitation mechanism was postulated: using PVP as carrier to
retard crystal growth and working near above the mixture critical point
(MCP) of the binary system solvent/antisolvent, i.e. when microparticles
are produced, coprecipitation is successful because all the content of the
droplet concurs the formation of the final particle. Dissolution tests
confirmed the occurred coprecipitation: the produced composite
microspheres showed a significant increase of the active compound
dissolution rate with respect to the dissolution rate of the unprocessed
compound.

In order to process water soluble compounds, a modification of
SAS process, called Expanded Liquid Antisolvent precipitation (ELAS),
was used because of the limited solubility of water in CO, at ordinary
SAS operating conditions (313-333 K, 10-25 MPa). ELAS allows the
processing of hydrosoluble compounds using a mixture of CO, and a
polar organic solvent, called co-antisolvent, at expanded liquid
conditions. In this work the applicability of this technique was tested on
bovine serum albumin, lysozyme, sodium alginate and polyvinyl alcohol
using different co-antisolvents, like ethanol, acetone and isopropanol
(iPrOH). For each compound, it has been investigated the effect of all
the operating parameters on morphology, mean size and particles size
distribution. Nanoparticles, microparticles and expanded microparticles
were successfully produced varying the kind of co-antisolvent and the
process parameters. In particular, it was found that the use of EtOH/CO,
antisolvent mixtures led to the production of micro and nanoparticles
with narrow particle size distributions; the use of AC/CO, and
iPrOH/CO, as antisolvent mixtures, instead, led mainly to the production
of microparticles and expanded micro-particles. Moreover, it was
hypothesized that the distance of the operating point with respect to the
ternary high pressure vapor-liquid equilibria (VLE) can condition the
morphology of the precipitates: increasing the co-antisolvent mole
fraction, this distance increases, the mean size of the particles decreases
and the particle size distribution become narrower. The analyses
confirmed that the obtained particles are characterized by good
biological activity, unaltered conformational structure and negligible
solvent residue.
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Introduction

Over the past decade, the interest in the production of microparticles,
nanoparticles and composite microparticles has increased significantly
since they are largely used in several industrial fields.

Microparticles have widespread applications in pharmaceutical field
for aerosol and injectable formulations, in chromatography as stationary
phases, in catalysis as supports, in coloring industry for the production of
inks, toners and paints with improved duration and brightness, in the
electro-technical industry for the production of high-temperature
superconductors (Reverchon et al., 2008a).

Nanoparticles show even more applications since at nanoscale matter
properties can change considerably. Indeed, it is possible to produce
explosives with a higher potential, pigments with shining colors and
drugs for targeted delivery (Reverchon et al., 2007).

Composite microparticles can be produced in form of microspheres
or microcapsules; in the first case the polymer and the drug are
uniformly dispersed within the same particle, whereas in the second case
the drug is surrounded by a polymeric shell. This kind of particles have
been found to be particularly useful in food and nutraceutical fields to
protect the active compound from degradation and in pharmaceutical
field for the drug controlled delivery (Montes et al., 2011).

There are several micronization techniques, which can be divided in
two categories: “top down” and “bottom up”. In the “top-down”
approach the micronized material is obtained reducing the dimensions of
the original material; whereas, in the “bottom-up” approach particles are
obtained starting from the molecular scale, such as for example the
precipitation from a fluid phase (Reverchon and Adami, 2006).

Conventional micronization processes
Conventional micronization techniques suffer from several drawbacks,
such as the production of coarse particles with broad particle size
distribution, possible degradation of the product due to mechanical or
XV



thermal stresses and contamination of particles with organic solvents or
other toxic substances. The processes mainly used are briefly described
below.

Spray drying
In the spray drying process, the feed solution containing the solute

is atomized through an injector into droplets that dry rapidly due to their
high surface area and to the intimate contact with the drying gas
(compressed air or nitrogen). The rapid removal of the solvent from the
dried area protects the dried powder from overheating. Using cyclones or
filters it is possible to recover the final product from the air stream
(Shoyele and Cawthorne, 2006).

The obtained powders have dimensions in the order of 100 microns.
The main limitations of this technique lie in the difficulty of control the
particle size distribution (which is very wide), in the poor yields of the
process and in the possible degradation of the product due to the high
temperatures used.

Spray freeze drying

In the spray freeze drying process, the solution formed by solvent and
solute is sprayed into a vessel containing a cryogenic liquid such as liquid
nitrogen or a cold gas stream. The frozen droplets are then lyophilized,
leading the formation of fine particles. The low temperature and pressure
conditions allow to minimize the degradation of the product and also
promote the production of highly porous particles (Liapis and Bruttini,
2009).

Jet milling
In the jet milling process, a high velocity medium gas (air or
nitrogen) passing through a nozzle carries coarse particles into the jet mill
and causes their fracture by inter-particle collision and impacting against
the walls of the vessel. In this way, particles in the range 1-20 pum are

produced.
This technique show several drawbacks, such as the lack of control
over particle size and particle size distribution, and the high energy input
which can promote chemical degradation (Shoyele and Cawthorne, 2006).

Liquid antisolvent precipitation

The liquid antisolvent precipitation consists of successive steps in
which the solution containing the solute to micronized is mixed with and
antisolvent; since the solute is not soluble in this mixture it precipitates.
The main driving force for precipitation is the rapid and high
supersaturation (Thorat and Dalvi, 2012). The disadvantages of this
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process are: wide size distribution of the crystals; high residual solvent in
the final product; long residence times required.

Emulsion/Solvent evaporation
Emulsion/Solvent evaporation is a process mainly focused on the
production of composite particles. In this technique, the polymer is
dissolved in a suitable water immiscible solvent and the drug is dispersed
or dissolved in this polymeric solution. The resultant solution or dispersion
is then emulsified in an aqueous continuous phase to form discrete
droplets. The emulsion is continuously stirred at a fixed temperature so
that causes the evaporation of the solvent and the consequent hardening of
the microspheres. The properties of the final particles depend on different
variables, such as drug solubility, kind of solvent, diffusion rate,
temperature, polymer composition and viscosity (Zhang et al., 2009).
This technique, however, generally provide limited control over the
particles size and particle size distribution and high residual solvent.

Supercritical fluids based processes

Supercritical fluids (SCFs) based techniques have been proposed
as an alternative to conventional processes thanks to their specific
characteristics, mainly solvent power and liquid-like densities with gas-
like transport properties, which can be tuned varying pressure and
temperature.

The mostly used supercritical fluid is carbon dioxide (CO,) since it
has an easily accessible critical points of 304.25 K and 7.38 MPa and it is
non-combustible, non-toxic as well as being relatively environmentally
benign. These properties offer many advantages in the use of supercritical
CO, (scCO,): the use of organic solvents is reduced or eliminated; in
separation operations the product is easily obtained through depressurizing
and the recovered CO, can be recycled, minimizing consumption; the
process can be carried out at a temperature close to room temperature, thus
preventing the degradation of thermolabile compounds and reducing the
energy costs; CO, is also a suitable inert medium to process easily
oxidizable substances.

A possible general classification of SCF based techniques can be
proposed according to the role played by SCF in the process. Indeed, SCFs
can be used as solvents, solutes, antisolvents and reaction media.

RESS (Rapid Expansion of Supercritical Solutions)

The Rapid Expansion of Supercritical Solutions (RESS) consists of
the dissolution of a solid substrate in the supercritical fluid; then, this
solution is depressurized into a low pressure chamber produces through an
injector producing a rapid nucleation of the substrate in form of small
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particles (Jung and Perrut, 2001). The advantage of this process is the total
absence of organic solvents but the main limitation consists in the difficulty
of controlling the particle size of the precipitates.

A variation of the RESS process is the rapid expansion of a
supercritical solution into a liquid solvent (RESOLV) that consists of
spraying the supercritical solution into a liquid: in this way, it is possible to
quench particles growth in the precipitator.

RESS and RESOLV processes, however, can be used only to
micronize products that show a reasonable solubility in the selected
supercritical fluid; moreover, in RESOLV the presence of a liquid make the
process no more solventless (Reverchon and Adami, 2006).

PGSS (Precipitation from Gas Saturated Solution)

Particles from Gas Saturated Solution (PGSS) process, a low-
melting point polymer is dissolved in carbon dioxide causing a strong
reduction of their viscosities and a reduction of their melting and glass
transition temperatures. This saturated gas is then expanded to atmospheric
pressure and the release of the dissolved gas causes a drastic reduction of the
temperature and an increase of the melting temperature (up to the usual
value at ambient pressure), which lead to a fast solidification of the polymer
(Fraile et al., 2013).

SAA (Supercritical Assisted Atomization)

In Supercritical Assisted Atomization (SAA) carbon dioxide is used
as a co-solute to enhance droplets formation during atomization. In this
process, within a saturator scCO, is dissolved in the solution containing the
compound to be micronized, forming an expanded liquid that is
characterized by reduced viscosity and surface tension (i.e. reduced cohesive
forces); this solution is then injected into the precipitator in which the
solvent evaporation, achieved using hot nitrogen, leads to the production of
particles (Martin et al., 2013).

The limitations of this process are: the inability to produce
nanoparticles since the dimensions of the particles produced depend on the
dimensions of the droplets generated and the high temperatures required. In
order to process thermolabile compounds a vacuum system downstream the
precipitator is needed since the temperature necessary to allow the
evaporation of the solvent changes with the precipitation pressure.

SAS (Supercritical Antisolvent)

Supercritical Antisolvent (SAS) precipitation represents an
innovative alternative to the traditional liquid antisolvent technique since it
allows to completely separate the solvent and the antisolvent by pressure
reduction, avoiding post-process treatments. Moreover, the supercritical
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antisolvent is characterized by diffusivities that can be up to two orders of
magnitude larger than those of liquids. At the process conditions, the
supercritical fluid should be completely miscible with the liquid solvent;
whereas, the solute should be insoluble in the mixture solvent/antisolvent.
The solution is atomized in a bulk CO, and the fast mixing/diffusion of
scCO; into the liquid solvent produces the supersaturation of the solute and
its precipitation in micronized particles (Reverchon and De Marco, 2004).

This technique allows the production of different morphologies,
such as microparticles, nanoparticles and expanded microparticles, and to
accurately control of the particle size distribution (PSD).

ELAS (Expanded Liquid AntiSolvent)

Expanded Liquid Antisolvent precipitation (ELAS) is a
modification of the SAS process that allows the processing of
hydrosoluble compounds using a mixture of carbon dioxide and an organic
solvent in expanded liquid conditions (Caputo et al., 2012). Indeed, water
soluble compounds cannot be micronized using the SAS process, because
water shows a very reduced solubility in CO, at ordinary SAS operating
conditions. Adding an organic solvent as co-antisolvent, water solubility is
widely enhanced and, as a consequence, the solute saturates and
precipitates.

SAILA (Supercritical Assisted Injection in a Liquid Antisolvent)

Supercritical Assisted Injection in Liquid Antisolvent (SAILA) is a
technique used for the production of stable aqueous nanodispersion. In this
process, scCO, dissolved in the solution containing the solute to
micronized into a saturator forming an expanded liquid solution, which is.
depressurized directly into water (in which a surfactant can be added)
where the solute is not soluble and the organic solvent is miscible; in this
manner, nanoparticles can be generated (Campardelli et al., 2012).
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Chapter |
Aim of the work

Supercritical Antisolvent (SAS) is a well-known micronization
process, that has been successfully used to obtain micro and nanoparticles
of many compounds belonging to different categories, such as
pharmaceuticals, superconductors, coloring matters, explosives, polymers
and biopolymers (Shariati and Peters, 2003, Hakuta et al., 2003,
Tabernero et al., 2012). Although this technique has been extensively
studied, some process aspects are still unexplored.

Firstly, from SAS literature it has been observed that
microparticles of some compounds can be obtained only using solvents
for which the transition from the two-phase to the single-phase mixing
with supercritical carbon dioxide occurred on a large pressure range, like
for dimethylsulfoxide (DMSO), N-methyl-2-pyrrolidone (NMP) and
ethanol (EtOH). On the other hand, nanoparticles are mainly obtained
from solvents for which the transition occurs on a narrow pressure range
(like acetone, AC), since using solvents with a broad transition zone, very
higher pressure values are needed to reach single-phase mixing. In order
to overcome this limitation, attention has been focused on the study of the
jet behavior of solvent mixtures, using elastic light scattering and Raman
scattering techniques, to understand if the transition between multi-phase
and single-phase mixing of a solvent (such as AC) can be modified by the
presence of a second solvent with a completely different behavior (such
as DMSO, NMP, EtOH). Moreover, some precipitation experiments have
been performed to verify if using solvent mixtures it is possible to obtain
micro and nanoparticles for all the solutes.

Another aspect still little studied in SAS literature regards the
polymer/drug coprecipitation, due to the difficulty to produce composite
microparticles using this technique. Indeed, some authors attempted SAS
coprecipitation but, the obtained particles were generally irregular or
coalescing, with broad particle size distributions, low drug entrapment
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efficiency and, in most cases, the demonstration of the effective
coprecipitation was at least questionable. An explanation of the
coprecipitation mechanism is also missing. In order to overcome these
constraints, the aim of this work was to test the applicability of SAS
process to produce microcomposite coprecipitates and to understand the
possible precipitation mechanisms. For this reason, some precipitation
experiments were carried out to study the effect of all the operating
parameters in order to elucidate the ideal conditions for a successful
coprecipitation using the SAS process.

At last, a further limitation concerns the impossibility of water
soluble compounds processing, because of the very reduced solubility of
water in CO, at ordinary SAS operating conditions. In order to overcome
this limitation, De Marco and Reverchon proposed a modification of
SAS process, called Expanded Liquid Antisolvent precipitation (ELAS),
which allows the processing of hydrosoluble compounds using a mixture
of carbon dioxide and a co-antisolvent, in expanded liquid conditions
(Caputo et al., 2012). On the basis of preliminary studies performed on
bovine serum albumin, the aim of this work was to extend the
applicability of this technique to other hydrosoluble materials, like
proteins, enzymes and polymers and to use different co-antisolvents, like
ethanol, acetone and isopropanol. For each compound, it has been
investigated the effect of all the operating parameters on morphology,
mean size and particles size distribution.
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State of the art of SAS process

The Supercritical Antisolvent (SAS) precipitation has been
successfully used to micronize many compounds belonging to different
categories, such as pharmaceuticals, superconductors, cosmetics,
coloring matters, explosives, polymers and biopolymers (Shariati and
Peters, 2003, Hakuta et al., 2003, Tabernero et al., 2012).

Several particle morphologies have been recurrently obtained by
SAS: nanoparticles with mean diameters in the 30-200 nm range
(Reverchon et al, 2007), microparticles in the 0.25-20 pm range
(Reverchon et al., 2008a), expanded hollow microparticles ( called
balloons) with diameters between about 10 and 200 um (E. Reverchon,
2008) and crystals with micrometric dimensions and various habits (Park
et al., 2007).

In order to describe the SAS process, three aspects and their
interactions have to be considered, which are:
1. high-pressure vapor liquid equilibria (VLEs) of the system
formed by solute, solvent and antisolvent;
2. fluid dynamics of the injected solution in contact with
compressed carbon dioxide;
3. mass transfer to and from the injected solution that causes the
generation of the solute particles.

1.1 High-pressure phase equilibria

SAS process is based on two prerequisites: the solvent and the
antisolvent must be completely miscible at the process conditions and
the solute must be insoluble in the mixture solvent/antisolvent. If this last
condition is verified, the presence of solute can be neglected and the
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fluid phase system formed in the precipitator can be treated as a binary
one.

According to the classification proposed by Van Konynenburg
and Scott (Konynenburg and Scott, 1980), CO, and organic solvents
usually form type-1 systems, as shown in Figure I1.1:

00 02 04 06 08 1.0
X(‘oz
Figure 11.1 VLE of a binary system of type | (Konynenburg and Scott,
1980).

Looking at this diagram, it is possible to identify four different
regions: a supercritical region, which is located at pressures above the
mixture critical point (MCP) of the system solvent-antisolvent and in
correspondence of a molar fraction larger than that of the MCP (region I);
a subcritical gaseous region, located in region Il; an expanded liquid
region located in region Ill; a two-phase region located in region V.
Operating in different regions of the VLE diagram, obviously different
results can be obtained (as shown in Figure 11.2): generally, the
precipitation of nanoparticles has been observed far above the MCP at
fully developed supercritical conditions (point C in Figure 11.1)
(Reverchon et al., 2007); microparticles are obtained near above the MCP
in the transition zone between two and single-phase mixing (point B in
Figure 11.1) (Reverchon et al, 2008a); expanded microparticles are
observed working in subcritical conditions (point A in Figure 11.1) (E.
Reverchon, 2008); crystals are obtained when the operating point falls
within the miscibility hole.
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Figure 11.2 Morphologies obtained by SAS: a) nanoparticles; b)
microparticles; c) expanded microparticles; d) crystals.

1.2 Jetfluid dynamics

For liquid-liquid or liquid-gas systems, depending on the liquid
flow rate, three main regimes of liquid phase dispersion through a nozzle
can be identified: (1) the “dripping” regime, in which drops are formed at
the orifice of the nozzle because of an equilibrium of gravitational and
capillary forces which does not produce atomization; (2) the laminar
regime, in which the jet has a smooth and continuous aspect at the outlet of
the nozzle and there is a quasi-periodic emission of droplets identical in
size at the break-up; (3) the turbulent regime, in which the jet surface
presents irregularities and the droplets formed have different sizes (Badens
et al., 2005). In the case of low Reynolds numbers, the jet is characterized
by axially symmetric disturbances (varicoses) which produce the break-up.
Increasing the Reynolds number, the break-up follows a lateral motion
with increasing amplitude, which leads to the formation of an
asymmetrical jet (E. Carretier, 2003).

The effect of liquid properties and jet velocity on the mechanism
of disintegration of the jet can be studied with a dimensional analysis
approach, using two dimensionless numbers:

e the Reynolds number (Re=Dvp/p) which gives a measure of the
ratio of inertial forces (vp) to viscous forces (WD), and,
consequently, it quantifies the relative importance of these two
kind of forces for given flow conditions;

e the Ohnesorge number (Oh=W,/Dpo ) which relates the viscous
and the surface tension forces, by dividing the square root of
Weber number (We=pv’D/c ) by Reynolds number.
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D is the droplet diameter, p is the density of the fluid, v is its velocity, u is
its viscosity and o is the surface tension.

The best known classification of the free jet flow regimes is the
one proposed by Ohnesorge (1936). He plotted the Ohnesorge number, in
logarithmic scale versus the logarithm of the Reynolds number and
obtained straight boundary lines for the borders “Rayleigh disintegration/
wavy disintegration” and “wavy disintegration/ spray disintegration” at
atmospheric pressure (Figure 11.3).
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Figure 11.3 Reynolds numbervs. Ohnesorge number for the system CO,-
H,O (from (Riestenberg et al., 2004)).

As shown in Figure 11.3, at constant Re number break-up can be
changed from the Rayleigh to the spray regime by decreasing the injector
orifice, since in this manner the Oh number increases. On the other hand,
at constant Oh number, spray or atomization can be achieved only by
increasing flow rate (D. Riestenberg, 2004).

A fluid dynamic interpretation of the SAS process was firstly
proposed by Lengsfeld et al. (Lengsfeld et al., 2000), that studying the
evolution of the liquid surface tension in jets of immiscible, partially
miscible and miscible fluids injected into compressed carbon dioxide,
found that in conditions above the mixture critical point liquid droplets
never form, because the surface tension vanishes before the jet break-up
occurs. Afterwards, Sarkari et al. (Sarkari et al., 2000), Dukhin et al.
(Dukhin et al., 2005, Dukhin et al., 2003), Badens et al. (Badens et al.,
2005), Gokhale et al. (Gokhale et al., 2007), and Obrzut et al. (Obrzut et
al., 2007) studied the jet atomization in pressurized gases, observing that
at pressures slightly above the MCP, a transition between multi-phase
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(formation of droplets after jet break-up) and single phase mixing (no
formation of droplets) takes place, whereas at completely developed
supercritical conditions, turbulent single-phase mixing dominates.

1.3 Mass transfer

In SAS process the mass transfer between the antisolvent and the
liquid solvent is promoted by jet break-up and atomization of the liquid
phase in order to produce a very large contact surface. For this purpose,
different kind of injection devices are described in literature (Teipel,
2006). Droplets diameter depends mainly on Reynolds number,
viscosity, surface tension, operating pressure and temperature. The mass
transfer of scCO, into the droplets is particularly fast, since CO, is
highly soluble in organic solvents and shows gas-like diffusion
properties that are characteristic for supercritical fluids (De Marco et al.,
2012).

Micrometric spherical particles are generated from the
micrometric droplets formed after jet break-up and subsequent
atomization of the liquid phase. The very fast sorption of scCO, in the
liquid phase (and, in a minor extent, the evaporation of the solvent into
the antisolvent) produces the precipitation of the solid. The process is
very fast and the precipitates are amorphous spherical particles since
each droplet works as a micro-precipitator, confined from the
surroundings (at least at the beginning of the process) by the surface
tension of the liquid phase that forces all the material to maintain its
original shape. Spherical microparticles morphology was observed by
SAS only in a limited range of pressure and temperature conditions,
positioned relatively near above the MCP pressure of the system solvent-
antisolvent. At these operating conditions, the interfacial tension of the
injected solution starts from the value typical of the liquid and
progressively reduces to zero when equilibrium conditions are achieved.

In some cases, expanded microparticles were observed, when
SAS process was operated at gaseous conditions, below the MCP of the
system solvent-antisolvent. The formation mechanism for this particle
morphology can be considered a variation of the one proposed for
microparticle formation. At these process conditions, when droplets are
formed by atomization, the diffusion of CO, into the droplets is larger
than the evaporation of the solvent into the bulk CO,; as a consequence,
droplets expand. Therefore, as soon as the mass transfer continues, the
volume of the droplet increases while the residual surface tension allows
the droplets to keep their spherical shape. The solid starts to precipitate
near the internal droplet surface and, then, accumulates forming a solid
shell. In this manner, empty core, expanded microparticles (also called
“palloons™) can be formed. Expanded microparticles (EMP) can be
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characterized by a uniform surface and internal structure or by a
nanostructured surface formed by nanometric particles inter-connected to
form the final structure: these different microstructures can be formed as
a result of different nucleation and mass transfer times (Chavez et al.,
2003b). EMP with the nanostructured surface are also less stable than the
ones with the uniform, smooth structure; therefore, they are more
frequently observed as broken. The nanostructured EMPs tend to break
in form of disconnected nanoparticles; whereas, uniform surface EMPs
break in pieces that maintain the recollection of the spherical structure.
When nucleation is faster than diffusion, the process is characterized by
a diffusion limited precipitation front. In this case, expanded
microparticles with a discontinuous structure, formed by nanoparticles,
were obtained. On the contrary, when the diffusion is fast and the
nucleation slow, the process is characterized by a uniform precipitation
throughout the droplet, that leads to the formation of expanded
microparticles with a continuous surface (E. Reverchon, 2008).

When SAS operation was performed far above the critical
pressure, nanoparticles are formed. Several authors showed that, at these
process conditions, the mixing mechanism between the liquid flow and
the bulk CO, is gas mixing followed by precipitation. In this case,
droplets are not formed at the exit of the injector, since the liquid
solution mixes with the antisolvent in a single phase mixing process,
from which solids can nucleate and grow.

The analysis of microparticle and nanoparticle formation
mechanisms by SAS is, therefore, in favor of jet break-up and mutual
diffusion between the solvent and the antisolvent when microparticles
are formed, and in favor of gas mixing and particle nucleation and
growth, in the case of nanoparticle formation. Since these two
mechanisms operate at two contiguous pressure levels, a competition
occurs between them. To analyze this competition, two characteristic
times were defined: the time of jet break-up (tj,) and the time necessary
for the complete vanishing of the surface tension between the injected
solution and the surrounding antisolvent (ts). When 1), < 14, the jet
breaks-up into droplets and, as a final result, spherical microparticles are
produced; when 14 < Tj, the jet breaks-up (widens) into a single-phase
mixing steam and no droplets are formed and the precipitation is
obtained by gas-to-particles nucleation and growth.
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1.4 Interactions of phase equilibria, jet fluid dynamics and
mass  transfer  during  supercritical  antisolvent
micronization

Elastic light scattering technigue

In order to elucidate the interactions of phase equilibria, jet fluid
dynamics, mass transfer and the characteristics of the generated particles,
jet behaviors during SAS precipitation have been studied using elastic
light scattering (De Marco et al., 2012, Reverchon et al., 2010) technique.
The advantages of optical measurement techniques are their non-invasive
measurement principle (they do not alter the investigated processes), their
high temporal (down to ns) and spatial resolution (down to pm) and their
high sampling rates (up to kHz) (Braeuer et al., 2011).

Elastic light scattering technique was used to investigate the
evolution of the interfacial tension between the injected solvent and the
bulk CO, (De Marco et al., 2012).

In the elastic light scattering, the wavelength of the scattered light
is not altered by the scattering process. When light is scattered from
phase boundary, like for example the formation of a multi-phase flow in
SAS process, this mechanism is called Mie scattering; whereas, when
light is scattered from inhomogeneity, such as composition
inhomogeneities, the mechanism is called Rayleigh scattering.

When the injected solvent into the bulk CO, breaks-up into drops
at a certain distance from the nozzle (Figure 11.4), the first section of the
jet is homogeneous and cannot be detected by the microscope (part a);
after that, the jet begins to be disturbed and Rayleigh scattering signals
are detected (part b); eventually, when drops are formed, Mie scattering
signals from phase boundaries are detected (part c).When the solvent
injected into the bulk CO,, instead, is atomized into small droplets, Mie
scattering signal allows to obtain the image of a white jet (Figure 11.4-2).
On the other hand, when gas mixing occurs, Mie scattering signals are
not produced since there are not phase boundaries, whereas Rayleigh
scattering signal is detected at the edges of the jet and at a certain
distance from the nozzle, since close to it the solvent has not yet mixed
with the bulk CO, and the signal is not observed (Figure 11.4-3).
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Figure I1. 4 Scattering
etal., 2010)).

With the light scattering technique, De Marco et al. (De Marco et
al., 2012) performed jet experiments to analyze fluid dynamic behavior
of the solvents most frequently used in SAS processing: chloroform
(CHF), acetone (AC), N-methylpyrrolidone (NMP), ethanol (EtOH) and
dimethylsulfoxide (DMSO). The jets images that they obtained are
summarized in Figure 11.5:
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Figure 11.5 Jetimages of CHF, AC, NMP, EtOH and DMSO injected at
313 Kwith a flow rate of 2.5 mL/min through the @ = 80 um nozzle into

scCO, (from(De Marco et al., 2012).

In Figure I1.5, the left column shows the jet at subcritical conditions,
where the liquid is atomized into drops; the middle column shows the jet
at conditions near above the MCP of the system solvent/antisolvent,
where there is a transition from a multi-phase to a single-phase mixing
between the liquid and the bulk CO,; the right column shows the jet at
conditions far above the MCP, i.e. in a single-phase mixing. As it is
possible to observe from Figure I1.5the pressure range at which the
transition takes place depends on the type of the solvent used. Indeed, for
CHF the transition is absent and for AC it is very sharp, therefore,
microparticles cannot be produced with SAS process using these
solvents. For the other investigated solvent, instead, the transition occurs
on a wide pressure range, especially in the case of DMSO.

11
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Combined elastic and inelastic scattering

Elastic light scattering technique is useful to study the jet behavior
of solvents in contact with compressed CO, (Reverchon et al., 2010), but
if a solution is injected instead of a solvent, in addition to the signals
from the liquid/fluid interface, there is the presence of the signals from
the solid/fluid interface. In this case, a combination of elastic and
inelastic (Raman) light scattering techniques has to be applied (Braeuer
et al., 2011). These techniques qualify for in situ, two-dimensional and
temporally resolved detection of the location of first particle
precipitation, the partial density of all species in the system, the
supersaturation and the overall mixture composition (Dowy et al., 2011,
Braeuer et al., 2010).

When photons are scattered from a molecule, a part of them is
scattered elastically and a part is scattered inelastically. In this last case
the light is scattered with a higher or a lower wavelength with respect to
the incident light (Raman shift), as shown in Figure 11.6 (Dowy et al.,
2009).

First excited vy
electronic state . Vibration
Vi anergy levels

Energy

W,

Virtual energy level

Raman

= g Fivg
Electronic ¥ Vibration
ground state v energy levels
v Raman-ghift v, = [ {bonding force, molecular waight)

Figure 1l. 6 Principle of Raman scattering, h: Planckis constant, v:
frequency of the light wave, hv: energy of the light wave (from(Dowy et al.,
2009)).

Since a specific “finger print” is associated to each molecule, it is
possible to identify different species from a Raman spectrum.

From the Raman scattering working equation it is possible to
deduce that the Raman signal intensity is a linear function of the
molecular number density n and, therefore, of the partial density p
(Deckeretal., 1998, Guetal., 2000, Mayer et al., 2003, Eckhardt and
Wagner, 1966):

12
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locnop (1)

Determination of the partial density

In order to determine the CO, partial density, the Raman signals of
the solvent and of CO, are measured simultaneously with two cameras.
However, since the Raman signals of the solvent can interfere with the
Raman signal of CO,, a crosstalk correction is carried out. Firstly the
Raman signal of the solvent is detected; then, the Raman signal of CO; is
determined and, finally, from this last value the solvent signal is subtracted
to obtain the pure CO;, signal, as shown in Figure 11.7 (Dowy et al., 2009).

Ethanol
Signal : 50

Figure 11. 7 Crosstalk correction of the CO, Raman signal interfered by
the ethanol Raman signal (from (Dowy et al., 2009)).

Determination of mole fraction

In order to quantitatively characterize the mixing process, a
calibration has to be performed to correlate the measured Raman signal
intensities with the mixture composition.
During the calibration, the temperature and the pressure values are chosen
in order to have a homogeneous system above the MCP. For each
measurement point, a known amount of solvent is sent into the chamber
and the vessel is pressurized with CO, up to the chosen pressure. Knowing
the exact mass of solvent and CO,, measured by a coriolis flow meter for
CO,, it is possible to calculate the mole fraction of the homogeneous
mixture inside the SAS. For each mole fraction, 100 single-shot images
were taken simultaneously with the CO, and solvent Raman cameras. In
the case of a solvent mixture AC/EtOH in contact with compressed CO,,
the detected Raman signal intensities are lco, for CO, and lgont lac for the
solvent mixture. The 100 background corrected single-shot images were
used to calculate a mean Raman intensity image lcoz/(lcoa+leon+lac) and
its standard deviation. As all Raman intensities are directly proportional to
the molecular number densities of the probed species, the Raman intensity
ratio is a function of the CO, mole fraction xco0, (Dowy et al., 2009):

13
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Ico2 ncoz
Icoz+Igton +lac f(nCOZ+"EtOH+"AC) = f(*co2) 2)
Plotting each value of the Raman intensity ratio as a function of the
corresponding CO, mole fraction, it is possible to obtain the calibration
curve. Having calibrated the signal intensity ratio, the calibration data can
be used to determine the mole fraction distribution along the probe volume
during the injection experiment.

Location of first detectable particle generation

When pure solvent is injected into the bulk CO,, the liquid/fluid
interface of the droplets provide elastic light scattering signals, as shown in
Figure 11.8a. when a solution is injected instead of pure solvent the
presence of a new phase boundary, the solid/fluid interface, make the
elastic light scattering signal stronger, as reported in Figure 11.8b. In order
to identify the location of first detectable particle precipitation (LFDPP)
the figures with and without solute are compared: only the pixels in Figure
11.8b that have an intensity value between 10 and 20% higher than the
intensity value of the same pixel in Figure 11.8a are taken into account
(Rossmann et al., 2012). The resulting image is shown in Figure 11.8c.

I 1500 l 1500
25 v 1250 1250

5.0 -1000 -1000

750 -750

10.0 -500 -500

125 <250 -250 ; . i
pure solvent 1 wt% PCM/Ethanol Location of particle
solution generation

Figure 11. 8 Evaluation procedure for the identification of the location
of first detectable particle generation (LFDPP) (from (Rossmann et al.,
2012)).
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Analytical methods

I11.L1  Morphology analyses

I11.1.1 Scanning electron microscope field emission

A Field Emission Scanning Electron Microscope (FESEM model
LEO 1525; Carl Zeiss SMT AG, Oberkochen, Germany) was used to
study the morphology of the produced particles. Samples were
dispersed on a carbon tab, previously stuck to an aluminum stub and
covered with gold (layer thickness 250 A) using a sputter coater
(model 108 A; Agar Scientific, Stansted, United Kingdom).

I11.1.2  Particle size analysis

Particle size distribution (PSD) of the powders were measured
from FESEM photomicrographs using the Sigma Scan Pro Software
(release 5.0, Aspire Software International Ashburn, VA).
Approximately 1000 particles, taken at high enlargements and in
various locations inside the precipitator, were analyzed in the
elaboration of each particle size distribution. Histograms representing
the particle size distribution were fitted using Microcal Origin
Software (release 8.0, Microcal Software, Inc., Northampton, MA).
The PSDs of the particles were also calculated by dynamic laser
scattering (DLS) using a Zetasizer (NanoZS Malvern Instrument, UK)
equipped with a He-Ne laser operating at 4.0 mW and 633 nm, that
measures the hydrodynamic diameter of the particles. To perform
these measurements, particles were suspended in a dispersant solvent,
which varies depending on the analyzed solute.
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1.2 Solid state analyses

111.2.1 X-Ray Diffraction (XRD)

X-ray diffractograms of the samples were recorded using an X-ray
powder diffractometer (model D8 Discover; Bruker, USA) with a Cu
sealed tube source. Samples were placed in the holder and flattened
with a glass slide to ensure a good surface texture. The measuring
conditions were: Ni-filtered CuKa radiation, A=1.54 A, 20 angle
varying in a range which depend on the kind of solute, with a scan rate
of 0.3 s/step and a step size of 0.02°.

111.2.2 Differential scanning calorimetry (DSC)
Thermograms of the samples were obtained using a differential
scanning calorimeter (DSC, model TC11, Mettler Toledo, Inc.,
Columbus, USA) using Mettler STARe system. Fusion temperature
and enthalpy were previously calibrated with an indium standard
(melting point, 429.6 K, enthalpy of fusion 28.52 J/g). Powder samples
(5 £ 0.5 mg), prepared in duplicates, was accurately weighed, crimped
in an aluminum pan and heated in a temperature range depending on
the analyzed material at 5 K/min under a nitrogen purge (50 mL/min).

1.3 Stability and denaturation analyses

111.3.1 Fourier transform infrared FT-IR

Fourier transform infrared (FT-IR) spectra were obtained via
M2000 FTIR (MIDAC Co, Costa Mesa, CA), at a resolution of 0.5
cm™. The scan wavenumber range was 4000-400 cm™, and 16 scan
signals were averaged to reduce the noise. The powder samples were
ground and mixed thoroughly with potassium bromide (KBr) as
infrared transparent matrix. KBr discs were prepared by compressing
the powders in a hydraulic press. Composition bands of the amide |
band were determined using the inverted second derivative and all
spectra were smoothed using a 13-point Savitzky—Golay smoothing
function to remove white noise.

111.3.2  High Performance Liquid Chromatography

The influence of the process on the solute degradation was
measured using HPLC analysis (model 1200 series; Adgilent
Technologies Inc., ltaly). The elution was obtained using a column
filled with a solid adsorbent material, whose model varies according to
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the analyzed material. The column was equilibrated with a mobile
phase consisting of one or more eluents. The solute was dissolved in a
proper solvent, filtered with a 0.2 um membrane syringe and detected
at a wavelength that is specific for the analyzed material. All
chromatographic analyses were carried out at room temperature.

111.3.3 Enzymatic activity

Enzymatic activity was determined using the decrease in the optical
dispersion at 450 nm of a Micrococcus lysodeikticus suspension,
according to the method proposed by Shugar (Shugar, 1952). It
consists of the preparation of a dispersion of Micrococcus
lysodeikticus in a 66 mM phosphate buffer pH 6.2 (0.36 g/L); 0.1 mL
of the enzyme containing solution (1 mg/mL) were added to 2.7 mL of
this suspension. The decrease in 3 min of the ODysonm Was monitored.
Absorption spectra were acquired using a UV-vis Cary 50
spectrophotometer (Varian, Milan, Italy).

111.3.4 Active principle ingredient entrapment efficiency and
release

Drug entrapment efficiency and powder dissolution studies were
performed using an UV-vis spectrophotometer (model Cary 50,
Varian, Palo Alto, CA). Accurately weighted samples containing an
equivalent amount of APl were suspended in 1.5 mL of phosphate
buffered saline solution (PBS) with 0.5% of Tween-80 and placed into
a dialysis sack; it was then incubated in 300 mL of PBS at pH 7.0,
continuously stirred at 250 rpm and 310 K. Each analysis was carried
out in triplicate and the proposed curves are the mean profiles. API
entrapment efficiency was calculated by UV-vis analysis, measuring
the absorbance obtained in the release medium at the end of the drug
release; i.e., when all API was released from the microspheres to the
outer water phase. The absorbance was, then, converted into API
concentration, using a calibration curve.

1.4  Solvent residue analysis

Solvent residues were measured using a headspace sampler (model
7694E, Hewlett Packard, USA) coupled to a gas chromatograph
equipped with a flame ionization detector (GC-FID, model 6890 GC-
SYSTEM, Hewlett Packard, Agilent Technologies Mfg. Gmbh & Co.
KG, USA). The solvents were separated using two fused silica
capillary columns connected in series by press-fit: the first column
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(model Carbowax EASYSEP, Stepbios, Italy) connected to the
detector, 30 m length, 0.53 mm id., 1 pm film thickness and the
second (model Cp Sil 5B CHROMPACK, Stepbios, Italy) connected
to the injector; 25 m length, 0.53 mm i.d., 5 pm film thickness. GC
conditions were: oven temperature at 433 K for a total time equal to
8.8 min. The injector was maintained at 523 K (split mode, ratio 5:1),
and helium was used as the carrier gas (2 mL/min). Headspace
conditions were: equilibration time, 9 min at 443 K; pressurization
time, 0.3 min; loop fill time, 0.4 min. Head space samples were
prepared in 20 mL vials filled with 50 mg of drug dissolved in water.
Analyses were performed on each batch of processed drug, in
triplicates.
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Study of the precipitation
mechanisms involved in SAS
Process

IV.1 Study of jet behavior of solvent mixtures

Materials

Acetone (AC, purity 99.8 %), ethanol (EtOH, purity 99.8 %),
dimethylsulfoxide (DMSO, purity 99.5 %), N-methyl-2-pyrrolidone
(NMP, purity 99.0 %), were supplied by Sigma-Aldrich (Italy). Carbon
dioxide (CO,, purity 99 %) was purchased from S.O.N. (Societa
Ossigeno Napoli). All materials were used as received.

IV.1.1 Elastic light scattering

Elastic light scattering setup

A light scattering setup was used to investigate the behavior of the
injected solvent and the evolution of the interfacial tension between the
injected solvent and the bulk CO,; it was coupled to the SAS apparatus as
schematized in the right part of Figure 1V.1. The description of the
apparatus is taken from (Reverchon et al., 2010). The solvent jet was
illuminated by a high power white light source from a certain angle from
below via a mirror. A long distance microscope was used to image the jet
on the camera by detecting the light scattered elastically in backward
direction. The exposure time of the camera had to be set below 50 s to
acquire sharp images. Longer exposure times are too long to freeze the
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turbulent motion of the jet and consequently result in smeared images. To
compensate the low signal levels detectable during exposure times shorter
than 50 ps, 4 pixels of the camera chip were binned together to one
superpixel (two in horizontal direction and two in vertical direction).
After binning, the camera chip of 1376 (vertical) times 1056 (horizontal)
single pixels can be considered to be composed of 688 (vertical) times
528 (horizontal) pixels. With the long distance microscope 25 cm away
from the jet center axis, an approximately 1.7 mm wide and 2.3 mm high
section of the jet center plane directly below the nozzle exit could be
observed. Consequently, an area of 3.3 times 3.3 pm’ is imaged onto one
binned superpixel. Summarizing all, these measures allowed the detection
of reliable signal levels at sufficiently short exposure times with a still
sufficiently high local resolution.
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Figure IV. 1 Schematics of the optical setup(from (Reverchon et al.,
2010)).

Comparison of jet behavior of solvent mixtures AC/DMSO,
AC/EtOH and AC/NMP

The evolution of the interface between the injected solvent and the
scCO, was analyzed for the solvent mixtures AC/DMSO, AC/EtOH and
AC/NMP for different mixture compositions and varying the operating
pressure from subcritical to supercritical conditions using the elastic light
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scattering technique, previously discussed. All the experiments were
carried out at 313 K, using an 80 um diameter nozzle, with a liquid flow
rate of 2.5 mL/min and with a CO, flow rate equal to 7 kg/h (to obtain a
mole fraction of CO, in the precipitator equal to 0.99). These process
conditions assure that, independently of the pressure, the operating point
is located outside the miscibility gap of the system CO,-mixture of
solvents. Figure 1V.2, IV.3 and 1V.4 show jet images of solvent mixtures
of AC/DMSO, AC/EtOH and AC/NMP, respectively, in scCO, at the
previously indicated process conditions. The left column shows jet
images at subcritical conditions (pressures lower than the mixture critical
point) at which a two-phase mixing between the liquid phase and the
bulk CO, takes place. At subcritical conditions, when the jet break-up
occurs, the liquid jet is atomized into droplets; the interfacial tension
vanishing time t; is higher than the jet break-up time T, therefore,
mixing occurs in a two-phase flow (liquid droplets mixed with bulk
carbon dioxide). The right column shows jet images where mixing
occurs in a single-phase flow, typical of completely developed
supercritical conditions. Indeed, in this case, the interfacial tension
between the solvent and the bulk CO, has reached the zero value before
the jet break-up. Therefore, liquid droplets do not form and a completely
developed single-phase mixing can be observed. The minimum pressure
at which no phase boundaries (droplets) are detectable is the one
indicated in the images represented in the right column of Figure 1V.2,
IV.3 and IV.4. The jet images reported in the middle column are related
to the transition from a two-phase to a single phase mixing flow that, in
terms of pressure range, depends on the kind of solvent. In the region of
transition, the two-phase mixing flow can be observed in the vertical
center of the jet (high elastic light scattering intensities can be detected
from interfaces), whereas a single-phase mixing flow can be observed in
the outer jet mixing regions (low elastic light scattering intensities can be
detected from refractive-index-gradients).

Summarizing, adding a narrow transition solvent (AC) to another
solvent (like DMSO, EtOH or NMP), the pressure at which the transition
from a two-phase to a single-phase mixing flow takes place decreases, if
compared to the pressure at which this transition occurs when these
solvents are used alone.
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AC/DMSO mixtures
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Figure 1V. 2 Jet images of solvent mixtures of DMSO and AC injected at
313 K with a flow rate of 2.5 mL/min through a @ = 80 um nozzle into

scCO, (De Marco et al., 2012).
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In order to observe the differences in the mixing behavior between
the pure solvents and the AC/DMSO mixtures in contact with compressed
CO,, Figure 1.6 and Figure IV.2, have to be compared. From this
comparison emerges that at 8.5 MPa, while pure AC jet was in the
transition region, all mixtures are still in the two-phase region; on the other
hand, at 10.0 MPa, while pure DMSO was in transition, the mixtures are
already in single-phase region. Moreover, comparing the width of the
transition region among the different AC/DMSO mixtures, it was possible
to observe that this range enlarges increasing the DMSO content.
Therefore, at pressures near above the MCP the mixing behavior is
governed by DMSO, whereas far above the MCP the mixing behavior is
governed by AC.
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Figure 1V. 3 Jet images of solvent mixtures of EtOH and AC injected at
313 Kwith a flow rate of 2.5 mL/min through a @ = 80 um nozzle into
scCO, (De Marco et al., 2015).
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In Figure IV.3, it can be observed that all the mixtures formed by
AC and EtOH at 8.0 MPa are in the two-phase mixing region. Increasing
EtOH content, the transition region from two-phase to one-phase
behavior widens from 8.6 MPa for pure AC to 9.0 MPa for pure EtOH
and the mixture containing 70 % EtOH.
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AC/NMP mixtures
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Figure 1V. 4 Jet images of solvent mixtures of NMP and AC injected at
313 K with a flow rate of 2.5 mL/min through a @ = 80 pum nozzle into
scCO, (De Marco et al., 2015).

In Figure 1V.4, the jets of the mixtures formed by acetone and
NMP, when in contact with scCO,, are shown. Also in the case of the
mixture formed by these two solvents, at 8.0 MPa, a two-phase mixing
can be detected for all the mixture compositions. Increasing NMP
content (whose transition region from two-phase to one-phase mixing
behavior is wider with respect to pure EtOH), it can be noted that the
span of the transition region from two-phase to one-phase behavior
increases from 8.6 MPa (pure AC) to 9.7 MPa (for 70 % NMP). For
pressures larger than 9.2 MPa (in the case of AC-rich mixture) and 9.7
MPa (in the case of the NMP-rich mixture) no signals originating from
two-phase mixing zones are detectable; therefore, one-phase mixing
occurred.
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IV.1.2 Combined elastic and inelastic light scattering

Combined elastic and inelastic light scattering setup

In combined elastic and inelastic light scattering setup a three-
camera system is used. The description of the apparatus is taken from
(Dowy et al., 2010). Two cameras are required to detect the inelastic
Raman signals, which are scattered from the organic solvent and the CO,
molecules and, therefore, indicate the distribution of the solvent and the
antisolvent. The third camera is taken to detect the elastic light scattering,
which comes from phase boundaries and, therefore, indicates the presence
of a multi-phase flow. The light scattering processes are excited with a
pulsed frequency-doubled Nd:YAG laser with maximum irradiation of 650
mJ per laser pulse at a wavelength of 532 nm, a temporal pulse width of 10
ns (FWHM) and a beam diameter of 9 mm.
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Figure IV. 5 Schematic of the experimental setup, (M: mirror, BS: beam
splitter, SL: spherical lens, CL: cylindrical lens, BD: beam dump, DM:
dichroitic mirror, NDF: neutral density filter, BPF: band pass filter, LPF:
long pass filter, EMCCD-C: electron multiplying charge coupled device
camera) (from (Dowy et al., 2010)).

On the detection side, three electron multiplying charge coupled
device (EMCCD) cameras equipped with CCD chips of 658x496 pixels
were used with a 2x2 binning for image acquisition. The area of 135
pmx135 um from the observation plane (laser light sheet) inside the SAS
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chamber was imaged onto one binned pixel of the CCD-chip. For the
separation of the Raman and the Mie signals, two dichroitic long pass
beam splitters were integrated into the detection path. The first beam
splitter separates the elastically scattered light at 532 nm from the Raman
signals of organic solvent and CO, which are shifted to larger wavelengths.
The second dichroitic long pass beam splitter separates the CO, vibrational
Raman signal at 574.4 nm from the CH vibrational Raman signal of
ethanol at 630.2 nm. As the elastic scattering process is more intense by
several orders of magnitude than the inelastic Raman scattering process,
the elastically scattered light was attenuated by neutral density filters
mounted onto the object lens of the respective camera. The suppression of
interferences from elastically scattered and reflected laser light is one of
the main challenges in Raman imaging. Therefore, each Raman camera is
equipped with a combination of a long pass filter and a narrow band pass
filter, which is adjusted to the particular Raman signal wavelength of CO,
and solvent. The long pass filter suppresses the elastic light scattering
interferences, whereas the narrow band pass filter assures the pure
detection of the corresponding Raman signal. The CO, band pass filter has
a bandwidth (FWHM) of 1 nm with a transmission of 31 % and the CH
band pass filter has a bandwidth (FWHM) of 10 nm with a transmission of
17 %. In order to obtain information on the composition distributions and
phase boundaries in the highly dynamic SAS mixing process, a two
dimensional Raman and an elastic light scattering technique is applied.

For the experimental determination of the jet breakup, the phase boundary
or interface between the injected liquid solution and the supercritical CO,
is the most appropriate variable that can be considered. The relaxation of
this phase boundary from the nozzle exit hole downstream is a transient
process and depends on the diffusion between the solvent and the
compressed CO, (Dukhin et al, 2003). According to equilibrium
thermodynamics, the phase boundary does not exist above the mixture
critical point. Due to non-equilibrium conditions during mixing, the
transient phase boundary weakens between the inlet of the liquid and its
transformation to a gas-like mixture. Parallel with the decrease of the
phase boundary, jet breakup of the destabilized jet and disintegration of the
liquid solution takes place (Bellan, 2000). In the performed experiments,
the transient interface of the injected liquid solution disappears within a
short distance to the nozzle exit.

From a thermodynamic perspective, nucleation from a
homogenous supersaturated solution is described by an increase in the
Gibbs free energy for the formation of the nucleus solid surface and a
decrease in free energy for the phase transformation (Myerson, 1993). The
rate of nucleation and the critical size of the stable nucleus are related to
the level of supersaturation, which — under these circumstances - is the
driving force for particle formation (Bristow et al., 2001, Mukhopadhyay
26
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and Dalvi, 2005). Crystallization is a two-step process, which incorporates
nucleation and growth. The critical nucleus is a threshold size for which
the smaller ones disappear and the larger ones grow (Debenedetti, 1990).
The optical Mie scattering method applied does not allow to resolve
individual nuclei and their origin. Nevertheless, it is able to provide
evidence of the presence of particles in fluids down to 50 nm. The light
intensity from a particle-laden bulk fluid is dependent on the size and the
number density of the solid scatters. Information about the location of
particle nucleation and growth can be extracted from the Mie signals
(Dowy et al., 2010, Rossmann, 2015).

Combined elastic and inelastic scattered light measurements

With the combined elastic and inelastic light scattering setup, it is
possible to study the behavior of the system solvent mixture+CO,+solute
during SAS process. During the experiments, it was measured the CO,
molar fraction (Xco,) over the detected area (in and around the jet) and the
location of first detectable particle precipitation (LFDPP), varying the
pressure from 7 to 16 MPa at 313 K. The PVP concentration was fixed
equal to 0.5 % wt, whereas different mixtures of ethanol and acetone were
used as solvent. Indeed, ethanol is a good solvent for PVVP whereasacetone
a poor one; the solvation power of the EtOH/AC 50/50 wt % mixture is
between the ones of the pure solvents. In particular, it was analyzed the
behavior of the jet for injected solutions containing PVP in: pure EtOH,
EtOH/AC 50/50 % mixture, EtOH/AC 30/70 % mixture, EtOH/AC 5/95 %
mixture. The solution flow rate was fixed at 2 mL/min with a CO, flow
rate of 200 g/min and, in order to have a constant CO, molar fraction Xco:,
it was considered only the second click of the cameras after taking the
background (100 photos were taken for a good resolution of the images).

Effect of the operating pressure

The first effect taken into account was the pressure; in fact,
experiments from 7.5 to 16 MPa were performed, injecting a solution of
PVP dissolved in the mixture EtOH/AC 30/70 %. In Figure IV.6 it is
possible to observe the different shape and length of the LFDPP in
correspondence of some pressure values.
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Figure 1V. 6 LFDPP of PVP in EtOH/AC 30/70 % obtained at 313 K, with a
PVP concentration of 0.5 % wt, a solution flow rate of 2 mL/min, a CO, flow
rate of 200 g/min and varying the operating pressure from 7.5 MPa to 14

MPa.

At 7.5 MPa, the operating point is located below the mixture
critical point (MCP) of the system solvent/CO,; indeed the jet disintegrates
into large drops after jet break-up. Looking at the other pressures, we can
observe that the liquid/fluid interface disappears faster when we have a
higher pressure; in fact, the LFDPP at 14 MPa is smaller than that obtained
at 8.0 MPa. We can conclude that at higher pressure the formation of the
particles occurred closer the nozzle exit.

Plotting the length of the LFDPP as a function of the pressure, we can see
a decrease of the LFDPP when the pressure increases, as reported in Figure

IV.7.
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Figure IV. 7 Length of the LFDPP of PVP in EtOH/AC 30/70 % obtained at
313 K, with a PVP concentration of 0.5 % wt, a solution flow rate of 2
mL/min, a CO, flow rate of 200 g/min and varying the operating pressure
from 7.5 MPa to 14 MPa.

Effect of the mixture composition

Afterwards, the effect of the mixture composition was studied,
keeping constant the pressure at 10 MPa. In this set of experiments, the
LFDPP of PVP in pure EtOH, in the mixture EtOH/AC 50/50 % and in
EtOH/AC 5/95 was determined. The images obtained elaborating the data
of these experiments are reported in Figure 1V.8.

P=10 MPa
—_ 0.0 0.0 0.0 [em]
— 0.5 0.5 0.5
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Figure 1V. 8 LFDPP of PVP in different mixtures of EtOH and AC at 313K,
10 MPa, with a PVP concentration of 0.5 % wt, a solution flow rate of 2
mL/min and a CO, flow rate of 200 g/min.
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In the diagram reported in Figure 1V.9 the length of the LFDPP as
a function of the mixture composition is reported. It is possible to observe
that the length decreases when the amount of AC increases, probably this
depends on the poor affinity of PVVP towards acetone.
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Figure 1V. 9 Length of the LFDPP of PVP varying the AC content in the
mixture EtOH/AC at 313K, 10 MPa, with a PVP concentration of 0.5 % wt,
a solution flow rate of 2 mL/min and a CO, flow rate of 200 g/min

Plotting the CO, molar fraction measured into the jet as a function
of AC content, it was observed that Xco, decreases when the amount of
acetone in the mixture increases.
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Figure 1V. 10 CO, molar fraction (Xco2) varying the AC content in the

mixture EtOH/AC.
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CO, molar fraction in the acetone jet is Xco, = 0.965, whereas the
molar fraction in the ethanol jet is Xco, = 0.985. From these information it
is possible to deduce that in presence of a good solvent for the solute, the
amount of antisolvent needed for particle precipitation is higher than the
amount of CO, needed in presence of a poor solvent. The value of CO,
molar fraction when EtOH/AC 50/50 % is used as solvent is not
intermediate between the values obtained for the pure solvent, but it is
close to the one of acetone, i.e. Xco, = 0.968. This experimental evidence is
probably due to the fact that the solubility of PVP in the solvent mixture is
affected more by acetone than ethanol.

IV.2 SAS precipitation experiments

Materials

Cellulose acetate (CA, MW = 50000 g/mol), polyvinylpirrolidone
(PVP, MW = 10000 g/mol), acetone (AC, purity 99.8 %), ethanol (EtOH,
purity 99.8 %), dimethylsulfoxide (DMSO, purity 99.5 %), N-methyl-2-
pyrrolidone (NMP, purity 99.0 %), were supplied by Sigma-Aldrich
(Italy). Carbon dioxide (CO,, purity 99 %) was purchased from S.O.N.
(Societa Ossigeno Napoli). All materials were used as received.

SAS apparatus

In Figure 1V.11, a scheme of the SAS laboratory plant used for the
experiments is reported. It consists of two high pressure pumps used to
deliver the liquid solution and supercritical CO,, respectively. A
cylindrical vessel of 500 cm?® internal volume (1.V.) (i.d. =5 cm) is used
as the precipitation chamber. The liquid mixture is delivered to the
precipitator through a thin wall 100 pm internal diameter stainless steel
nozzle. Supercritical CO,, after a preheating, is co-currently delivered to
the precipitator through another port located on the top of the vessel.
Pressure is measured by a test gauge manometer and regulated by a
micrometering valve located at the exit of the precipitator. Temperature
is set by a PID controller connected with electrically thin bands. A
stainless steel frit (pore diameter of 0.1 pum) located at the bottom of the
precipitator is used to collect the produced powder, allowing the CO,-
solvent-solution to pass through. A second collection vessel located
downstream the micrometering valve, whose pressure is regulated by a
backpressure valve, is used to recover the liquid solvent. At the exit of
the second vessel, CO, flow rate and the total quantity of antisolvent
delivered, are measured by a rotameter and a dry test meter, respectively.
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Figure IV. 11 Schematic representation of a SAS apparatus. S1: CO,
supply; S2: liquid solution; RB: refrigerating bath; P1, P2: pumps; TC:
thermocouple; M: manometer; PV: precipitation vessel; MV:
micrometering valve; LS: liquid separator; BPV: back pressure valve; R:
rotameter; DM: dry test meter.

SAS procedure

A SAS experiment begins delivering CO, to the SAS vessel until
the desired pressure is reached; then, pure solvent is sent through the
nozzle to the vessel for at least 15 min. When a quasi-steady state
composition of solvent and antisolvent is realized inside the SAS vessel,
the flow of the solvent is stopped and the liquid solution is delivered
through the nozzle, producing the precipitation of the solute.
At the end of the solution delivery, supercritical CO, continues to flow,
to wash the precipitator, eliminating the solution formed by the liquid
solubilized in the supercritical antisolvent. If the final purge with pure
CO, is not performed, the organic solvent contained in the fluid phase
condenses during the depressurization step and can solubilize or modify
the precipitates. At the end of the washing step, CO, flow is stopped and
the precipitator is depressurized down to atmospheric pressure.

IV.2.1  SAS precipitation experiments on PVP

Solubility tests performed at room temperature showed that PVP
solubility in AC, identified as a “poor solvent”, is about 10 mg/mL;
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whereas, its solubility in the so-called “good solvents” is about 200
mg/mL in EtOH, 250 mg/mL in DMSO and 350 mg/mL in NMP. SAS
experiments were, then, performed, precipitating PVP from mixtures, at
different compositions, of AC/EtOH, AC/NMP and AC/DMSO.
Preliminary tests showed that, when processed by SAS using EtOH,
DMSO or NMP (solvents in which PVP is very soluble), PVP always
precipitated in the form of microparticles, even at pressures well above
the mixture critical point (MCP) of the systems organic solvent/carbon
dioxide, corresponding to well-developed supercritical conditions. We
may hypothesize that the addition of PVP strongly modifies the mixing
behaviour and enlarges the transition region from two-phase to one-
phase mixing regime. To control PVP particle size and eventually
produce nanoparticles, we added acetone that features two characteristics
as previously mentioned:

(1) AC is a “poor solvent” with respect to PVP;

(2) AC shows a sharp transition region between two-phase and one-

phase mixing behavior.

The experiments were carried out at 10 MPa, 313 K, PVP
concentration in the liquid solution (50 mL injected for each experiment)
equal to 1 % wt, liquid flow rate equal to 2.5 mL/min, and a CO, molar
fraction of 0.99. A list of the experiments performed indicating the
solvent-mixtures used (and the related compositions), the morphology
obtained, the mean diameter (m.d.) and the standard deviation (s.d.), is
reported in Table I1V.1. All the experiments were performed in
triplicates.

Table 1V.1 SAS experiments performed on PVP at 313 K, 10 MPa and 1%
wt (NP: nanoparticles; MP: microparticles; SMP: sub-microparticles).

Solvent
# Solvent mixture Morph m.d. s.d.
composition pm pm

mass %
1 AC/EtOH pure ETOH MP 242 154
2 30/70 SMP 0.58 0.26
3 50/50 SMP 0.43 0.21
4 70/30 NP 0.22 0.16
5 AC/DMSO pure DMSO MP 3.80 241
6 30/70 NP 0.28 0.04
7 50/50 NP 0.25 0.09
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8 70/30 NP 0.16 0.04
9 AC/NMP pure NMP MP 1.55 0.48
10 30/70 NP 0.31 0.14
11 50/50 NP 0.22 0.03
12 70/30 NP 0.11 0.03

The first set of experiments was performed using pure ethanol and
the mixtures AC/EtOH at different percentages of the two solvents (# 1-4
in Table 1V.1), to evaluate the effect of the content of AC in the mixture on
PVP morphology and on the mean size of the particles. It is possible to
observe that using pure ethanol (Figure 1V.12a), well separated spherical
microparticles were obtained; whereas, using EtOH/AC mixtures (the
images reported in Figures 1V.12b-1V.12d are taken at the same
magnification), sub-microparticles and nanoparticles were produced; in
particular, increasing the content of AC, the mean particle sizes decreases
and the particle size distributions shrinks.
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g

Figure 1V. 12 FESEM images of PVP precipitated at 313 K, 10 MPa, 1% wt
fromdifferent AC/EtOH mixtures percentages: (a) 0/100 (w/w); (b) 30/70
(w/w); (c) 50/50 (w/w); (d) 70/30 (wiw).
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The contribution of Acetone in the reduction of particles mean size
is also evident from the particle size distributions (PSDs) reported in
Figure 1V.13.
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Figure 1V. 13 Volumetric particle size distributions of PVP precipitated at
313 K, 10 MPa, 1% wt from pure EtOH and from different AC/EtOH
mixtures percentages.

When DMSO and AC/DMSO mixtures were used (# 5-8 in Table
IV.1), we also observed that acetone acted as a morphology modifier,
leading to the production of nanoparticles; again, increasing acetone
content in the mixture, the mean size of PVP particles decreased.

In the case of PVP precipitated from NMP and from AC/NMP
mixtures, the same proportions of the two solvents were used (# 9-12 in
Table 1V.1), as in the previous set of experiments. The obtained results
followed the same trend of the particles obtained from the mixtures
AC/EtOH and AC/DMSO. Particle mean diameter decreased and PSDs
sharpened, increasing the percentage of AC in the solvent mixture. A
comparison of FESEM images and PSDs of particles obtained from pure
NMP and from the mixture AC/NMP 50/50 is reported in Figures
1V.14a-1V.14c.
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Figure 1V. 14 PVP precipitated at 313K, 10 MPa, 1% wt. (a-b) FESEM
images from pure NMP (a) and AC/NMP 50/50 (b); (c) volumetric
particle size distributions.

For all the performed experiments, the yield of the process was
about 90 %.

Summarizing the results, these experiments showed that the use of
proper solvent mixtures is effective in the production of nanoparticles of
PVP that have never before been obtained by SAS, using pure solvents.
In particular, ethanol and acetone show a similar behavior from the point
of view of mixing regimes. Therefore, the decrease of PVP mean particle
size and the shrinkage of the particle size distribution is in agreement
with the “poor solvent”-“good solvent” interpretation (Dukhin et al.,
2003). Adding acetone, that is a “poor solvent™ with respect to PVP, the
polymer tends to reject acetone molecules, precipitating in a more
compact conformation; therefore, particles with a smaller mean particle
size were obtained.

In the case of the AC/DMSO and AC/NMP mixtures, the addition
of acetone has a double-effect: it is a “poor solvent” with respect to PVP
and it is a “narrow transition solvent” from two-phase to one-phase
mixing, if compared to DMSO and NMP. Therefore, adding acetone to
DMSO and NMP produced a more distinct effect. As indicated in Table
IV.1, in these cases, smaller nanoparticles, compared to the ones
obtained for PVP precipitated from the AC/EtOH mixture, were
produced. This more distinct effect can be explained also considering
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that PVP solubility in DMSO and NMP (and, consequently, in
DMSO/AC and NMP/AC mixtures) is higher with respect to PVP
solubility in EtOH and EtOH/AC mixtures. Therefore, when precipitated
from EtOH/AC mixtures, PVP nucleation early occurs, because the
supersaturation is earlier reached with respect to DMSO/AC and
NMP/AC mixtures; therefore, growth phenomenon is favored and higher
mean diameters are obtained.

Analyses

Differential scanning calorimetry (DSC) thermograms of untreated
and SAS processed PVP samples are shown in Figure 1V.15. The DSC
diagrams show a broad endothermic peak ranging from 323 to 403 K for
all the samples, which indicates the loss of water due to the hygroscopic
nature of PVP. This analysis indicates that the SAS process did not alter
the product structure.

Unprocessed PVP
AC-NMP
AC-EtOH

AC-DMSO

320 340 360 380 400 420 | 440

Heat flow —p

Temperature, K

Figure 1V. 15 Differential scanning calorimetry thermograms for
unprocessed and SAS processed PVP using the different mixtures.

X-ray diffraction (XRD) analyses of untreated and SAS processed
PVP samples were carried out to evaluate the presence of possible
crystalline modification as a consequence of the processing. XRD
patterns are reported in Figure 1V.16; they show very broad peaks,
suggesting that no changes occurred in the amorphous structure of the

polymer.
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Figure 1V. 16 XRD analysis of unprocessed and SAS processed PVP
using the different mixtures.

Solvent residue was analyzed to verify that it was lower than the
Food and Drug Administration (FDA) limit, that, according to the USP
467 for the residual solvents, is equal to 530 for NMP (belonging to class
2), and to 5000 ppm for AC, DMSO and EtOH (belonging to class 3).
These analyses revealed that the solvent residue was around 1300 ppm in
the case of AC, 2000 ppm in the case of EtOH, 3000 ppm in the case of
DMSO and 100 in the case of NMP, therefore, it is, in any case, below
the allowed limits.

IV.2.2  SAS precipitation experiments on CA

The aim of this part of the thesis was to verify if solvent mixtures
of DMSO/AC can produce microparticles of a model compound,
cellulose acetate (CA), thus extending the versatility of SAS in terms of
morphologies produced to other solutes. This polymer, when SAS
processed using acetone, never produced microparticles (De Marco and
Reverchon, 2011b).

SAS experiments were performed at pressures ranging between 85
and 15.0 MPa, concentrations between 20 and 60 mg of CA per mL of
liquid solvent, temperature of 313 K, and a nozzle diameter for the liquid
solution of 100 um. The liquid solution flow rate was fixed at 1 mL/min,
the ratio between CO, flow rate and liquid flow rate (R) was set equal to
30 on a mass basis and the CO, molar fraction was equal to 0.98. Table
IV.2 reports a list of the experiments performed, indicating all the
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operating  conditions
volume/volume), the morphology obtained, the mean diameter and the
standard deviation of the particles.

(mixture

percentages

are

expressed

as

Table 1V.2 SAS experiments performed on CA at 313 K (NP: nanoparticles;
MP: microparticles).

# Solwvent C, P, Morph m.d., s.d.,
mg/mL MPa pm pm

1 AC 20 9.0 NP 0.095 0.024

2 DMSO - - -

3 DMSO/AC NP 0.184 0.054
25/75

4 DMSO/AC MP 0.233 0.050
50/50

5 DMSO/AC MP - -
75125

6 AC 40 9.0 NP 0.170 0.110

7 DMSO/AC MP 0.353 0.166
25/75

8 DMSO/AC MP 0.405 0.167
50/50

9 DMSO/AC MP - -
75125

10 AC 60 9.0 NP 0.210 0.059

11 DMSO/AC MP 0.512 0.444
25/75

12 DMSO/AC MP 0.672 0.059
50/50

13 DMSO/AC MP - -
75125

14 AC 40 85 NP 0.206 0.093

15 DMSO/AC MP 0.403 0.160
25/75

16 DMSO/AC MP 0.424 0.155
50/50

17 DMSO/AC MP - -
75125

18 AC 40 10.0 NP 0.099 0.029

19 DMSO/AC NP-MP 0.198 0.078
25/75

20 DMSO/AC MP 0.300 0.188
50/50

21 MP - -

22 DMSO/AC 12.0 NP-MP 0.235 0.091

23 75125 15.0 NP-MP 0.218 0.089
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Effect of solvent mixture at different liquid concentration

The effect of the different percentages of DMSO/AC in the
solvent mixture and at different liquid solution concentrations was
evaluated at a pressure of 9.0 MPa.

Experiments at 20 mg/mL

Considering that, in correspondence of this concentration,
cellulose acetate is also soluble in DMSO, we performed this set of
experiments for AC, DMSO and at all the mixture ratios; i.e., DMSO/AC
75/25, 50/50 and 25/75 (V/v).

Nanoparticles with a narrow size distribution were precipitated
from pure acetone on the bottom of the chamber (#1 in Table 1V.2). In
correspondence of the nozzle nanostructured filaments were recovered,;
this result confirmed results previously proposed in literature (De Marco
and Reverchon, 2011b) for cellulose acetate precipitated from acetone.
SAS experiment performed using DMSO as the liquid solvent (# 2 in
Table 1V.2), produced micrometric particles characterized by a strong
coalescence; due to this phenomenon, it was not possible to obtain a
reliable measure of the mean diameter and distributions of these
particles.

The use of mixtures AC/DMSO (#5 in Table 1V.2) produced, instead,
intermediate results in terms of morphology. Indeed, increasing the
content of DMSO in the processed solution, the mean diameter of the
particles increased and microparticles were obtained from the mixtures
formed by DMSO/AC 50/50 and 75/25 (v/v). However, the particles
obtained from the latter mixture were coalescing and cannot be
characterized in terms of dimensions. Coalescence is due to the fact that
a quantity of DMSO contained in the mixture was retained by
microparticles, inducing the formation of solid bridges.

Experiments at 40 mg/mL

At a concentration of the liquid solution of 40 mg/mL (-9 in Table
V.2), CA is no soluble in pure DMSO (the solubility of CA in DMSO s,
indeed, equal to 20 mg/mL), but it resulted soluble in correspondence of
all the mixture ratios between the solvents tested. From the point of view
of the powder recovered on the frit, in the case of acetone only, CA
precipitated in form of nanoparticles; whereas, using the DMSO/AC
mixtures, it precipitated in form of microparticles, that, as in the case of
the experiments performed at 20 mg/mL, were strongly coalescing using
the mixture DMSO/AC 75/25 (Viv).
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Experiments at 60 mg/mL

A further increase of the liquid solution concentration up to 60 mg/mL
(#13 in Table 1V.2) confirmed the previous results: particle mean
diameter increased; but, an higher number of nanostructured filaments
was recovered inside the precipitator, in correspondence of the injector
and inside the chamber for acetone.

To visualize the effect of the solvent mixture percentage on the
obtained morphology and to visualize the coalescence between particles,
in Figure 1V.17, FESEM images of the CA particles precipitated from
the different mixtures DMSO/AC at 60 mg/mL of liquid solution
concentration are reported. FESEM image in Figure IV.17c is
particularly interesting, since solid bridges among CA particles are
clearly visible.
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Figure 1V.17 FESEM images of cellulose acetate precipitated at 9.0
MPa, 40°C, 60 mg/mL at different DMSO/Acetone mixtures percentages,

(@) 25/75 (viv); (b) 50/50 (v/v); (c)75/25 (vIv).

The effect of the liquid solution concentration and of the solvent
mixture percentage is shown in Figure 1V.17, where the volumetric
particle size distribution of the powders obtained from pure AC and from
the mixtures DMSO/AC 25/75 and 50/50 (v/v) at 9.0 MPa, 313 K and at
different liquid solution concentration, are reported.
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Figure 1V.18 Volumetric particle size distributions of cellulose acetate
precipitated at 9.0 MPa, 313 K and at different concentrations for different

mixtures; (a) ¢ = 20 mg/mL;(b) ¢ = 40 mg/mL; (c) ¢ = 60 mg/mL.
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From Figs. V.17 and V.18, it is possible to observe that not only
the mean diameter of the particles increases, but, also the particle size
distribution enlarges: increasing the amount of DMSO in the liquid
mixture; increasing the concentration of the liquid solution (in the case
of pure AC and for both the mixtures DMSO/AC).

Moreover, it is possible to observe that the distributions obtained
for the two mixtures DMSO/AC 25/75 and 50/50 (v/v) are very similar,
except for the experiments performed at the lower concentration.

Two main considerations may be developed observing these
results:

e in the case of the mixture DMSO/AC 75/25 (v/v), the recovered
powders are always characterized by a strong coalescence between
the particles; indeed, in correspondence of this solvent mixture,
residual quantities of this solvent are still present;

e in correspondence of the other two solvent mixtures; i.e.,
DMSO/AC 50/50 and 27/75 (v/v) and especially at 40 and 60
mg/mL, non-coalescing microparticles, that were the aim of this
work, were successfully precipitated.

To better evaluate the modification of the precipitated morphology
due to the addition of DMSO, in presence of a solute, the set of
experiments that follows was performed at different pressures.

Effect of pressure

The concentration of the liquid solution was fixed at 40 mg/mL and
the effect of pressure was studied in the range 8.5-15.0 MPa, keeping
unchanged all the other operating conditions.

At 8.5 MPa, the tested solvent mixtures showed two-phase mixing
behavior, in absence of solute, when tested using elastic light scattering
technique (De Marco et al., 2012); using CA, microparticles with an
higher mean diameter with respect to the ones precipitated at 9.0 MPa
were obtained. At 10.0 MPa, corresponding to completely developed
supercritical conditions for all the solvent mixtures (De Marco et al.,
2012) was, then, evaluated the effect of the presence of the solute. In
correspondence of all the mixture ratios; i.e., pure acetone, DMSO/AC
25/75 and DMSO/AC 50/50 (v/v), it was observed that, increasing the
pressure, the mean particle size decreased and the particle size
distribution shrank. This trend can be qualitatively observed in Figure
V.19, where FESEM images, taken at the same magnification, of the
powders obtained at different pressures, in the case of the mixture
DMSO/AC 25/75 (viv), are reported.
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Figure 1V. 19 FESEM images of cellulose acetate precipitated at 313 K, 40
mg/mL, DMSO/Acetone 25/75 (v/v) at different pressures; () P = 8.5 MPa;
(b) P=9.0 MPa; (c) P =10.0 MPa.
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For the mixture DMSO/AC 25/75 (v/v), that, in absence of the
solute, showed a complete one-phase mixing starting from 9.0 MPa we
observed, at 10.0 MPa, the coexistence of microparticles and
nanoparticles; therefore, for this mixture, presumably the transition from
two-phase to one-phase mixing, precipitating a CA solution with a
concentration of 40 mg/mL, was not still complete. For the higher
pressure SAS experiments, it was chosen the mixture DMSO/AC 50/50
(VIV).

Experiments at 12.0 and 15.0 MPa were also carried out. In
Figure 1V.20, particle size distributions of the CA particles precipitated
from the mixture with 50% of DMSO are reported.
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Figure 1V.20 Volumetric particle size distributions of cellulose acetate
precipitated at 313 K and 40 mg/mL at different pressures.

Increasing the pressure, the mean diameter decreased; moreover, it
is possible to observe that, while, at 10.0 MPa, nanoparticles precipitated
together with microparticles from the mixture DMSO/AC 25/75 (v/v), at
12.0 MPa, nanoparticles and microparticles precipitated together in the
case of the mixture DMSO/AC 50/50 (v/v). This experimental evidence
underlines the fact that probably a transition from a two-phase mixing
flow to a single-phase mixing is occurring at pressures higher than in
absence of solute.
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Analyses

Differential scanning calorimetry (DCS) thermograms of
untreated and SAS processed CA samples are shown in Figure 1VV.21a. A
broad endothermic event between room temperature and 373 K is
present in all DSC traces. It can be attributed to water desorption from
polysaccharide structure. Untreated CA and all the samples obtained
from AC, DMSO and their mixtures show an endothermic melting peak
at 503 K. This analysis indicated that the SAS process did not alter the
product structure.

Unprocessed CA
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Heat flowexo —
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Figure 1V.21 Differential scanning calorimetry thermograms for
unprocessed and SAS processed CA, Exo indicates exothermic flow.

X-ray diffraction patterns (XRD) analyses for untreated and SAS
processed CA samples are shown in Figure 1V.22. This analysis confirm that
no changes occurred in the amorphous structure of the materials as a

consequence of the SAS processing.
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Figure 1V.22 XRD analysis of unprocessed and SAS processed CA.

1IV.2.3 Conclusions

The results obtained in this part of the thesis confirmed that solvent
mixtures, formed by a sharp two-phase/one-phase mixing transition solvent
(like acetone) plus a broad two-phase/one-phase mixing transition solvent
(like DMSO), not only show intermediate behaviors between the two
solvents during SAS processing, but allow the production of the
corresponding morphology, when a solute is present.
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Coprecipitation in SAS process

V.1  Background

Coprecipitated microparticles play an important role in various
industrial fields, such as agriculture, biomedicals, pharmaceuticals, foods
and cosmetics. Indeed, they can be used to protect the encapsulated
material against oxidation and deactivation, to achieve a controlled
delivery of the active ingredients and to mask organoleptic properties
like color, taste, and odor of the active compounds (Vladisavljevic,
2012).

Traditional techniques used to produce coprecipitates include:
spray-drying  (Vehring, 2008), emulsification/solvent evaporation
(O'Donnell and McGinity, 1997), centrifugal extrusion (Oxley, 2012),
freeze drying (Heidebach et al., 2010), and coacervation (Nihant et al.,
1995). These techniques suffer some limitations, such as relatively large
particle size, wide particle size distribution, possible degradation of the
product and difficulties in the complete elimination of organic solvents
used in the process (Wang et al., 2013).

Supercritical fluids (SCFs) based techniques have been proposed
as an alternative to conventional processes, thanks to their specific
characteristics, mainly solvent power and liquid-like densities with gas-
like transport properties that can be tuned varying pressure and
temperature. Among supercritical assisted micronization technigues,
Supercritical Antisolvent (SAS) precipitation has been successfully used
to obtain microparticles and nanoparticles of several kinds of
compounds, such as pharmaceuticals, superconductors, coloring matters,
polymers and biopolymers (Chavez et al., 2003b, De Marco et al., 2013,
Caputo et al., 2012, Marra et al., 2012, Prosapio et al, 2014, E.
Reverchon, 2011, Rossmann et al., 2012, Sarkari et al., 2000, Wang et
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al., 2006). However, until now, only few SAS works have been focused
on the production of coprecipitates due to the difficulty in producing
composite microparticles using this technique. Indeed, some authors
attempted polymer/drug coprecipitation using SAS; but, the obtained
particles were generally irregular and coalescing (Montes et al., 2011),
with broad particle size distributions (Patomchaiviwat et al., 2008, Uzun
et al., 2011), low drug entrapment efficiency (Chen et al., 2006, Wang et
al.,, 2013) and, in most of the cases, the demonstration of the effective
coprecipitation was at least questionable (Elvassore et al., 2001,
Kalogiannis et al., 2006, Li et al., 2012, Nerome et al., 2013). Indeed, the
authors had difficulties in demonstrating that a coprecipitate was formed
and that drug properties were improved. A convincing explanation of the
coprecipitation mechanism is also missing.

In order to overcome these limitations, the aims of this work are to
test the applicability of SAS process to produce microcomposite
coprecipitates and to understand the possible mechanisms of SAS
coprecipitation, its applicability and limits.

V.2  Precipitation experiments

Materials

Polyvinylpyrrolidone (PVP, average molecular weights of 10
kg/mol), folic acid (FA, purity > 97%), B-carotene (BC, purity > 93 %),
dexamethasone (DMS, purity > 98 %), prednisolone (PDN, purity > 99
%), budesonide (BDS, purity > 99 %), ethanol (EtOH, purity 99.5%) and
dimethylsulfoxide (DMSO, purity 99.5%) were supplied by
Sigma—Aldrich (Italy). CO, (purity 99 %) was purchased from SON
(Italy). All materials were used as received.

V.2.1 PVP/Folic acid

Folic acid (Thiering et al.) or folates, belonging to vitamin B
family, are essential for the proper working of a variety of human
physiological processes, such as biosynthesis of nucleotides, cell
division, gene expression; moreover, FA is important in the prevention
of neural tube defects in infants, vascular diseases and megaloblastic
anemia (Prasertmanakit et al, 2009). However, Folic acid is not
produced by human body; therefore, it must be necessarily taken with
the diet; but, natural folates in foods undergo degradation reactions when
they are exposed to light, moisture, acid or alkaline medium, oxygen and
high temperatures (Lopera et al., 2009). A possible solution, to improve
folates stability and their bioactivity, is represented by their
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coprecipitation with a biodegradable polymeric carrier, that can protect
the vitamin from degradation (Pérez-Masia et al., 2015). Moreover, since
FA shows a low water solubility (0.0016 mg/mL), it is necessary to use a
hydrophilic polymer to improve its bioavailability.

Polyvinylpyrrolidone (PVP) is a water soluble synthetic polymer,
widely used as carrier in controlled release systems (Ledet et al., 2015a)
or to enhance the dissolution rate of poorly water soluble drugs (Oth and
Moés, 1985). Particularly, its ability to retard crystal growth makes it
suitable for the coprecipitation with crystalline substances (Ledet et al.,
2015a). Since it possesses the GRAS (Generally Regarded As Safe)
status and it is included in the FDA (Food and Drug Administration) list,
it can be used in pharmaceutical, biomedical and food applications.

Specifically speaking of FA processing, Prasertmanakit et al
(Prasertmanakit et al., 2009) proposed the production of microcapsules
of folic acid and ethyl cellulose using the emulsion solvent evaporation
technique; they obtained very large particles with low encapsulation
efficiency and the release profiles did not show a substantial
improvement of FA dissolution rate. Lopera et al (Lopera et al., 2009)
used spray drying process for the abtaining of microparticles of
FA+arabic gum+maltodextrin; the results showed the production of
irregular particles with broad particle size distribution. Pérez-Masia et al
(Pérez-Masia et al., 2015) proposed the encapsulation of FA through
electrospraying and nanospray drying techniques; the authors used both
whey protein and starch as carrier but they did not report the dissolution
tests to demonstrate the increase of FA bioavailability.

In order to overcome the limitations of traditional techniques and
SAS coprecipitation works until now, the aim of this part of the Ph.D. is
to test the applicability of SAS process to produce microcomposite
coprecipitates applying it to a compound of nutraceutical/pharmaceutical
interest like FA and using PVP as a hydrophilic polymer trying to take
advantage of its specific crystallization blockage characteristics.

The general scope of this work is to understand SAS
coprecipitation applicability, limitations and the possible precipitation
mechanisms.

Experimental results

All SAS experiments were carried out using a CO, flow rate of
10000 mL/min, a solution flow rate of 1 mL/min, an injector of 100 pum
internal diameter and DMSO as the liquid solvent. The effect of PVP/AF
w/w ratio, operating pressure, temperature and total concentration was
investigated. In Table V.1, a list of the most relevant experiments is
reported, with the indication of the obtained morphology, mean diameter
(m.d.) and standard deviation (s.d.).
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Table V.1 SAS experiments performed on PVP/FA mixtures (MP:
microparticles, SMP: sub-microparticles; NP: nanopatrticles).

# P PVP/FA T Ciot Morph. D s.d.
MPa wiw K mg/mL pm pm
1 15 0:1 313 20 - - -
2 1.0 MP 3.80 2.41
3 11 40 - - -
4 2:1 NP 0.05 0.01
5 5:1 NP 0.18 0.05
6 10:1 NP 0.27 0.07
7 20:1 SMP 0.65 0.15
8 5:1 SMP 0.65 0.18
9 9 10:1 MP 2.63 0.76
10 20:1 MP 3.81 1.11
11 10 10:1 MP 2.35 0.95
12 11 MP 1.18 0.27
13 12 MP 0.81 0.25
14 13 SMP 0.31 0.05
15 308 SMP 0.29 0.06
16 9 313 20 MP 1.15 0.31
17 10 - - -

The first experiment was performed processing FA alone at 15 MPa,
313 K and at a concentration of 20 mg/mL (#1 in Table V.1). Using these
operating conditions, FA precipitated in form of large and irregular material,
as it is possible to observe from the FESEM image reported in Figure V.1.

20 1M e—— Mag = 2.00 KX
Figure V. 1 FESEM image of FA precipitated from DMSO at 15 MPa, 313
K, 20 mg/mL.

Then, PVP alone was SAS processed, using the same solvent and
the same operating conditions of the test performed on FA, to confirm
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results already observed in the literature (De Marco et al., 2015,
Rossmann et al., 2014). As it is possible to observe from the FESEM
image reported in Figure V.2, PVP precipitated in form of spherical
separated microparticles with a mean diameter of 3.8 um ( in Table
VI.1).

Figure V. 2 FESEM image of PVP precipitated from DMSO at 15 MPa,
313 K, 20 mg/mL.

This result confirms the ones obtained by Rossmann et al.
(Rossmann et al., 2014) and by De Marco et al. (De Marco et al., 2015);
they observed that SAS processed PVP precipitated from ethanol
(Rossmann et al., 2014) and from different solvents, including DMSO, in
form of microparticles at operating pressures up to 30 MPa. The result is
unusual since, as a rule, SAS produces microparticles only near the
mixture critical point (MCP) pressure of the adopted system CO,-
solvent. This phenomenon is probably due to the fact that, in this case,
the presence of PVP strongly enlarges the range of pressures in which
the transition from two-phase to one-phase mixing takes place (E.
Reverchon, 2011).

The observation of Figures V.1 and V.2 shows that FA and PVP
exhibit completely different morphologies at the same operating
conditions and, from a SAS point of view, FA can be considered a very
bad candidate for micronization; whereas, PVP is a good candidate for
coprecipitates formation. At this point, the challenge of this study is:
what will happen when we try to coprecipitate the two compounds? Can
PVP particles maintain spherical morphology that is the result of jet
break-up and droplets formation and drying (He et al., 2008)? Can PVP
force FA to coprecipitate in a regularly distributed system forming a
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nanocomposite material? To answer to these questions, the other
experiments reported in this study were performed varying: (a) the ratio
PVP/FA that should describe the interaction of the two compounds in
different proportions and at different pressures; (b) the operating
temperature and (c) the total concentration of the two solutes in DMSO.

The binary system CO,/DMSO at 313 K (Andreatta et al., 2007)
shows the MCP at approximately 8.5 MPa. Therefore, we decided to
investigate the effect of polymer/drug ratio in correspondence of two
very different operating conditions: at completely developed
supercritical conditions (one phase mixing), i.e., far above the MCP
(15.0 MPa) and near the transition from two-phases to one-phase mixing
(De Marco et al., 2012) that occurs at 9.0 MPa.

Effect of PVP/FA ratio operating at pressures far above the MCP

The first SAS tests on the system PVP-FA were performed at the
same operating conditions chosen for the precipitation of the single
compounds (15 MPa and 313 K), fixing the total concentration of the
liquid solution at 40 mg/mL and varying the ratio PVP/FA (#7 in Table
V.1). Examples of FESEM images of the precipitated powders are
shown in Figure V.3.
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1 M — Mag = 20.00 KX

1 UM e— Mag = 20.00 KX

Figure V.3 FESEM images of PVP-FA particles'precipitated from DMSO
at15.0 MPa and 313 K at different polymer/drug ratios: (a) 1/1 w/w, (b)
5/1 wiw, (c) 20/1 wiw.

When PVP/FA 1/1 w/w was processed, the precipitated material
was irregular and coalescing (Figure V.3a). Increasing PVP/FA ratios at
2/1, 5/1 and 10/1 w/w, nanoparticles of increasing mean diameter were
produced. In Figure V.3b, an example of these nanoparticles is reported,;
their mean diameter is 0.05 pm for PVP/FA 2/1 w/w, 0.18 pm for 5/1
w/w and 0.27 pm for 10/1 w/w. At ratio PVP/FA 20/1 w/w, sub-
microparticles with a mean diameter of 0.65 um were obtained (Figure
V.3c).

The volumetric cumulative particle size distributions of the
powder precipitated at different PVP/FA ratios are reported in Figure
V.4; it is possible to observe that, increasing the content of PVP in the
processed solution, the mean size of the precipitated particles increased
and the particle size distribution (PSD) enlarged.
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Figure V.4 Volumetric cumulative PSDs of PVP-FA nano and sub-
microparticles precipitated from DMSO at 15.0 MPa and 313K at different
polymer/drug ratios.

Summarizing this part of results, at a PVP/FA ratio 1/1 w/w, large
amorphous particles were obtained, in which evidently the FA contribution
prevails in determining the final size and morphology. But, starting from
2/1 wiw ratio, nanoparticles precipitation was observed. This result is
interesting, since at these operating conditions neither PVP nor folic acid
showed this morphology in the reference tests (#1-2). A possible
explanation of these results is that probably FA in the mixture operates as a
surface tension reducer and, thus, favors the mechanism of gas-mixing
with respect to jet break-up, reducing the time of surface tension vanishing
(Lee et al., 1985). It is also interesting to note that using DMSO at 15 MPa,
313 K, nanoparticles have been frequently observed in the literature for
several solutes (Torino et al., 2010, Campardelli et al., 2015) , with the
exception of PVP (Rossmann et al., 2014).

Effect of PVP/FA ratio operating at pressures near above the MCP
The effect of PVP/FA ratio was also studied at 9 MPa and 313 K;
i.e., at operating pressures near above the DMSO/CO, MCP (-10 in Table
VI.1). At these process conditions, well separated sub-microparticles and
microparticles were obtained at all polymer/drug ratios tested (5/1, 10/1,
20/1 wiw), as shown, for example, in FESEM images reported in Figure
V.5.
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Figure V.5 FESEM images of PVP-FA particles precipitated from DMSO at
9 MPa and 313 K with different polymer/drug ratio: (a) 5/1 w/w, (b) 10/1
wiw, (c) 20/1 wiw.
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The most interesting result is the one observed starting from the 10/1
w/w PVP/FA ratio. For the first time, in this study, we observed the
formation of spherical microparticles similar in morphology to the
microparticles precipitated by SAS using PVP alone.

Comparing the volumetric PSDs of the precipitated particles at different
PVP/FA ratios, obtained in this set of experiments, it can be observed
that, increasing the PVP/FA ratio, the mean size of the particles
increased and the PSD enlarged, as shown in Figure V.6. In particular,
for PVP/FA 5/1 wiw, sub-microparticles with a mean diameter equal to
0.65 pm were obtained (Figure V.5a); whereas, for PVP/AF 10/1 and
20/1 wiw (Figures V.5b-V.5c), microparticles with mean diameters equal
to about 2.6 and 3.8 um were produced, respectively.
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Figure V.6 Volumetric cumulative PSDs of PVP-FA microparticles

precipitated from DMSO at 9 MPa and 313 K at different
polymer/drug ratios, using FESEM images analysis and DLS analysis.

Summarizing, either at 15 or at 9 MPa, an increase of the ratio
PVP/AF induced an increase of the mean particle size and an
enlargement of the particle size distribution. The differences between the
two sets of experiments are related to the obtained morphologies:

e at 15 MPa, the PVP/AF powders are in the nanometric or sub-
micrometric range;
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e at 9 MPa, the PVP/FA powders are in the sub-micrometric range
only for the ratio 5/1 and in the micrometric range in the tests
performed at higher PVVP/FA ratios.

Effect of the operating pressure and temperature

To obtain a complete screening of the effect of the SAS operating
parameters on PVP/FA coprecipitates morphology, particle size and
particle size distribution, the ratio PVP/FA was fixed at 10/1 and
operating pressure and temperature were varied. Considering that, in
terms of pressure, two limit SAS conditions have been already explored
(9 and 15 MPa), experiments at 10, 11, 12 and 13 MPa were performed.
At these intermediate pressures, microparticles with a mean diameter
ranging from about 0.8 to 2.4 pm were obtained between 10 and 12
MPa; whereas, sub-microparticles with a mean diameter of about 0.3 pm
were obtained at 13 MPa.

In Figure V.7, a comparison among the volumetric cumulative
particle size distributions of the particles obtained, at the same
polymer/drug ratio (10/1) and at all tested pressures, is reported. As it is
possible to observe, reducing the operating pressure, the mean particle
size increased and the PSD enlarged.
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Figure V.7 Volumetric cumulative PSDs of PVP-FA particles precipitated
from DMSO: effect of the operating pressure

Then, we fixed the operating pressure at 9.0 MPa and the effect of
temperature was evaluated, carrying out an experiment at 308 K (#15 in
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Table V.1); operating at these conditions, sub-microparticles, instead of
microparticles, were produced. The comparison of the particle size
distributions of the powders precipitated at 308 and 313 K is reported in
Figure V.8. Reducing the operating temperature, the mean size of the
particles reduced and particles size distribution shrank.
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Figure V.8 Volumetric cumulative PSDs of PVP-FA particles precipitated
from DMSO: effect of the operating temperature.

Effect of concentration

The effect of the total concentration of solutes in the liquid
solution was investigated at 9.0 MPa, 313 K and PVP/FA 10/1; the data
at 40 mg/mL was already available and additional experiments at 20 and
10 mg/mL were performed (#17 in Table V.1). Using an overall
concentration of 20 mg/mL, microparticles were produced, with a mean
diameter equal to about 1.2 pum, whereas, at 10 mg/mL, the powder
precipitated in form of very coalescing particles that cannot be
characterized in terms of dimensions.

Comparing the mean diameter and the PSD of the microparticles
obtained at 40 and 20 mg/mL (experiments #9 and #16), it can be
observed that, reducing the concentration, the mean particle size reduced
and the PSD became narrower.
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Characterization of precipitates

X-ray diffraction (XRD) analyses were carried out on untreated
FA, SAS processed FA, untreated PVP, SAS processed PVP, physical
mixtures PVP+FA and SAS processed PVP+FA at different ratios and
different pressures to evaluate the crystallization behavior of the different
samples. These analyses revealed that the unprocessed vitamin and the
physical mixture show the typical crystalline structure of FA, whereas all
FA processed samples showed an amorphous structure (examples of
traces of this analysis are reported in Figure V.9).
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Figure V.9 XRD analysis of unprocessed and processed powders

HPLC analyses, reported in Figure V.10, were performed to study
the degradation of FA after SAS processing. In correspondence of a
wavelength of 362 nm, FA showed a peak at a retention time equal to 18
min. Comparing the processed FA area under the peak with the
unprocessed FA area under the peak , we found a value that can be
correlated to the integrity of the vitamin equal to 88 %. Comparing, then,
the coprecipitated particles PVP+FA 10:1 w/w area under the peak with
the unprocessed physical mixture PVP+FA area under the peak, we
found a value that can be correlated to the integrity of the vitamin equal
to 95 %. These results suggest that, not only SAS process has a not
relevant influence on vitamin integrity, but also that the presence of PVP
in the coprecipitates protects folic acid from degradation.
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Figure V.10 HPLC traces of unprocessed and processed powders.

Drug entrapment efficiency analyses revealed that the powders
obtained at 15.0 MPa (nanoparticles) show a drug content with respect to
the initial value reduction equal to 66 %, whereas the powders obtained
at 9.0 MPa (microparticles) show a drug content between 95 and 99 %
with respect to the initial values. These results confirm the presence of
both solutes in the samples. However, these results are not sufficient to
demonstrate that PVP and FA are coprecipitated. Therefore, dissolution
tests in PBS were performed to compare the dissolution rate of different
samples, because, if the coprecipitation properly occurred, FA has to be
present at nanometric dimensions inside PVP microparticles and its
dissolution rate should significantly increase.

Therefore, the dissolution rate of each sample was monitored
plotting for 80 hours the percentage of dissolved FA as a function of
time. The analyses were performed for unprocessed FA, SAS processed
FA, for the physical mixture PVP+FA 10/1 w/w and for the samples
PVP/FA 10/1 w/w processed at 9.0 and 15.0 MPa, with an overall
concentration of 40 mg/mL; these results are shown in Figure V.11.
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Figure V.11 Dissolution profiles of FA in PBS at 310 K and pH 7.0.

Considering as the reference point the dissolution profile of
untreated FA, SAS processed FA (alone) shows a slight reduction of the
dissolution time, probably connected to the amorphous particles
generated during this process. The physical unprocessed mixture
PVP/FA 10/1 w/w shows a faster dissolution with respect to reference
FA and the same mixture processed at 15.0 MPa, 313 K, in which
nanoparticles were produced, exhibits an even shorter dissolution time.
However, only the mixture 10/1 w/w processed at 9.0 MPa, 313 K, in
which microparticles were formed, shows a radically different behavior,
with a dissolution profile in which about 90 % of the drug was released
in one hour: the drug dissolution rate is about 45 times faster than single
FA, 30 times faster than the physical mixture and 23 times faster than
SAS produced nanoparticles. This last result requires a further comment:
PVP+FA nanoparticles precipitate is 23 times less efficient than the
corresponding microparticles precipitate.

V.2.2  PVP/B-carotene coprecipitates

Nutraceuticals are defined as functional ingredients (antioxidants,
vitamins, etc.) that, if taken regularly, can prevent or treat some diseases
(DeFelice, 1995).

B-carotene (BC) is a carotenoid, present in sweet potatoes, carrots,
spinaches, pumpkins, broccoli, peas, peppers, pink grapefruits, papayas
and peaches (Keijer et al., 2005). It is a precursor of Vitamin A and its
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intake is fundamental to reduce the risk of cardiovascular diseases (Stahl
and Sies, 2003), osteoporosis (Chen et al., 2015a) and to prevent cancer
of stomach, esophagus, lung, oral cavity, pharynx, pancreas and colon
(Chen et al., 2015a, Li et al., 2015b). Carotenoids are not produced by
human organism, therefore, they have to be acquired with the diet;
however, BC easily undergoes chemical or physical degradation in
presence of light, moisture, oxygen and high temperature, during storage
(Hosseini etal., 2015). To avoid these adverse effects and to preserve the
vitamin nutritional properties, encapsulation systems have been
developed. These composite particles are formed by a drug or a vitamin
uniformly dispersed in a polymeric matrix or by drug or vitamin particles
coated with a polymeric shell. In these systems, the carrier should be a
hydrophilic polymer, since BC shows low water solubility and,
therefore, a reduced bioavailability. Polyvinylpyrrolidone (PVP) is a
water-soluble polymer, broadly used as carrier in pharmaceutical,
biomedical and food applications, since it possesses the GRAS
(Generally Regarded As Safe) status and is included in the FDA (Food
and Drug Administration) list. It has the ability to retard crystal growth
(Yang et al., 2015) and to enhance the dissolution rate of poorly water-
soluble drugs (Oth and Moés, 1985).

Various conventional processes have been reported for the
production  of  coprecipitates:  spray-drying  (Vehring, 2008),
emulsification/solvent evaporation (O'Donnell and McGinity, 1997),
centrifugal extrusion (Oxley, 2012), freeze drying (Heidebach et al.,
2010), and coacervation (Nihant et al., 1995). All of these techniques
show some drawbacks, such as lack of control over particle size and
particle size distribution, possible degradation of the product and high
residual solvent (Wang et al., 2013). More specifically, Liang et al.
(Liang et al., 2013) proposed the spray-drying of nanoemulsions for the
encapsulation of BC in starch; they obtained highly irregular particles
and did not report the dissolution tests to confirm an increase of BC
dissolution rate. Yi at al. (Yi et al., 2015) used the homogenization-
evaporation method to coprecipitate BC using sodium caseinate, whey
protein and soybean protein as carriers; they obtained particles in the
range 78-370 nm and compared the dissolution profiles of BC using the
different carriers, but no comparison with the dissolution profile of
unprocessed BC was proposed to demonstrate the improved
bioavailability.

Franceschi et al. (Franceschi et al., 2008) and Priamo et al.
(Priamo et al., 2010) proposed the application of the SAS-like solution
enhanced dispersion with supercritical fluids (SEDS) technique for the
encapsulation of BC in poly(3-hydroxybutirate-co-hydroxyvalerate
(PHBV) using dichloromethane as the liquid solvent. They obtained
powders formed by a large and irregular material, not characterizable in
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terms of size and morphology, and did not report dissolution tests and
solvent residue analyses despite the toxicity of the used solvent. He at al.
(He et al., 2007) used SEDS process for the coprecipitation of BC in
poly-ethylene glycol (PEG) obtaining irregular flakes with a BC loading
lower than 50 %; moreover, also in this case, the dissolution tests were
missing. Hong et al. (Hong et al., 2007) proposed SEDS technique for
the production of BC/proanthocyanidin microspheres; however, they
obtained results similar to those previously described. Moreover, none of
these authors proposed an explanation of the coprecipitation
mechanisms.

In the hypothesis that PVP can exert a general positive effect in the
formation of SAS coprecipitates, in this work, we applied SAS process
to the coprecipitation of PVP/BC microparticles, to extend the
applicability of this technique to other solutes and to gain more

information about the involved precipitation mechanisms.

Experimental results

All SAS experiments were carried out using a CO, flow rate of 15
NL/min, a solution flow rate of 1 mL/min, at a temperature of 313 K.
Since BC is soluble in Acetone (Jackson and Mantsch); whereas, PVP is
soluble in Ethanol (EtOH), a mixture AC/EtOH 70/30 (v/v) was used as
the liquid solvent. A preliminary check on the formation of a
homogeneous solution of PVP/BC/EtOH/AC was made to be sure that
one liquid phase without solute precipitation can be formed. Then, the
effect of PVVP molecular weight, PVP/BC w/w ratio, operating pressure
and total concentration of solutes was investigated. A selection of the
performed experiments is summarized in Table V.2, with the indication
of the operating conditions employed, the obtained morphology and, in
the case of particles, their mean diameter (m.d.) and standard deviation
(s.d.). Each experiment was carried out in duplicate.

Table V.2 Summary of SAS experiments performed on PVP/BC (MP:
microparticles; NP: nanoparticles; C:crystals).

# M Wpyp PVP/BC P C Morph m.d. s.d.
g/mol w/iw MPa mg/mL um um
1 10000 1/0 8.5 5 MP 0.81 0.23
2 - 0/1 C - -
3 40000 10/1 85 5 NP 0.25 0.05
4 10000 MP 243 0.81
5 10000 10/1 9.0 5 MP 2.06 0.64
6 10.0 MP 1.24 0.44
7 10000 10/1 85 3 MP 1.15 0.50
8 7 - - -
9 10000 15/1 8.5 5 MP 1.70 0.51
10 20/1 MP 1.63 0.49
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Two preliminary SAS experiments were performed using the
solutes separately, to know their behavior under the same operating
conditions. Both the tests were carried out at 8.5 MPa and 313 K; i.e., in
proximity of the MCP of the system. These process conditions were
selected because, in a previous work (Prosapio et al., 2015), it has been
demonstrated that coprecipitation occurred when microparticles were
formed. When BC alone was processed ( in Table VI1.1), the precipitate,
from a macroscopic point of view, appeared as an orange powder that,
observed at SEM, was formed by large and irregular particles. In Figure
V.12, a FESEM image of the precipitated powder is reported. The
micronization was clearly unsuccessful.

10 um Mag = 3.00 KX

Figure V.12 FESEM image of BC precipitated from AC/EtOH 70/30 at 8.5
MPa, 313 K and 5 mg/mL.

PVP (Mw=10000 g/mol) alone, instead, when SAS processed
using the same solvent mixture of the previous experiment, precipitated
in form of a white powder characterized by microparticles with a mean
diameter of 0.8 um (#1 in Table V.2). A SEM image of this precipitate is
shown in Figure V.13, as confirmation of the suitability of the polymer
processing by SAS (Prosapio et al., 2015). This preliminary test on PVP
alone was necessary, because, in a previous work (Prosapio et al., 2015),
PVP was chosen to produce coprecipitates using dimethylsulfoxide
(DMSO) as liquid solvent; therefore, the precipitation from EtOH/AC
mixtures of PVP in form of microparticles had to be verified.
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2 um Mag = 15.00 KX

Figure V.13 FESEM image of PVP precipitated from AC/EtOH 70/30 at
8.5 MPa, 313 K and 5 mg/mL.

Summarizing the results of these preliminary tests, it is possible to
observe that the two compounds show completely different behavior
when SAS processed at the same operating conditions and that BC alone
is a bad candidate for SAS micronization.

Effect of PVP molecular weight

In the first set of experiments the effect of the polymer molecular
weight was investigated (#4 in Table V.2), working at the same
conditions used in the previous experiments. The scope of these
experiments was to select the most appropriate PVVP molecular weight
for the coprecipitation experiments.

First, a test was performed using a PVVP with a molecular weight of
40000 g/mol (run #3 in Table V.2), fixing the polymer/vitamin ratio
equal to 10/1. Then, the same experiment was carried out (run #4 in
Table V.2) using a lower polymer molecular weight (10000 g/mol). It is
very relevant to consider that, despite the two experiments were carried
out at the same operating conditions, the obtained powders had a
different color. In particular, using the polymer with the higher
molecular weight the powder was orange with some white points,
suggesting that probably the two solutes precipitated separately (Figure
V.14a). The powder obtained using the PVP with the lower molecular
weight, instead, showed a yellow color that was intermediate between
that of BC and PVP alone (Figure V.14b). This result is the visual
evidence that, in this case, probably the coprecipitation is successful; this
hypothesis has been adequately demonstrated in the following parts of
the work.
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Figure V.14 Photos of the filter of PVP/BC 10:1 processed at 8.5 MPa,
313 K, 5 mg/mL: a) PVP molecular weight of 40000 g/mol; b) PVP
molecular weight of 20000 g/mol.

The microscopic analysis of the powders of different molecular
weight PVP showed that, in the case of the higher molecular weight
PVP, slightly coalescing nanoparticles were obtained, as showed in the
FESEM image reported in Figure V.15a; whereas, the powder obtained
using the lower molecular weight PVP is formed by spherical
microparticles with a mean diameter of about 2.64 pm, as shown in
Figure V.15b. The comparison of the FESEM images of the powders
obtained from the two experiments showed that the morphology obtained
using the lower molecular weight polymer is more compatible with a
coprecipitation. Indeed, on the basis of a previous work (Prosapio et al.,
2015), it is expected that coprecipitates are formed by microspheres.
Therefore, of the lower molecular weight PVP was used in the
experiments that follow.
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Figure V.15 FESEM images of PVP/BC 10:1 processed at 8.5 MPa, 313
K, 5 mg/mL: a) PVP

Effect of Polymer/Vitamin Ratio

The second parameter taken into account was the polymer/vitamin
ratio, which was increased first at 15/1 and then at 20/1 (-10 in Table
V1.2), keeping constant the other process parameters.

When PVP/BC 15/1 was processed, a Yyellow powder was again
obtained, but it was characterized by a lighter yellow color: this result
was expected and can be attributed to the larger amount of PVP used
with respect to the vitamin. The FESEM images (an example is reported
in Figure V.16a) showed the presence of slightly coalescing
microparticles. Processing PVP/BC 20/1, a larger coalescence is visible,
as shown in the FESEM image reported in Figure V.16b and the yellow
color intensity further decreases.
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2um Mag = 15.00 KX
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Figure V.16 FESEM images of PVP/BC particles preciitated from
AC/EtOH 70/30 at 85 MPa and 313 K at different polymer/drug ratios:
(a) 15/1 wiw, (b) 20/1 wiw.

These two last experiments showed that, increasing the PVP/BC
ratio from 10/1 to 20/1 , a worsening of particle morphology occurred.
Moreover, to produce powder with the largest BC content, it is possible
to state that the best proportion between the two solutes is 10/1, that was
fixed for the subsequent experiments.

Effect of the operating pressure
The effect of the operating pressure on PVP/BC coprecipitates
morphology, particle size and particle size distribution was, then,
investigated, fixing the polymer/vitamin ratio at 10/1. The pressure range
explored was between 8.5 and 10.0 MPa, since in a previous work
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(Prosapio et al., 2015) it was observed that good conditions for a
successful coprecipitation are located near above the mixture critical
point (MCP) of the binary system solvent/CO,. An experiment was
carried out at 9.0 MPa; in correspondence of these operating conditions,
spherical microparticles (Figure V.17a) with a mean diameter of about 2
UM were obtained, as it is possible to observe from the SEM image and
from data in Table V.2 (run #5). When the process pressure was
increased to 10.0 MPa, slightly smaller microparticles were produced
(see run #6 in Table V.2), as shown in Figure V.17b.

Mag = 10.00 KX

Figure V.lt FESBEM ig’és of PVP/B prticles prcipitated from
AC/ETOH 70/30 at 313 K and different pressures: (a) 9.0 MPa; (b) 10.0
MPa.

Comparing the volumetric particle size distributions of the
particles, it is possible to observe that, increasing the operating pressure,
the particle size reduced and the PSD became narrower, as can be seen in
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Figure V.18. This result is in agreement with SAS literature (E.
Reverchon, 2011), as we will see in the discussion of the results.
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Figure V.18 Volumetric particle size distributions of PVP/BC 10/1
coprecipitates obtained at different pressures.

Effect of the total solute concentration

The effect of the total concentration of solutes in the liquid
solution was studied at 8.5 MPa, 313 K and fixing PVP/BC at 10/1.
Using as a reference the experiment #4, two experiments with a higher
and a lower concentration were performed. Using an overall
concentration equal to 3 mg/mL, well separated microparticles with a
mean diameter of 1.15 pm were obtained. Increasing the concentration at
7 mg/mL, highly coalescing particles were produced, which cannot be
characterized in terms of dimensions. Comparing the results obtained at
3 and 5 mg/mL, it is possible to observe that increasing the concentration
the mean diameter increased and the particle size distribution become
wider.

Analyses on precipitates
To evaluate the quantity of vitamin present in the coprecipitates
and its dissolution profiles, UV-vis analyses were performed on the
processed samples and on unprocessed BC. Drug entrapment efficiency
analyses revealed that the powders of PVP/BC 10/1, processed at 8.5
MPa and 313 K, obtained using the polymer with the higher molecular
74



Coprecipitation in SAS process

weight show a drug content equal to 70 % with respect to the initial
value; whereas, the powders obtained using the polymer with the lower
molecular weight show a drug content near 100 % with respect to the
initial value.

The dissolution rate of each sample was monitored for 80 hours by
plotting the percentage of dissolved B-Carotene as a function of time.
The analyses were performed for unprocessed [-Carotene, SAS
processed PVP/BC 10/1 with a PVP molecular weight of 40000 g/mol
and with a PVP molecular weight of 10000 g/mol; all results are shown
in Figure V.19. The profile of the untreated vitamin shows a complete
dissolution time in 80 hours. The sample formed by PVP/BC
nanoparticles, obtained using the polymer with higher molecular weight,
instead, shows a faster dissolution rate, reaching the 100% dissolution in
40 hours. However, only the sample formed by PVP/BC microparticles
obtained with the lower polymer molecular weight shows a radically
different behavior, with a dissolution profile in which the 100 % of the
vitamin was released in only 8.5 hours. Therefore, for PVP/BC
microparticles the dissolution rate of the vitamin was 5 times faster than
PVP/BC nanoparticles and 10 times faster than the unprocessed BC.
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Figure V.19 Dissolution profiles of BC in PBS at 310 K and pH 7.0.
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V.2.3 PVP/corticosteroids coprecipitates

Corticosteroids are a class of steroid hormones, largely used as
anti-inflammatory drugs for the treatment of ocular (Mufioz-Fernandez
and Martin-Mola) and pulmonary (Diette et al., 2015) diseases, hepatitis
(Yeoman et al., 2014) and ulcers (Zhou et al., 2015). Some of the most
widely used drugs in this category are dexamethasone (DMS),
prednisolone (PDN) and budesonide (BDS). They show a low water
solubility (< 1 mg/100 mL) and consequently low bioavailability
(GOmez-Gaete et al., 2007, Chen et al., 2015b); therefore, large doses are
required to reach the therapeutic level, that can produce some undesired
effects, like high sugar concentration in blood, hypertension, stomach
and intestinal ulcers, fluids retention (Urbanska et al., 2014). To improve
their dissolution rate, a possible solution is represented by their particle
size reduction at micrometric diameters.

Traditional micronization techniques such as spray drying, jet
milling and solvent evaporation show several drawbacks: lack of control
over the particle morphology and particle size distribution, difficulty in
the elimination of the solvent and use of high temperatures (Wang et al.,
2013). Tajber et al. (Tajber et al., 2009) proposed the micronization of
BDS wusing a spray drying technique; they obtained amorphous
microparticles in the range 1-7 pm; but, they did not demonstrate the
improvement of the dissolution rate. Rasenack et al. (Rasenack et al.,
2003) used a controlled crystallization process to micronize several anti-
inflammatory drugs, among which budesonide and prednisolone,
obtaining large and irregular crystals; also in this case, dissolution tests
were not performed. Another approach to increase drug dissolution rate
is to produce composite microspheres drug-polymer, using a water
soluble polymer in which the drug is entrapped. The fast solubilization
of the polymer should release the drug in nanometric subparticles.
Rodriguez et al. (Rodriguez et al, 1998) prepared cellulose acetate
butyrate-budesonide microspheres by emulsion-solvent evaporation
using acetone and methanol as solvents; they obtained particles larger
than 200 pm with an encapsulation efficiency lower than 75 %, and did
not report neither the residual solvent analysis, nor the comparison of the
dissolution profiles between unprocessed BDS and coprecipitated
powder.

When processed using SAS, corticosteroids precipitate in form of
large crystals (Velaga et al., 2002, Velaga et al., 2004, Steckel et al.,
1997) , without improvement of the dissolution rate with respect to the
unprocessed drugs. SAS is governed by complex high pressure
equilibria, fluid dynamics interactions and mass transfer (Reverchon et
al., 2010, De Marco et al., 2015 (Chavez et al., 2003a). In the case of
corticosteroids, large crystals are produced as a result of the partial
solubility of these drugs in the mixture solvent/antisolvent, that can
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modify the corresponding vapor-liquid equilibria (VLE) with consequent
shift of the mixture critical point (MCP) towards higher pressures. As
previously discussed, to improve the dissolution rate, a possible solution
is represented by the coprecipitation with a biodegradable polymeric
carrier in form of microspheres. However, examples of SAS
coprecipitation are rather limited, because of the difficulty to produce
composite microspheres using this process. Indeed, the two compounds
tend to precipitate separately.

Therefore, in this work (Prosapio et al., 2016a), to overcome SAS
limitation in producing corticosteroids microparticles and to extend the
application of SAS coprecipitation, three corticosteroids, dexamethasone
(DMS), prednisolone (PDN) and budesonide (BDS), are processed trying
to take advantage of PVP ability to retard crystal growth (Ledet et al.,
2015b, Sun et al., 2012, Van den Mooter et al., 2001). The effect of
polymer/drug ratio, operating pressure and overall solute concentration
will be investigated to understand their effect on the success of
coprecipitation and on particle morphology, mean size and particle size
distribution.  Precipitation mechanisms will be discussed, drug
entrapment efficiency and dissolution tests of coprecipitates will be
performed to verify process efficiency.

Experimental results

SAS experiments were performed using a CO, flow rate of 10
NL/min, a solution flow rate of 1 mL/min and EtOH as the liquid
solvent. The effects of polymer/drug w/w ratio, operating pressure and
total concentration were investigated. Table V.3 reports a list of the
experiments, with the indication of the obtained morphology, mean
diameter (m.d.) and standard deviation (s.d.).

Table V.3: Summary of SAS experiments (MP: microparticles, SMP: sub-
microparticles; C: crystals; m.d.: mean diameter; s.d.: standard
deviation).

# Polymer/Drug P C Morph. m.d. s.d
(Ww) [MPa] _ [mg/mL] [um] _ [um]

1 1.0 9 20 MP 411 1.62

2 1.0 15 MP 241 152

PVP/DMS

3 01 15 C - -

4 01 C - -

5 211 C+SMP - -

6 31 9 20 MP 1.82 122

7 51 MP 214 1.46

8 10:1 MP 2.48 1.78

9 20:1 MP 2,51 179
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PVP/PDN

10 0:1 15 C - -
11 0:1 C - -
12 2:1 9 20 C+SMP - -
13 31 MP 1.96 121
14 5:1 MP 2.40 173
15 MP 245 1.85
16 104 15 MP 221 1.39
17 10 MP 2.01 1.28
18 o 30 MP 3.10 1.39
19 20:1 20 MP 3.03 1.99
PVP/BDS

20 0:1 15 C - -
21 0:1 20 C - -
22 1:1 C+SMP - -
23 2:1 9 MP 3.06 1.03
24 31 MP 3.12 1.25
25 5:1 MP 3.27 178
26 10:1 MP 3.37 1.85
27 20:1 MP 358 1.88

A first set of experiments was performed processing the
corticosteroids alone, to confirm the results observed in the literature.
These experiments were first performed operating at 9 MPa, 313 K and a
solute concentration of 20 mg/mL (#4,11,21 in Table V.3). At these
process conditions, all the corticosteroids (DMS, PDN and BDS)
precipitated in form of large crystals. Then, to verify if these results are
limited to lower SAS operating pressures, the three compounds were
processed at 15 MPa and 313 K (#3,10,20 in Table V.3). The same
morphology was observed, as shown, for example, in the FESEM images
reported in Figure V.20. Therefore, the confirmation that using SAS,
corticosteroids precipitate in form of crystals, irrespective of the process
conditions selected, was obtained.
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Figure V. 20 FESEM images of corticosteroids precipitated from EtOH
at 15MPa, 313 K and a concentration of 20 mg/mL: a) DMS, b) PDN; c)
BDS. Large crystals were obtained in all cases.
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Then, PVP was processed at the same two operating conditions
(#1,2 in Table V.3). Rossmann et al. (Rossmann et al., 2014) and De
Marco et al. (De Marco et al., 2012) observed that, when PVP is SAS
processed from ethanol, it precipitates in form of microparticles,
independently on the operating pressure, in the range 9-30 MPa. Our
results confirmed their observation: at 9 and 15 MPa, well separated
spherical microparticles were produced. In Figure V.21, an example of
FESEM image of PVP particles obtained at 15 MPa is reported.
Comparing the mean size and the standard deviation of the particles
obtained from these two experiments (Table V.3), it is possible to
observe that, increasing the operating pressure, the mean diameter of the
particles decreased and the particle size distribution shrank.

Mag= 5.00KX

Figure V. 21 FESEM image of PVP microparticles precipitated from
EtOH at 15 MPa, 313 K and 20 mg/mL.

The comparison of the FESEM images of corticosteroids and PVP
(Figures V.20 and V.21) clearly shows that the polymer and the drugs
precipitate with a complete different morphology, even when processed
at the same SAS operating conditions. PVP is a good candidate for
coprecipitates formation, since it can interfere with the crystallization
kinetics of some compounds like folic acid and f-carotene producing
composite microspheres. To verify if PVP can work in the same manner
for corticosteroids, we performed SAS experiments using PVP as the
carrier and DMS, PDN or BDS as the active compounds. To this
purpose, the effect of: polymer/drug ratio, operating pressure and total
concentration of the two solutes in EtOH was studied.
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Effect of PVP/drug ratio

For each corticosteroid, the effect of polymer/drug ratio on
particles morphology, mean size and particle size distribution was
investigated at 9 MPa and 313 K, using different polymer/drug ratios.
When PVP/drug 2:1 ratios (#5,12,23 in Table V.3) were processed,
crystals and coalescing sub-microparticles were observed in the case of
DMS and PDN, as shown in the FESEM images in Figure V.22a and
V.22b; therefore, the samples could not be characterized in terms of
dimensions as coprecipitation is substantially unsuccessful: the two
compounds precipitated as separated particles/crystals. In the case of
BDS, instead, microparticles with a mean diameter equal to 3.06 pm
were produced, as shown in Figure V.22c. Since this last result differs
from the ones obtained for DMS and PDN, a further experiment was
performed fixing PVP/BDS at 1:1, to identify a possible transition from
crystals to microparticles; indeed, in this test, crystals and coalescing
sub-microparticles were obtained.

: . -:i. : _ o ‘,..(: .
— Mag= 500 k X
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Figure V. 22 FESEM images of PVP/corticosteroids 2:1 particles
precipitated from EtOH at 9 MPa, 313 K and 20 mg/mL: a) PVP/DMS, b)
PVP/PDN; c) PVP/BDS.

In the subsequent experiments, the ratio PVVP/drug was increased
at 31 (#6,13,24 in Table V.3) for all systems. Operating at these
conditions, microparticles were obtained in all cases. Also when we
increased the polymer/drug ratio at 5:1 (#7,14,25), as showed in the
exemplificative FESEM images reported in Figure V.23, and at 10:1
(#8,15,26) and 20:1 (#9,19,27), well separated spherical microparticles
were obtained in all cases.

Mag= 5K X
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Mag= 500 KX |
L

Figure V. 23 FESEM images of PVP/corticosteroids 5:1 particles
precipitated from EtOH at 9 MPa, 313 K and 20 mg/mL: a) PVP/DMS, b)
PVP/PDN; c) PVP/BDS.

Comparing the volumetric PSDs obtained at different
polymer/drug ratios, it is possible to note that, increasing the percentage
of polymer in the injected solution, the mean size of the particles
increased and the PSD become wider in the case of PVP/DMS and
PVP/PDN particles, as shown in Figure V.24, whereas not significant
variations in the mean diameter were observed in the case of PVP/BDS
particles (see Table V.3).
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Figure V. 24 Volumetric cumulative PSDs of microparticles precipitated
from EtOH at 9MPa and 313 K at different polymer/drug ratios: a)
PVP/DMS, b) PVP/PDN.

Effect of the operating pressure

To study the effect of the operating pressure, an experiment was
performed at 15 MPa for the system PVP/PDN 10:1 (#16 in Table V.3),
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keeping constant all the other operating parameters at the values
previously proposed. The FESEM images of the powders produced,
confirmed that they were formed by microparticles, as shown in Figure
V.25, and a mean diameter of 2.21 um was measured by image analysis .
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Figure V. 25 PVP/PDN 10:1 particles precipitated from EtOH at 15
MPa, 313 K and 20 mg/mL: a) FESEM image; b) particle size
distribution.

This result is interesting, since at these process conditions the SAS
operating point is located far above the MCP of the binary system
CO,/EtOH and, as a consequence, nanoparticles should be produced, as
largely discussed in the literature. The system PVP/PDN follows,
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instead, the same behavior of PVP alone that, as mentioned above,
precipitates from ethanol in form of microparticles at pressures up to 30
MPa; i.e., the quantity of polymer that is present in the system controls
its overall morphology even at higher pressures tested. This experimental
evidence for PVP is still under investigation.

Effect of concentration

The effect of the total concentration PVVP/corticosteroid in EtOH
was investigated for the system PVP/PDN 10:1 at 9 MPa and 313 K,
varying the overall concentration from 10 mg/mL to 30 mg/mL (#17-18
in Table V.3); data at 20 mg/mL was already available (#15). Using an
overall concentration of 10 mg/mL, microparticles were produced, as
shown in Figure V.26a, with a mean diameter equal to about 2 pm;
increasing the concentration at 30 mg/mL, as shown in Figure V.26c,
microparticles were still obtained, but with a mean size of 3.5 pm.

Mag= 10.00 KX
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Mag = L0 KN

Figure V. 26 FE-SEM images of PVP/PDN 10:1 part‘i-cles precipitated
fromEtOH at 9 MPa, 313 K and different concentrations: a) 10 mg/mL;
b) 20 mg/mL; c) 30 mg/mL.

Comparing the volumetric PSD of the particles obtained at
different concentrations, it is possible to observe that, increasing the
concentration, the particle mean size increase and the PSD enlarges, as
reported in Figure V.27, this result is in agreement with several other
experimental observations on SAS precipitates, reported in the literature.
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Figure V. 27 Volumetric cumulative PSDs of PVP/PDN 10:1 particles
precipitated from EtOH at 9 MPa and 313 K at different concentrations.
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Characterization of precipitates

Differential scanning calorimetry (DSC) analyses were performed
on unprocessed drugs and  polymer, physical  mixtures
PVP/corticosteroids and SAS processed PVP/corticosteroids 5:1, to
determine the changes in the thermal transition of the drugs and the
polymer in the coprecipitates. The analyses revealed that: the
unprocessed drugs show all a narrow endothermic peak in
correspondence of about 563 K; unprocessed PVP shows a broad
endothermic peak ranging from 323 to 403 K; the physical mixtures
show both the polymer and drug peaks; SAS processed
PVP/corticosteroids show both the endothermic peaks but, in all the
cases, the peak of the drug is remarkably reduced in its intensity. This
last result could be due to the higher presence of the polymer with
respect to the drug and indicates the presence of both the compounds in
the powder.

Fourier transform infrared (FT-IR) analyses were performed to
identify possible interactions between the drug and the carrier in the
coprecipitates. FT-IR spectra of unprocessed drugs and PVP, physical
mixtures PV/P/corticosteroids 51 and SAS  processed
PVP/corticosteroids 5:1 are reported in Figure V.28. The spectra of
unprocessed corticosteroids show characteristic absorption bands in the
range 1600-1700 cm™ related to the stretching vibration of C=0 carbonyl
groups, a characteristic absorption band in the range 2750-3100 cm™
related to the stretching vibration of the C—H group and a characteristic
absorption band in the range 3100-3700 cm™ related to the stretching
vibration of the —OH groups. The spectrum of PVP shows a
characteristic absorption band at 1653 cm™ which belongs to the
stretching vibration of C=0 groups, a C—H stretching vibration at 2873
cm® and a —OH stretching vibration at 3469 cm™. The spectra of the
physical  mixtures  PVP/corticosteroids and of  processed
PVP/corticosteroids spectra show the same characteristic bands related
to the carbonyl stretching, —OH stretching and C—H stretching; this result
suggests the presence of both the compounds in the samples but does not
indicate the existence of a well-defined interaction between them
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Figure V. 28 FT-IR spectra of unprocessed, physical mixtures and SAS
processed PVP/corticosteroids: a) dexamethasone; b) prednisolone; c)

budesonide.
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In order to demonstrate the successful coprecipitation of the drug
and the polymer and the improvement of corticosteroids dissolution rate,
drug entrapment efficiency and drug release tests were performed using
UV-vis spectroscopy analyses. Drug entrapment efficiency analyses
revealed that the samples PVP/DMS, PVP/PRN and PVP/BDS show a
drug content ranging between 90 and 95 % with respect to the initial
value. For dissolution tests, the samples taken into account were:
unprocessed drugs, SAS processed drugs (#4,11,21) and SAS processed
coprecipitates PVP/drug 5:1 (#7,14,25). During the analyses, the
dissolution rate of each sample in PBS was monitored plotting the
percentage of dissolved drug as a function of time. In Figure V.29a, the
dissolution profiles of dexamethasone are reported; it is possible to
observe that both unprocessed and SAS processed DMS achieve the
complete dissolution in 25 hours; whereas, the sample PVP/DMS 5:1 has
a faster dissolution rate and arrives at 100 % in about 6 hours. In Figure
V.29b, the dissolution profiles of prednisolone are shown: unprocessed
PDN achieves the complete dissolution in about 70 hours; SAS
processed PDN achieves the 100 % release also in 70 hours, but, the
curve shows a higher slope in the first part; the coprecipitate PVP/PDN
5.1, instead, concludes its dissolution in only 14 hours. In Figure V.29c,
the dissolution profiles of budesonide are reported; unprocessed BDS
reaches the complete dissolution in 90 hours; SAS processed BDS
dissolves slightly faster, but, achieves the 100 % release also in 90 hours;
the coprecipitate PVP/BDS 5:1, instead, accomplishes its dissolution in
20 hours. Summarizing, in all cases, the unprocessed and SAS processed
corticosteroids show very similar dissolution behavior; whereas
PVP/drug coprecipitates show a very fast dissolution, from about 4.2 to 5
times faster!
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Figure V. 29 Dissolution profiles in PBS at 310 K and pH 7.4: a) DMS;
b) PDN; c) BDS.

According to Food and Drug Administration (FDA) guidelines,
ethanol belongs to class 3 residual solvent; therefore, its maximum
acceptable concentration in the final product is 5000 ppm. A headspace
sampler, coupled to a gas chromatograph, was used to verify the solvent
residue content in SAS produced microspheres. The analysis revealed
that the solvent residue was around 100 ppm!

V.2.4 Interpretation of results

As stated in the Introduction, SAS coprecipitation is difficult to be
obtained. An explanation of this problem is given by the analysis of the
precipitation processes that are activated during this operation.
Nanoparticles are obtained by a gas-to-particle nucleation process,
followed by a growth mechanism; this process is generally activated
when the operating point is located far above the MCP of the studied
system organic solvent-antisolvent (Reverchon et al, 2010).
Microparticles are produced by jet break-up, droplet formation and
drying, as a result of the atomization process and of the very fast solvent
extraction operated by scCO,; this precipitation mechanism is favored at
process conditions near the MCP.

If we try to extend this interpretation to precipitates observed in
this work, droplets formation and their consequent drying can be applied
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to microspheres formation. Each droplet behaves as a confined reactor
and all its content concurs to the formation of the final microparticle. To
obtain this result, the time of jet break-up () has to be smaller than the
time of surface tension vanishing (ty;) (E. Reverchon, 2011).

In this work, it is evident that folic acid, B-carotene and corticosteroids
alone tend to produce crystals; PVP, instead, depending on its molecular
weight tends to produce spherical particles of different mean size. The
key question was: due to its capacity to block and control the
morphology of the compound precipitating in its presence, can PVP
force the coprecipitation of FA, BC and corticosteroids, producing
microdroplets according to the second discussed SAS mechanism and
obtain a successful coprecipitation?

In the experiments performed near above the MCP of the binary
system CO,/solvent, spherical microparticles are produced and, due to
their hypothesized formation mechanism, it is obvious that they are
formed by both PVP and the vitamin. This nanostructured composite
system showed a very fast release rate. Summarizing, at selected SAS
processing conditions, the presence of PVP is able to modify FA, BC
and corticosteroids precipitation, blocking nanoparticles growth inside
the PVP structure.

For the experiments carried out, instead, far above the MCP, the
drug release analyses revealed that coprecipitation did not occur. The
explanation is relatively simple. The usual mechanism to form
nanoparticles by nucleation and growth is homogeneous nucleation.
Indeed, in literature (York et al., 2002), it is reported that, when the
supersaturation is high, as in the case of gas mixing, heterogeneous
nucleation does not take place and the mechanism governing the
precipitation is the primary homogeneous nucleation. In this case,
therefore, the two species (polymer and active compound) tend to
precipitate separately (Prosapio et al., 2015) forming a sort of intimate
physical mixture: coprecipitation is substantially unsuccessful. This
nanometric physical mixture is more rapidly dissolved with respect to
the unprocessed and SAS processed drug, but does not drastically change
the dissolution rate of drug as in PVVP+drug microparticles in which the
drug precipitated in PVP probably forms even smaller nanostructures.

We discovered that PVP molecular weight also plays an important
role in successful coprecipitation; indeed, the nanoparticles obtained
using PVP 40000 g/mol, show a nucleation and growth process that
induces separate precipitation of the two solutes, confirmed by the color
of coprecipitates, but also by the (-carotene release tests. When PVP
10000 g/mol is used, microparticles are obtained, whose color is
intermediate between the ones of BC and PVP; also their morphology
(spherical microparticles) indicates that the coprecipitation mechanism
could be successful in this case. This result is confirmed by BC release
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tests: the dissolution process is concluded in only 8.5 hours that is about
10 times faster than B-carotene alone and about 5 times faster than the
intimate physical mixture formed when nanoparticles were obtained.
Moreover, all (100 %) BC was recovered in the precipitates, whereas,
only 70 % was present in the case of nanoparticles formation. The
missing BC was probably lost by dissolution in the supercritical mixture
solvents+CO, in the precipitator.

The final consideration is about the dispersion of the active compound
inside the PVVP based microparticles. It can expect that a nanodispersion
has been obtained. There are some good reasons to hypothesize this
morphology:

- first, it has been demonstrated (Shah et al., 2014) that this is the
usual mode of coprecipitation in droplets containing large PVP
quantities;

- second, PVP is a powerful crystal growth inhibitor and no traces of
crystalline drug have been formed,;

- third, the very fast dissolution of coprecipitates is reasonably due
to the very fast dissolution of PVP (that is readily soluble in water
based solution), the release of small drug nanoparticles and their
subsequent fast solubilization.

1) Considering all the experimental evidences collected in this work,
it is possible to state that: looking at the experiments performed at
different operating pressures, it was observed that, increasing the
pressure, the mean diameter of the particles reduced and the PSD
became narrower. Indeed, increasing the pressure, the formation of
the supercritical mixture solvent/antisolvent is faster and,
therefore, the velocity of the dynamic surface tension vanishing
increases, leading the precipitation of smaller particles (De Marco
and Reverchon, 2011a);

2) looking at the experiments performed at different solute
concentrations, it was observed that, increasing the liquid solution
concentration, the mean diameter increased and the particle size
distribution enlarged. This trend has been frequently observed in
SAS experiments and can be explained using the classical theory of
crystallization steps (nucleation and growth) or considering an
increase of the viscosity of the solution with a consequent increase
of jet break-up time, that led to a disequilibrium between the jet
break-up time and the dynamic surface tension vanishing time;

3) the drug entrapment efficiency analysis results confirmed the
presence of both solutes in the samples; in particular, they show that
using the PVP with the lower molecular weight, the drug content
with respect to the initial value remained unchanged. However, these
data are not sufficient to demonstrate that PVP and drug were
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coprecipitated: it is the reason for which dissolution tests were

needed:;

4) dissolution test results allow to conclude that only in the case of

microparticles production the co-precipitation was successful.

V.25  Conclusions

SAS process of PVP based solutions demonstrated to be efficient
in producing polymer/drug coprecipitation when accurate process
conditions are chosen. Indeed, for the first time, well separated
microparticles PVP/FA, PVP/BC and PVP/corticosteroid were produced,
overcoming the limitations observed in SAS literature. The induced
precipitation by microdroplets formation and drying is the key step of the
successful coprecipitation of the two solutes and of the increase of drug
dissolution rate. Analyses performed on coprecipitates also showed that
the formation of composite microparticles protects the active compound
from degradation phenomena.

95



Chapter V

96



Chapter VI
Processing of water soluble
compounds by ELAS process

VI.1 Background

To properly perform the SAS process, two requisites have to be
respected: first the solute has to be soluble in the solvent and not soluble
in scCO,, second the organic solvent and scCO, have to be completely
miscible at the process conditions; i.e., a supercritical solution has to be
formed. Water shows a very limited solubility in CO, at ordinary SAS
conditions (313-333 K, 10.0-25.0 MPa); in fact, as can be seen in Fig.
VI.1, water and carbon dioxide have a very wide miscibility hole, which
reduces increasing the temperatures (Takenouchi and Kennedy, 1964).
Therefore, the applicability of the SAS technique is restricted to
hydrophobic substances.
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Figure V1.1 VLE of the binary system CO,-H,O (Takenouchi and Kennedy,
1964).
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However, many materials of pharmaceutical interest, like
proteins, are water soluble; their use as micronized powders should be of
interest in several applications, for example as micro or nanocarriers for
the transport of bioactive molecules.

In order to micronize water-soluble compounds, a solution could
be the use of another supercritical fluid instead of CO, as antisolvent,
like ethanol or acetone. However, liquid organic solvents have critical
conditions (489 K and 6.14 MPa for ethanol, 508 K and 4.7 MPa for
acetone) not compatible with the stability of the large part of the
compounds.

A better solution could be the use of an antisolvent formed by a
mixture of CO, and an organic solvent, like ethanol (EtOH), acetone
(Jackson and Mantsch) or isopropyl alcohol (iPrOH), in order to enhance
water solubility. However, only some limited studies have been
performed in this field till date.

Foster and co-workers (Bustami et al., 2000, Bustami et al.,
2003) used mixtures of CO, + EtOH (with a mole fraction of EtOH in
the antisolvent equal to 0.2) to try to process some proteins, such as
lysozyme, albumin, insulin, recombinant human deoxyribonuclease
(rhDNase), lysozyme-lactose and rhDNase—lactose. Depending on the
protein used, they obtained micrometric (irregular) particles with mean
diameters ranging between about 3 and 18 pm. Operating at 15.5 MPa,
they analyzed the effect of temperature between 293 and 318 K and the
effect of solute in water at concentrations from 5 to 65 mg/mL.
However, the obtained powders showed, in many cases, severe problems
of aggregation. The less agglomerated particles with a mean diameter
equal to 2.9 pm were obtained processing lysozyme at a temperature of
318 K with a concentration of 50 mg/mL.

Jovanovi¢ et al. (Jovanovi¢ et al, 2004) and Bouchard et al.
(Bouchard et al., 2007, Bouchard et al., 2008) also tried to process water
soluble compounds using a SAS process based on the use of CO, plus
EtOH. They worked at extremely low water concentrations (the higher
water mole fraction in the ternary mixture was equal to 0.06), that, in
turn, implied the possibility to process very low quantities of solubilized
compounds. They obtained, operating at 10.0 MPa and in the range 35—
313 K, spherical microparticles of lysozyme, glycine and phenylalanine
monochydrate with mean diameters falling the in range 1-50 pm.

Supercritical conditions are obtained for all the mixture
compositions located on the right side of the MCP; whereas, the part of
the phase diagram on the left of the MCP, in which single phase
conditions are still obtained, is called expanded liquid region. An
expanded liquid, especially in the proximity of the MCP, has
characteristics very similar to the ones of the corresponding supercritical
fluid mixture and could give precipitation results comparable with those
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obtained operating at supercritical fluid conditions. Expanded liquid
conditions correspond to the possibility to process homogeneous
mixtures containing larger mole fractions of water and co- antisolvent,
increasing the possible concentration of solute that can be processed,
thus overcoming one of the limitations of the works previously
discussed. Moreover, this region has never been tested for the
precipitation from water solutions by compressed antisolvents.

Recently, De Marco and Reverchon (De Marco and Reverchon,
2012) proposed a new modification of SAS process using CO,+ ethanol
mixtures as antisolvent; but, the operating range of antisolvent
composition was extended to expanded liquid conditions and,
accordingly, they named this process Expanded Liquid Antisolvent
(ELAS) precipitation, since it works in the region in which an expanded
liquid mixture is formed.

Ethanol was chosen as co-antisolvent because it is largely soluble
in scCO, and the mixture critical point (MCP) of their binary system is
located at 7.9 MPa for a temperature of 313 K (Day et al., 1996); i.e., at
SAS process conditions that are very simple to be obtained. Moreover,
EtOH is a widely accepted solvent for many applications. The triangular
diagram CO,- H,0O- EtOH is reported in Fig. VI.2 and adapted from
Durling et al. (Durling et al., 2007).
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Figure V1.2 High pressure phase equilibria diagram for the system CO,—

EtOH-H,0 at 313 K and different pressures (Durling et al., 2007).

Looking at this diagram, it is possible to see that: (a) the
miscibility hole in the ternary system only slightly varies between 100 and
20.0 MPa; therefore, it should be considered as approximately valid also

99



Chapter VI

for intermediate pressures; (Liapis and Bruttini) (b) large quantities of
water can be used remaining in the single phase (outside the miscibility
hole) and it is possible to work in the expanded liquid homogeneous region
located on the left of the MCP.

The feasibility of ELAS process was demonstrated processing the
bovine serum albumin (BSA) as model compound. Microparticles with
narrow particle size distributions and mean diameter in the range 0.5-2 pm
and nanoparticles with a mean diameter down to 0.19 pum were obtained.

On the basis of this preliminary study, the aim of this work were:

e to extend the applicability of ELAS to other co-antisolvent (acetone
and isopropyl alcohol) to understand if the kind of co-antisolvent can
influence morphology and particle size of precipitates;

o to extend the applicability of ELAS to other water soluble
compounds of high-added value, such as proteins, enzymes and
polymers;

e to understand the precipitation mechanisms involved in ELAS
process.

VI.2  Precipitation experiments

Materials

BSA (fraction V, 66 kDa, y globulin free, purity 99 %), Lysozyme
from chicken egg white (lyophilized powder, single-chain mol wt 14.3
kDa), Micrococcus lysodeikticus (lyophilized cells), Sodium alginate (1%
viscosity 35 mPa-s; mannuronic acid content 60%), Polyvinyl alcohol
(PVA, MW = 30.000-55.000 g/mol), distilled water (H,0), ethanol (EtOH,
purity 99.8 %), acetone (AC, purity 99.5 %) and isopropyl alcohol (iPrOH,
purity 99.8 %) were supplied by Sigma—Aldrich (Italy). Carbon dioxide
(CO, ,purity 99 %) was purchased from SON (ltaly). All materials were
used as received.

ELAS apparatus

A schematic representation of the apparatus used in this study is
reported in Fig.VI1.3. The ELAS laboratory apparatus consists of a
diaphragm high-pressure pump (Milton Roy, model Milroyal B) used to
deliver carbon dioxide, an HPLC pump (Gilson, model 805) used to
deliver the co-antisolvent, and a diaphragm high-pressure pump (Milton
Roy, mod. Milroyal D), used to deliver the aqueous solution. The pump
that delivers CO, possesses a cooling head to avoid cavitation. The pre-
mixer is a high-pressure vessel with an internal volume of 35 cm®, loaded
with stainless steel perforated saddles, which ensures a large contact
surface between co-antisolvent and CO,. A cylindrical vessel with an
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internal volume of 500 cm® was used as the precipitation chamber. The
precipitation chamber was electrically heated using thin band heaters. The
pressure in the chamber was measured by a test gauge manometer
(Salmoiraghi, model SC-3200) and regulated by a micrometering valve
(Hoke, model 1315G4Y) located at the exit (bottom) of the chamber. The
agueous solution was delivered to the precipitator through a thin wall
stainless steel nozzle. A second collection chamber located downstream
the precipitator, operating at a lower pressure (1.8-2.0 MPa) was used to
recover the mixture of water and co-antisolvent. The pressure in this
chamber was regulated by a backpressure valve (Tescom, model 26-1723-
44). At the exit of the second vessel a rotameter and a dry test meter were
used to measure the CO, flow rate and the total quantity of CO, delivered,
respectively. The co-antisolvent was, then, recovered using a rotary
evaporator.

Figure V1.3 Schematic representation of ELAS apparatus. S1: CO, supply;
S2: co-antisolvent supply; S3: aqueous solution supply; RB: refrigerating
bath; P1, P2, P3: pumps; TC: thermocouple; M: manometer; PM: pre-
mixer; PC:

ELAS procedure
An experiment usually begins delivering supercritical CO, at a
constant flow rate to the pre-mixer and to the precipitation chamber, until
the desired pressure is reached. Then, the co-antisolvent is pumped to the
pre-mixer, where it is put in contact with CO, forming an expanded liquid
solution. Once reached stable flow rates, temperature and pressure
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conditions in the precipitation chamber, water is sent through the nozzle in
the precipitator to obtain steady state composition conditions of the fluid
phase during the solute precipitation. Then, the flow of water is stopped
and the aqueous solution is delivered through the nozzle at the given flow
rate, producing the precipitation of the solute. At the end of the aqueous
solution delivery, two washing steps were performed: in the first one, the
mixture co-antisolvent + CO, continues to flow to wash the chamber to
eliminate water residues for a time t; and, in the second one, CO, alone
continues to flow to eliminate co-antisolvent residues for a time t,. At the
end of this second washing step, CO, flow is stopped and the precipitator
is depressurized down to atmospheric pressure.

VI.2.1 Bovine serum albumin (BSA)

As a first step, BSA was still used as model compound, but the
experiments were performed using also acetone and isopropyl alcohol as
co-antisolvents.

ELAS operating conditions were chosen on the basis of the previous
experiments performed on this protein (Caputo et al., 2012). The effects of
the kind and of the mole fraction of co-antisolvent were investigated
(Caputo et al., 2012). In Table VI.1, a list of the experiments performed
that reports co-antisolvent flow rate (Qco.ant), liquid solution flow rate
(Qsor), carbon dioxide, water and co-antisolvent mole fractions (the
presence of the solute was neglected in these calculations), morphologies
obtained (Morph.), the mean diameter (m.d.) and the standard deviation
(s.d.) is reported.

Table VI. 1 ELAS experiments performed on BSA at 15.0 MPaand 313K
(NP:nanoparticles; SMP: sub-microparticles; MP: microparticles).

Co- Qco-ant, Qsol, Xco2  XH20  Xco-ant Morph. md, s.d,

antis.  mL/min___mL/min um um
EtOH 10 1 0.64 009 0.27 SMP 061 022
15 1 0.57 0.08 0.35 SMP 047 013
25 1 0.46 0.06 048 NP 0.06 001
25 2 0.43 012 045 SMP 113 051

25 0.5 0.50 0.03 047 u.* - -

AC 10 1 0.68 009 0.23 u.* - -
15 1 0.61 006 033 MP+EMP 1065 5.71
25 1 0.51 007 042 MP+EMP 922 517
25 2 0.47 013 040 MP+EMP 257 166
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Ethanol as co-antisolvent

Effect of co-antisolvent mole fraction

The first set of experiments was performed varying the co-
antisolvent mole fraction, obtained changing the flow rates of the fluid
components in the precipitator. When ethanol flow rates were fixed at 10
and 15 mL/min (corresponding mole fractions of the fluid components
Were: Xcoz= 064, XetoH— 027, XH20=0.09 and Xcoz2= 057, XetoH— 035,
Xr20= 0.08), BSA precipitated as well separated sub-microparticles, as it is
possible to observe, for example, from the FESEM images reported in Fig.
VI.4a and b. When ethanol flow rate was fixed at 25 mL/min, obtaining
the following mole fractions: Xco,= 0.46, Xeion= 0.48, Xu20= 0.06,
nanoparticles were produced, as shown in the FESEM image reported in
Fig. VI.4c. Their mean diameter was about 60 nm, as indicated in Table

VI.1

Mag = 50.00 KX
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Figure VI. 4 FESEM images of BSA particles obtained at 15.0 MPa and 313
K using an ethanol flow rate of: (a) 10 mL/min; (b) 15 mL/min; (c) 25
mL/min.

A comparison among the volumetric cumulative particle size
distributions (PSDs) of the BSA particles obtained at the different co-
antisolvent flow rates is reported in Fig. VI.5. Increasing the ethanol
flow rate that corresponds to an increase of the ethanol mole fraction and
to a decrease of the carbon dioxide mole fraction, the mean size of the
particles decreases and the PSD becomes narrower; this last information
is reported in Table V1.1 in terms of standard deviation (s.d.).
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Figure V1.5 Volumetric cumulative BSA particle size distributions obtained
at 15.0 MPa and 313 K at different ethanol flow rates.

Effect of water mole fraction

To investigate different operating conditions, the co-antisolvent
flow rate was fixed at 25 mL/min and water flow rate was varied.
Increasing the water flow rate from 1 to 2 mL/min (Xco2= 0.43, Xeron=
0.45, xy20= 0.12), BSA precipitated in form of slightly agglomerated sub-
microparticles. In this case, the mean particle size was larger than the one
obtained at 1 mL/min.

Then, water flow rate was reduced at 0.5 mL/min. In this case,
the experiment was not successful, since the water solution flow rate, in
combination with the injector diameter and the other process conditions,
was not sufficient to allow the liquid jet break-up and the experiment
substantially failed.

Acetone as co-antisolvent

Effect of co-antisolvent mole fraction

Using acetone as co-antisolvent, with a flow rate of 10 mL/min, the
mole fractions of the fluid components in the precipitator, at the steady
state, were: Xco2= 0.68, Xac= 0.23, Xy20= 0.09. At these conditions, BSA
was completely extracted by the mixture CO,+ acetone, and we
hypothesized that the operating point lies inside the two-phase region of
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the high pressure vapor-liquid equilibria (VLE) diagram for the ternary
system carbon dioxide—water—acetone.
Using an acetone flow rate of 15 mL/min (Xco2= 0.61, Xac= 0.33,
Xn20= 0.06), microparticles and expanded micro-particles were instead
obtained, as it is possible to observe from the FESEM image reported in
Fig. VI.6a. Increasing the acetone flow rate at 25 mL/min (Xco,= 0.51,
Xac= 0.42, xp20= 0.07), BSA precipitated again in form of microparticles
and expanded microparticles, as reported in Fig. VI1.6b, where some
broken expanded microparticles are clearly visible.

110 — ] . Mag= 1.!

Figure V1.6 FESEM images of BSA particles obtained at 15.0 MPa and 313
K using an acetone flow rate of: (a) 15 mL/min; (b) 25 mL/min.

Comparison of the data reported in Table V.3 between the
volumetric particle size distribution of the particles obtained at 15 and 25
mL/min shows that the increase of the acetone mole fraction did not
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generate modifications in the mean particle size and particle size
distribution, obtaining similar mean diameters of 10.65 and 9.22 pm,
respectively.

Effect of water mole fraction

Once fixed the acetone flow rate at 25 mL/min and increasing the
water flow rate from 1 to 2 mL/min (Xco2= 0.47, Xac= 0.40, Xy20= 0.13)
microparticles and expanded microparticles, were obtained. Therefore,
differently from the case of the BSA powders precipitated using ethanol, in
the case of acetone, increasing the water flow rate, the mean particle size
decreases to 2.57 pym and the particle size distribution was sharper, as it is
possible to observe from the comparison of the volumetric particle size
distributions reported in Fig. VI.7.
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Figure V1.7 Volumetric cumulative BSA particle size distributions, obtained
at15.0 MPar and 313 K using acetone as co-antisolvent, at different water
flow rates.

Isopropyl alcohol as co-antisolvent

Effect of co-antisolvent mole fraction
In correspondence of an isopropyl alcohol flow rate of 10 mL/min,
the mole fractions of the fluid components, at steady state in the
precipitator, are: Xco» = 0.69, Xipro = 0.22, Xn20 = 0.09. At these
107



Chapter VI

conditions, BSA precipitated as microparticles, as it is possible to
observe from the FESEM image in Figure V1.8a (with a mean diameter
of about 4.75 pm). Increasing the isopropyl alcohol flow rate at 15
mL/min, the mole fractions of the fluid components were: Xco; = 0.62,
Xipron = 0.30, X420 = 0.08 and microparticles were obtained, as shown in
Figure V1.8b (mean diameter of about 4.05 pum). When it was used an
isopropyl alcohol flow rate of 25 mL/min (Xco2 = 0.51, Xipro = 0.42, Xu20
= 0.07), smaller microparticles, as illustrated in Figure VI1.8c (the mean
diameter equal to 0.93 pum) were produced.

Mag = 5.00 KX
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Figure VI. 8 FESEM images of BSA particles obtained at 15.0 MPa and
313 K using an isopropyl alcohol flow rate of: (a) 10 mL/min; (b) 15
mL/min; (c) 25 mL/min

The volumetric cumulative particle size distributions at different
isopropyl alcohol mole fractions, reported in Figure V1.9, show that the
particles produced using this co-antisolvent follow the same trend of
ethanol: increasing the co-antisolvent flow rate at 25 mL/min, that means
increasing the isopropyl alcohol mole fraction and decreasing the carbon
dioxide mole fraction, the mean size decreased and the PSD became
narrower. It is possible to note that, in the case of this co-antisolvent, no
appreciable variations can be detected for the particles obtained at co-
antisolvent flow rates equal to 10 and at 15 mL/min.
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Figure V1.9 Volumetric cumulative PSDs of the BSA particles obtained at
15.0 MPa and 313 K at different isopropyl alcohol flow rates

Effect of water mole fraction

Also in the case of isopropyl alcohol, the effect of the water mole
fraction, increasing the water flow rate from 1 to 2 mL/min and
operating at a 25 mL/min of isopropyl alcohol flow rate was
investigated. In this case, the mole fractions were: Xco, = 0.48, Xipro =
0.39, Xu20 = 0.13 and microparticles together with short filaments were
obtained.

A comparison between the volumetric PSDs obtained varying
water flow rate showed that the results are analogous to the ones
obtained using acetone: increasing the water flow rate, the mean particle
size decreases and the particle size distribution is sharper.

Analyses

XRD analyses of native BSA and of BSA particles obtained using
the different co-antisolvents were performed to evaluate if the ELAS
process modified the crystallization behavior of the compound. As
shown in Figure VI1.10, similar broad and scattered pattern for native
BSA and all the ELAS processed BSA were observed: all the samples
were amorphous.
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Figure VI1.10 XRD analysis of unprocessed and ELAS processed BSA
particles obtained using the different co-antisolvents.

To study the degradation of the protein, FT-IR spectra of the
various BSA powders were analyzed. The spectra in the mid-infrared
range of polypeptides are divided in three regions: Amide | (1700-1600
cm), Amide 11 (1600-1500 cm™') and Amide 111 (1320-1230 cm )
(Bummer, 1996). The most sensitive spectral region to the protein
secondary structural components is the amide I band (17001600 cm ),
which is due almost entirely to the C=0 stretching vibrations of different
peptide linkages (Chun and Wilkinson, 1999), whereas the Amide 1l
band, that derives mainly from in-plane NH bending and from the CN
stretching vibration, is believed to be not very sensitive to the
conformation of the protein (Parker, 1983) and the Amide Il is
approximately an order of magnitude less intense than Amide I.
Component bands, in the region of 1650-1658 cm ', are assigned to a-
helix (Bummer, 1996); the infrared spectra related to -sheet exhibit a
low intensity region (1620-1640 cm') and a high intensity region
(1670-1695 cm') (Bummer, 1996). Other possible structures are
unordered and B-turns.

The overall FT-IR traces of the native and ELAS processed BSA
using the different co-antisolvents are very similar, as reported in Figure
V1.11. No differences could be evaluated from these diagrams.
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Figure VI1.11 FT-IR traces for unprocessed and ELAS processed BSA
particles obtained using the different co-antisolvents.

Therefore, the second order derivative amide | spectra to enhance
the resolution of overlapping IR bands and to identify the secondary
structures of the protein (Susi and Michael Byler, 1983) were compared.
Considering that a-helix and unordered structures can each be assigned
to one band, whereas multiple bands are associated with B-sheets and -
turns (Dong et al., 1990),the relative intensity of the a-helix peaks using
also the data from the literature (Peters, 1985) were compared. The
analysis revealed an o-helix content, referred to the percentage area of
the peak at 1657 cm', of about 55% for the BSA particles obtained
using acetone as the co-antisolvent, of about 45 % for the particles
obtained using isopropanol and of about 40 % for the particles obtained
using ethanol. Native BSA showed an a-helix content equal to 55%; this
value that is in agreement with the literature data (Peters, 1985).
Therefore, the ELAS process has induced minor modifications in the
case we used ethanol and isopropyl alcohol. Using acetone as co-
antisolvent, no modifications of the BSA secondary structure were
found.

HPLC analysis was performed on BSA powders processed using
isopropyl alcohol and ethanol as co-antisolvents, to study the extent of
the protein degradation. HPLC traces of native BSA, BSA microparticles
obtained using isopropyl alcohol and BSA nanoparticles obtained using
ethanol showed similar peaks, as shown in Figure V1.12, (the peak was
detected at 214 nm in correspondence of 24 min of retention time), but
the intensity of the processed BSA peaks with respect to the one detected
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for the untreated BSA was equal to 90 % in the case of BSA
microparticles obtained from isopropyl alcohol and 82 % in the case of
BSA nanoparticles obtained from ethanol, indicating a degradation of the
protein, that, in every case, is smaller than the degradation obtained in
the case of the traditional processing with organic solvents at low
temperature (Yoshikawa et al., 2012).
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Figure VI1.12 HPLC traces for unprocessed and ELAS processed BSA,
using

The three co-antisolvents belong to class 3 products and, therefore,
their FDA limit is 5000 ppm in the final product. A headspace sampler
coupled to a gas chromatograph was used to verify the co-antisolvent
residue content, in BSA produced particles. The analysis revealed that
the solvent residue was around 1000 ppm in the case of acetone, 3000
ppm in the case of ethanol and 1000 in the case of isopropyl alcohol; i.e.,
in all cases, lower that the FDA limits.

VI1.2.2 Lysozyme from chicken egg white

Functional foods are food products enriched with natural additives
that can promote consumer’s health and reduce the risk of some diseases
(i.e., diabetes, anemia, heart attack) (Menrad, 2003). Their application
affects different segments of food market: beverages, cereals, cheese,
bakery products and meat (Sir6 et al., 2008). However, the additive
could alter some product characteristics, such as taste, color and texture.
To avoid these adverse effects, a possible solution can be to micronize
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the additive (Weidner, 2009). Moreover, the use of nutrients and
supplements at micro and nanoscales can improve their uptake,
absorption and bioavailability in the body, compared to bulk equivalents
(Chaudhry and Castle, 2011).

Lysozyme is an enzyme widely used as food additive (as E1105)
thanks to its numerous properties. In food industry, lysozyme is used as
antimicrobial agent to prolong the shelf-life of cheese products, beer and
malt beverages, wines and other alcoholic drinks (A. Martin,
2008).However, to avoid that lysozyme could change the taste of foods,
it has to be micronized; indeed, it has been observed (Tyle, 1993) that
particles smaller than 25 pm are not felt by the palate.

Micronization of lysozyme requires particular care, since proteins
undergo to degradation (Manning et al., 1989). Traditional techniques
may induce relevant modifications in lysozyme structure with
consequent loss of its characteristics (Van der Plancken et al., 2006). Jet
milling and ball milling expose the protein to high shear forces and
electrostatic charge; moreover, the obtained particles are characterized
by a large particle size distribution (Thiering et al., 2000a). In spray
drying, the final product yield is generally low and the high temperatures
required to evaporate the solvent may cause the denaturation of the
protein (Shewan and Stokes, 2013, Yeo et al., 1993). Lyophilisation and
liquid antisolvent precipitation show difficulties in solvent recovery and
control of particle size distribution (Yeo et al, 1993). Freeze-drying
requires long time processing, high consumption of energy and induces
partial degradation of the protein due to the stress related to freezing and
drying operations (Jovanovi¢ et al., 2004). Some authors proposed the
micronization of lysozyme by SAS using Dimethylsulfoxide (DMSO) as
solvent (Chattopadhyay and Gupta, 2002, Muhrer and Mazzotti, 2003,
Thiering et al., 2000a, Thiering et al., 2000b). However, studies about
the effect of solvents on proteins structure (Jackson and Mantsch, 1991)
showed that DMSO can induce the unfolding of proteins polypeptide
chain; in particular, it has been observed (Jackson and Mantsch, 1991)
that, in presence of this solvent, lysozyme goes through irreversible
denaturation. Some authors (Chattopadhyay and Gupta, 2002, Muhrer
and Mazzotti, 2003, Thiering et al., 2000b)measured the residual
biological activity of the processed enzyme stating that it ranged
between 60 and 100 % of the initial value; but, none verified the
presence of structural modifications related to the reduction of a-helix
content, which is considered to be responsible for the loss of its
properties (Phillips et al., 1994). In order to overcome the limitations of
SAS process, some authors tried to micronize proteins using other
supercritical fluid based techniques (Adami et al., 2009). The obtained
powders were characterized by a good biological activity but they did
not produce nanoparticles. Other authors used a modification of SAS in
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which the antisolvent is formed by a mixture of scCO, and an organic
solvent. Foster and co-workers (Bustami et al., 2000, Bustami et al.,
2003) added ethanol or ethanol + triethylamine to scCO, to micronize
different proteins, including lysozyme, obtaining irregular and
aggregated particles. Bouchard et al. (Bouchard et al., 2007, Bouchard et
al., 2008) added methanol, ethanol, acetone or 2-propanol to scCO, to
process lysozyme; but, they obtained regular particles only using very
small quantities of water solutions (the water mole fraction was around
0.006), that imply the possibility to process only very small quantities of
solute; moreover, the measure of the solvent residue was not reported.

In order to overtake the limitations of the previously discussed
processes, in this work, the micronization of lysozyme using ELAS to
obtain precipitates with regular morphology, good biological activity,
unaltered conformational structure and negligible solvent residue was
proposed. The effects of the kind of co-antisolvent and of the operating
parameters on morphology, particle size and particle size distribution are
investigated. Various analytical methods are used on the processed
powders to verify how ELAS process influences lysozyme integrity.

Experimental results

ELAS experiments were carried out at a pressure of 15.0 MPa, a
temperature of 313 K, a CO, flow rate of 20 g/min and a liquid solution
flow rate of 1 mL/min. The effects of the kind of co-antisolvent, co-
antisolvent mole fraction and solute concentration were investigated. In
Table V1.2, a selection of the experiments performed, reporting mole
fractions, morphologies obtained, mean diameter (m.d.) and standard
deviations of lysozyme particles is reported.

Table VI. 2 Summary of ELAS experiments performed on lysozyme (MP:
microparticles; u.*: unsuccessful).

Co-antis. Qco-ant, C, Xcoz XH20 Xco-ant Morph. mud., s.d,
mL/min  mg/mL pm  pm
AC 15 20 061 0.06 0.33 u.* - -
10 051 007 042 MP 8.67 2.86
25 20 MP 1140 331
50 MP 1382 6.16
iPrOH 10 20 069 0.09 022 MP 9.60 270
50 MP 1236 155
15 20 062 0.08 0.30 MP 585 151
20 051 0.07 042 MP 281 083
25 50 MP 525 123
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Acetone as co-antisolvent

The first set of experiments was performed using AC as co-
antisolvent and fixing the solute concentration at 20 mg/mL. Using AC
flow rate of 15 mL/min (Xco2 = 0.61, Xac = 0.33, X420 = 0.06), lysozyme
did not precipitated on the porous filter, because probably it is soluble in
the mixture CO,/H,O/AC. When an AC flow rate of 25 mL/min (Xco» =
0.51, Xac = 0.42, X420 = 0.07) was used, microparticles were obtained. In
correspondence of this last process condition, the effect of lysozyme
concentration in water (at 10, 20 and 50 mg/mL) was studied.

In Figure VI1.13, FESEM images taken at the same enlargement,
are reported, showing examples of the morphologies observed at the
different concentrations tested; well defined and regular spherical
microparticles were produced at all lysozyme concentrations tested. In
Figure V1.14, the corresponding particle size distributions are reported,
that show that particle size increased with enzyme concentration in the
water solution.

Mag= 500 KX
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Figure VI1.13 FESEM images of lysozyme particles obtained adding an
Acetone flow rate of 25 mL/min to CO, and operating at different enzyme

concentrations: (a) 10 mg/mL; (b) 20 mg/mL; (c) 50 mg/mL.
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Figure V1.14 Volumetric cumulative PSDs of lysozyme particles obtained at
different lysozyme concentrations in water (10-50 mg/mL) using an Acetone
flow rate of 25 mL/min.

Isopropyl alcohol as co-antisolvent
Using an iPrOH flow rate of 10 mL/min, the mole fractions of the
fluid components, at steady state in the precipitator, were: Xco, = 0.69,
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Xipron = 0.22, Xu20 = 0.09. In correspondence of this operating point,
lysozyme precipitated in form of microparticles, as it is possible to observe
from the FESEM image in Figure VI.15a. Increasing the iPrOH flow rate
at 15 mL/min (mole fractions of the fluid components were: Xco, = 0.62,
XiproH = 030, XH20 = 008) and at 25 mL/min (Xcoz = 051, XiproH = 042,
Xu20 = 0.07), microparticles were still obtained; but, they were smaller than
in the previous experiments, as shown in Figure V1.15b and V1.15c.
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Figure VI.15 FESEM images of lysozyme microparticles obtained using an
Isopropyl alcohol flow rate of: (a) 10 mL/min; (b) 15 mL/min; (c) 25
mL/min.

The volumetric cumulative lysozyme particle size distributions at
different iPrOH flow rates are reported in Figure V1.16, and show that,
increasing the co-antisolvent flow rate (that means increasing the iPrOH
mole fraction), the mean size of the particles decreases and the PSD
become narrower.
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Figure VI. 16 Volumetric cumulative PSDs of Lysozyme precipitated
from water at 20 mg/mL at different Isopropyl alcohol flow rates.
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The effect of lysozyme concentration in water, working in
correspondence of the highest and the lowest iPrOH concentrations,
corresponding to 10 and 25 mL/min was also studied. In both cases, the
experiments performed with a concentration of the liquid solution at 10
mg/mL were unsuccessful, since the material precipitated in form of a
compact powder with an irregular shape. Increasing the concentration to
50 mg/mL, well separated microparticles were produced. Comparing the
results of the experiments performed at 20 and 50 mg/mL, it is possible
to observe that, increasing lysozyme concentration in water, the mean
size of the particles increases and PSD enlarges, as it is possible to
observe from Figure V1.17, confirming the trend observed when Acetone
was used.
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Figure VI1.17 Volumetric cumulative PSDs of Lysozyme particles obtained

fromwater at different concentrations (20-50 mg/mL) using an Isopropyl
alcohol flow rate of 25 mL/min.

Analyses

Native lysozyme and ELAS precipitated lysozyme particles obtained
using the different co-antisolvents were analyzed carrying out XRD
measurements, to evaluate if the process modified the crystallization of the
compound. As shown in Figure V1.18, the samples showed similar broad
and scattered pattern, suggesting that no changes occurred in the structure
of the protein.
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Figure VI1.18 XRD analysis of unprocessed and ELAS processed Lysozyme
particles obtained using the different co-antisolvents.

Lysozyme lytic activity is based on the hydrolysis of the B-(1-4)
linkage between N-acetylmuramic acid and N-acetylglucoseamine,
which constitutes the peptidoglycan layer of the bacterial cell walls. This
chitinolytic activity changes the cell’s permeability, causing degradation
of the bacterial cell walls, thus accelerating cell lysis (Cunningham et al.,
1991). For the determination of lysozyme bioactivity, the degree of lysis
induced by the enzyme on Micrococcus lysodeikticus by means of
turbidimetry was measured (Shugar, 1952). This technique, uses a UV-
vis spectrophotometer, and provides a measure of the decrease in
turbidity of the suspension that can be correlated to the concentration of
biological active enzyme. Then, comparing the difference in absorbance
at 450 nm of the substrate suspension after 3 min of the processed and
unprocessed lysozyme, it is possible to calculate the residual biological
activity (Jiang and Huang, 2007). It resulted that the biological activity
of the processed samples with respect to the one of the unprocessed
lysozyme was 95 % in the case of AC and 80 % in the case of iPrOH.
These results showed that ELAS process, when acetone is used, has a
lower impact on the enzymatic activity of lysozyme.

FT-IR analyses were carried out to obtain information about
unfolding of the enzyme. As previously discussed, the Amide I region is
the most intense absorption band in proteins and it is primarily governed
by the stretching vibrations of the C=O of different peptide linkages

121



Chapter VI

(Kong and Yu, 2007). Thus, only this Amide | region was considered.
Within this region, the different protein structures are assigned to
specific ranges of the infrared spectra: 1650-1658 cm™* for a-helix :
1620-1640 cm* and 1670-1695 cm* for B-sheet; 1640-1648 cm* for
unordered conformation; around 1670, 1683, 1688 and 1694 for B-turns.
Since the overall FT-IR traces of native and ELAS processed lysozyme
using the different co-antisolvents are very similar, as shown in Figure
V1.19, a comparison between the second order derivative amide | spectra
to enhance the resolution of overlapping IR bands and to identify the
secondary structures of the protein was made (Susi and Michael Byler,
1983).
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Figure VI1.19 FT-IR traces for unprocessed and ELAS processed Lysozyme
particles obtained using the different co-antisolvents.

It was observed by some authors (Winters et al., 1996) that the loss
in activity of lysozyme can be attributed to the structural modification
related to the decrease of a-helix content. For this reason, a comparison
between the relative intensity of the a-helix peaks for the unprocessed
and processed lysozyme was made. FT-IR analysis performed on the
native enzyme revealed a a-helix content, referred to the percentage area

of the peak at 1657 cm, equal to 19%; whereas, the processed powders
showed a a-helix content of about 18% for the particles obtained using
AC as co-antisolvent and about 16% for the particles produced using
Isopropyl alcohol. Therefore, the ELAS process has induced only some
minor modifications on lysozyme secondary structure, that are less
relevant for the microparticles obtained using AC.
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The co-antisolvent residue content was measured using a
headspace sampler coupled to a gas chromatograph, to verify if, in
lysozyme produced particles, it was lower than the allowable limit, that,
in the case of food additives, is equal to 50 ppm, for the two solvents.
Before the analysis, the samples were taken under vacuum at 298 K for
two hours to eliminate the solvent not entrapped in the powder. The
analysis revealed that the solvent residue was around 20 ppm in the case
of AC and 30 in the case of iPrOH, therefore, in both the cases, lower
that the allowable limits.

VI1.2.3  Sodium alginate and polyvinyl alcohol (PVA)

A controlled release system is designed to deliver the drug at a
predetermined rate. The drug can be surrounded by a polymeric shell or
can be uniformly dispersed in it (Dash and Cudworth i, 1998).
Morphology, mean size, particle size distribution and polymer molecular
weight can influence the ways in which the drug release occurs (Freiberg
and Zhu, 2004). The polymer used as carrier has to satisfy some
requirements, such as biocompatibility and biodegradability (Rani et al.,
2015). Among the natural and synthetic polymers, sodium alginate and
polyvinyl alcohol (PVA), have been widely proposed for drug delivery
systems (Builders et al., 2008, Kayal and Ramanujan, 2010, More et al.,
2010, Tugcu-Demirdz et al., 2007).

Sodium alginate is a random, linear and anionic polysaccharide,
formed by linear copolymers of a-L guluronate (G) and B-D-
mannuronate (M) residues. The composition and sequence of G and M
can influence polymer properties and depend from the source from
which alginate is obtained. Sodium alginate is generally regarded as safe
(GRAYS) by the FDA (Food and Drug Administration) and is considered
as one of the most versatile polysaccharides for a large number of
industrial applications. Indeed, it is stable, biodegradable, biocompatible,
non-toxic, mucoadhesive, non-immunogenic and low in cost (Motwani
et al, 2008). Microparticles of sodium alginate are largely used in
biomedical field for drug delivery systems (Goh et al., 2012, Singh et al.,
2010, Wong, 2011). Drug release from alginate matrix occurs through
two mechanisms: drug diffusion and degradation of the polymer (Goh et
al., 2012).

PVA is a water-soluble synthetic polymer, used in pharmaceutical
and biomedical applications for its remarkable properties such as
mechanical resistance, biocompatibility, biodegradability and non-
toxicity (Shagholani et al., 2015). These properties are influenced by
polymer molecular weight, cross-linking density and crystallinity (Ting
et al., 1992). Furthermore, because of PVA rapid hydrolysis, a long time
retention of the carrier in the human body is avoided (Dong et al., 2014).
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Traditional techniques used for polymer micronization include
solvent/emulsion evaporation (Li et al., 2015a), jet milling (Nykamp et
al., 2002) and spray drying (Blanco et al., 2006). However, they show
several limitations such as the use of large quantities of organic solvent
difficult to recover, high operating temperatures, lack of control over
particle size and particle size distribution (Wang et al., 2013).

Generally, sodium alginate microparticles are obtained by gelation
methods (Chan et al., 2006, Ribeiro et al., 2005, Silva et al., 2006);
however, these techniques led the production of irregular particles and
suffer from some operational limits, such as needle blockage and
cleaning if the solution is extruded through a needle to form alginate
droplets (Paques et al.,, 2014). Nan et al. (Nan et al., 2014) produced
microparticles of alginate using an emulsification + extrusion process,
but using this technique long time processing was required; moreover,
harmful solvents, such as petroleum ether, were used and no residual
solvent analyses were performed on the final product.

Ting et al. (Ting et al., 1992) proposed the micronization of PVA
using spray-drying and spray-desolvation techniques; but, they obtained
collapsed large particles with a mean diameter in the range 17-55 pm
and with yield lower than 50 %; moreover, the characterization of the
powder, to verify the structure of the material after processing, was
missing.

Microparticles and nanoparticles of different polymers have been
frequently obtained using the supercritical antisolvent (SAS) process (E.
Reverchon, 2011, De Marco et al., 2013, Adami et al., 2007, Costa et al.,
2007, De Marco et al., 2012). For example, PV A, that is soluble in some
organic solvents, was precipitated from dimethylsulfoxide (DMSO)
using SAS technique (Adami et al., 2007). Well-defined microparticles
were obtained, but the residual solvent amount was not measured.

In order to overtake the limitations of the above mentioned
processes, in this work the micronization of sodium alginate
(C¢H;NaOg)n and PVA (C,H,O)n is proposed, in order to extend ELAS
application to the micronization of these polymers (Prosapio et al.,
2016b).

Experimental results

The operating conditions used in the ELAS experiments performed
in this work were selected on the basis of our previous experience in this
process (Prosapio et al., 2016c, Prosapio et al., 2014). Operating pressure
was fixed at 15.0 MPa, temperature at 313 K, aqueous solution flow rate
at 1 mL/min and CO, flow rate at 20 g/min. The first set of experiments
on alginate and PVA were carried out varying the kind of co-antisolvent
and its mole fraction. Then, some experiments were performed varying
the concentration of the liquid solution. A list of the experiments
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performed, the obtained morphologies, mean diameter (m.d.) and

standard deviation (s.d.) of the powders is reported in Table V1.3.

Table VI. 3 ELAS experiments performed on sodiumalginate and PVA (NP:
nanoparticles; MP: microparticles; NMP: Nanostructured microparticles;
u.*: unsuccessful; m.d.: mean diameter; s.d.: standard deviation).

# Co- Qco-ant, C, Morph. m.d., s.d.,
antis. mL/min mg/mL Um pm
Sodiumalginate
1 EtOH 10 10 NMP 12.98 13.96
2 15 NMP 11.00 5.78
3 25 NMP 10.37 3.22
4 AC 10 10 u.* - -
5 15 u* - -
6 25 5 MP 0.91 0.59
7 10 MP 3.35 1.61
8 15 MP 5.40 3.04
9 iPrOH 10 5 MP 2.05 0.49
10 10 MP 6.19 1.75
11 15 MP 12.50 281
12 15 10 MP 6.19 1.81
13 25 MP 331 1.92
Polyvinyl alcohol (PVA)
14 EtOH 10 20 MP 2.10 0.64
15 15 NP 0.26 0.08
16 25 NP 0.18 0.05
17 AC 10 20 u* - -
18 15 MP 9.27 2.75
19 25 10 MP 3.58 1.03
20 15 MP 6.54 1.58
21 20 MP 7.76 3.06
22 iPrOH 10 20 MP 3.75 1.08
23 15 MP 2.80 0.95
24 25 10 MP 2.30 0.79
25 20 MP 2.36 0.88

Effect of different co-antisolvents and their mole fraction
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Ethanol

Fixing EtOH flow rate at 10 mL/min (the corresponding mole
fractions of the fluid components were: Xco, = 0.64, Xeron = 0.27, Xu2o =
0.09), sodium alginate precipitated in form of expanded microparticles
with a mean diameter of about 13 um, characterized by a discontinuous
nanostructured surface (also called nanostructured balloons or
nanostructured microparticles). A qualitative indication is given in the
FESEM image reported in Figure V1.20; quantitative data is reported in
Table VI.3. Nanostructure is evident, observing the discontinuous
surface of the microparticles reported in Figure V1.20.

L
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Figure VI1.20 FESEM image of nanostructured SA EMP obtained using an
ethanol flow rate of 10 mL/min.

Other experiments were performed, using EtOH flow rates of 15
mL/min (Xc02 = 057, XgtoH = 035, Xu2o = 008) and 25 mL/min (Xcoz =
0.46, Xgron = 0.48, Xy20 = 0.06), that confirmed the morphology
previously observed: nanostructured microparticles were produced also
in these cases.

Comparing the particles obtained at different ethanol flow rates, it
is possible to observe that, increasing EtOH flow rate, the mean diameter
slightly decreased and the standard deviation (that is an indication of the
sharpness of the particle size distribution) clearly decreased.

The same experiments were carried out using PVA as solute.
When an EtOH flow rate equal to 10 mL/min was used (run #14), PVA
precipitated in form of microparticles with a mean diameter of 2.10 pm.
Figure VI.21a allows to qualitatively assess the observed morphology
and size of microparticles. Increasing the co-antisolvent flow rate at 15
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and 25 mL/min, nanoparticles were obtained, as reported in Figure
V1.21b, which shows an example of this morphology.

Mag = 20.00
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Figure VI.21 FESEM images of PVA particles precipitated using an
ethanol flow rate of: (a) 10 mL/min, (b) 15 mL/min.

Therefore, SEM images show that, increasing the EtOH flow rate
from 10 to 15 mL/min, a change of morphology occurred (microparticles
to nanoparticles): the mean size of the particles decreased and the PSD
became narrower, as shown in Figure VI1.22, where volumetric
cumulative particle size distributions are reported. No relevant size
variations were observed, changing co-antisolvent flow rate from 15 to
25 mL/min, as it is also possible to verify from data of mean diameter
and standard deviation reported in Table V1.3 (experiments # 15 and
#16).
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Diameter, um

Figure VI1.22 Volumetric cumulative PSDs of PVA particles obtained at
different ethanol flow rate.

Acetone

Acetone was the second solvent used as co-antisolvent in our
experiments; when its flow rate was fixed at 10 and 15 mL/min (the
corresponding mole fractions of the fluid components were: Xco, = 0.68,
Xac = 0238, X220 = 0.09 and Xco2 = 061, Xac = 033, Xy20 = 0.06
respectively), sodium alginate was completely extracted by the mixture
CO, + AC; increasing the co-antisolvent flow rate at 25 mL/min (Xco2 =
0.51, Xac = 0.42, X420 = 0.07), microparticles with a rough surface and a
broad PSD were obtained, as it is possible to observe in the FESEM
image reported in Figure V1.23a.

In the case of PVA, using an AC flow rate of 10 mL/min, as in the
case of sodium alginate, the solute was completely extracted by the
mixture CO, + AC; whereas, in correspondence of AC flow rates of 15
and 25 mL/min, well separated microparticles with a smooth surface
were produced, as shown in the FESEM image reported in Figure
VI1.23b. Comparing the PVA particle size distribution data of the
particles obtained at different AC flow rates (Table V1.3), it is possible
to observe that, increasing AC mole fraction, the mean diameter of the
particles slightly reduced (experiments #18 and #21).
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Figure VI1.23 FESEM images of microparticles obtained using an acetone
flow rate of 25 mL/min: (a) SA; (b) PVA.

Isopropyl alcohol

Using iIPrOH as co-antisolvent and fixing its flow rate at 10
mL/min (mole fractions of the fluid components are: Xco, = 0.69, Xipron =
0.22, X420 = 0.09), SA precipitated in form of microparticles with a
rough surface, as it is possible to observe from the FESEM image in
Figure V1.24a. Increasing the iPrOH flow rate at 15 mL/min (Xco»
062, XiproH = 030, Xuoo = 008) and 25 mL/min (Xcoz = 051, XiproH =
0.42, Xp20 = 0.07), microparticles were still obtained, as shown in Figure
V1.24b, where a FESEM image of the particles processed using a iPrOH
flow rate equal to 15 mL/min is reported. However, their surface is
rough also at these conditions.
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Figure VI1.24 FESEM images of SA particles obtained using an isopropyl
alcohol flow rate of: (a) 10 mL/min; (b) 15 mL/min.

The comparison of the volumetric cumulative particle size
distributions, at different iPrOH flow rates, is reported in Figure VI1.24
and shows that, increasing the co-antisolvent flow rate, the mean
diameter of sodium alginate particles largely reduced and the
corresponding PSD became narrower.
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Figure VI1.25 Volumetric cumulative PSDs of sodium alginate particles
obtained at different iPrOH flow rates.

The same experiments were repeated using PVA. In
correspondence of all iPrOH flow rates, PVA precipitated in form of well
separated spherical microparticles. An example of FESEM image is
reported in Figure V1.26.

Mag = 10.00 KX
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Figure VI1.26 FESEM image of PVA patrticles obtained using an iPrOH flow
rate of 10 mL/min.
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The comparison of the diameters of the obtained PVA particles,
reported in Table VI.3 (experiments #22, #23 and #25) shows that the
mean size only slightly reduced increasing iPrOH flow rate.

Effect of polymer concentration in the liquid solution

The effect of the concentration of solute in the aqueous solution on
particles morphology, mean size and PSD was investigated in
correspondence of some selected operating conditions.

Using AC as co-antisolvent at a flow rate equal to 25 mL/min, the
concentration of the polymer in water was varied from 5 to 15 mg/mL in
the case of sodium alginate and from 10 to 20 mg/mL in the case of
PVA. For both the polymers, the comparison of the volumetric particle
size distributions obtained at different concentrations (data reported in
Table VI1.5), shows shat increasing polymer concentration, the mean
diameter of the particles increased and the PSD enlarged.

The effect of sodium alginate concentration in water was
investigated also using iPrOH as co-antisolvent, using the same set of
concentrations of the previous experiments. Comparing the volumetric
particle size distributions, shown in Figure VI.27, it is possible to
observe that increasing alginate concentration in the liquid solution, the
mean diameter largely increased and the particle size distribution
enlarged.

Diameter, um

Figure VI1.27 Volumetric cumulative PSDs sodium alginate particles
obtained at different concentrations using iPrOH as co-antisolvent.
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Using iPrOH as co-antisolvent with a flow rate equal to 25
mL/min, the effect of solute concentration in water was studied also for
PVA. The experiments were performed fixing the concentration of the
liquid solution at 10 mg/mL and well separated microparticles were
produced. Comparing the mean diameter of these particles with the one
of the particles produced at 20 mg/mL, at the same operating conditions,
it was found that reducing the concentration, the mean size of the
particles and the PSD did not change, as it is possible to observe in Table
V1.3 (experiments #24 and #25).

Analyses

XRD analyses for untreated and ELAS processed sodium alginate
and PVA were performed to study if the structure of the material was
changed by processing. The X-ray diffractograms, in the case of both the
polymers and using all the co-antisolvents, show no characteristics
peaks; indeed, the traces are very similar to the ones of the unprocessed
materials. It means that no chemical changes occurred in the two
polymers because of the ELAS processing.

According to Food and Drug Administration (FDA) guidelines,
ethanol, acetone and isopropyl alcohol belong to class 3 residual solvent;
therefore, their maximum acceptable concentration in the final product is
5000 ppm. A headspace sampler, coupled to a gas chromatograph, was
used to verify the co-antisolvent residue content in the ELAS produced
particles. The analysis revealed that the solvent residue was for both the
polymers around 50 ppm in the case of AC, 300 ppm in the case of
EtOH and 200 in the case of iPrOH; i.e., in all cases, lower than the FDA
limits.

VI1.2.4  Interpretation of results of ELAS experiments

An attempt at the explanation of the observed morphologies during
ELAS experiments could start from the consolidated knowledge of the
SAS precipitation. Indeed, analogous to SAS, the interpretation of the
results obtained in this work could be correlated both to thermodynamic
and kinetic aspects of the process.

For the thermodynamic interpretation, the high pressure phase
equilibria  (VLE) of the ternary systems CO,/H,O/co-antisolvent,
reported in Figure V1.28, should be taken into account. VLE diagrams,
adapted from the scientific literature (Durling et al., 2007, Traub and
Stephan, 1990, Chun and Wilkinson, 1999, Bunz et al., 1994), are
referred to the same temperature used in ELAS experiments, 313 K, but
at different pressures. For the systems CO,/H,O/EtOH and
CO,/H,0/iPrOH, data are available at 10.0 and 20.0 MPa and the
experimental points of the miscibility hole (separating the regions in
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which one or two coexisting phases are present) at different pressures are
very close to each other or even overlap. Therefore, in the range 10-20
MPa, the miscibility hole remains substantially unchanged.
Consequently, we can assume that the VLE curve at 15 MPa
superimposes the literature data too. For the system CO,/H,O/AC,
experimental data are available only at 10 MPa (Figure V1.28b).
However, literature reports that for the systems CO,/H,O/organic
solvents (such as, for example, ethanol (Durling et al, 2007),
isopropanol (Chun and Wilkinson, 1999, Binz et al., 1994) and
methanol (Yoon et al., 1993)), in the range 7-30 MPa, increasing the
pressure, the biphasic region is not sensibly changed or, at least, it is
slightly reduced. Therefore, we can hypothesize that, also for the system
CO,/H,0/AC, an increase of pressure to 15 MPa does not cause a
substantial modification of the VLE.

In the diagrams reported in Figure V1.28, it is possible to identify
two regions:

(@) an upper region, indicated with I, in which the system is
homogeneous; one phase is formed and it is possible to suppose that the
solute precipitates from a supercritical or an expanded liquid mixture,
depending on the position of the operating point with respect to the
mixture critical point;

(Liapis and Bruttini) a lower region, indicated with 11, in which two
phases in equilibrium coexist and solute can precipitate from the liquid-
rich side of the corresponding tie-line. The amplitude of the biphasic
region is different for each co-antisolvent and, in particular, it is wider
for the system CO,/H,O/AC.

The operating points, investigated in this work, are indicated with the
letters A, B, C; the corresponding mole fractions are shown in Table
VI.5.
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Figure VI1.28 High pressure phase equilibria for the systems
CO,/H,0/co-antisolvent, at 313 K and different pressures, adapted from
literature (Durling et al., 2007, Traub and Stephan, 1990, Binz et al.,
1994, Chun and Wilkinson, 1999): a) ethanol; b) acetone; c) isopropyl
alcohol. I indicates the homogeneous region, Il the two-phase region.

Depending on the chosen co-antisolvent, different morphologies and
mean diameters were obtained that can be related with the position of the
operating point with respect to the VLE curve.

e System CO,/H,0/EtOH

In the case of BSA and PVA, looking at the sequence of points A, B,
C, in Figure VI.28a, a trend from microparticles to nanoparticles
formation can be observed, that seems correlated to the proximity of the
operating point with respect to the VLE curve for the system CO, -
EtOH - H,O: point A produces microparticles; point B produces sub-
microparticles and point C produces nanoparticles. The fact that also
nanoparticles were obtained cannot be explained considering only a
thermodynamic interpretation. Nanoparticles formation, in the SAS
process, is explained considering gas mixing and particles nucleation and
growth. Also ELAS process has characteristic times, which competition
can explain the attainment of a morphology rather than another one: the
time of jet break-up (t;) and the time of the surface tension (t,) between
the solution and the antisolvent gaseous mixture vanishing (in the case of
supercritical conditions) or diminishing (in the case of expanded liquid
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conditions): if T, < T, gas mixing phenomenon prevails and
nanoparticles are obtained from gas-to-particles generation and growth.
In the case of sodium alginate, all the operating points lie in the upper
region and led to the formation of nanostructured microparticles, whose
formation can be explained in analogy with the SAS proposed
mechanisms (Chavez et al., 2003b, Reverchon et al., 2008b). A small
nucleation to diffusion time ratio (fast nucleation, slow diffusion) leads
to a diffusion limited precipitation front; in this case, as in the SAS
process, microparticles formed by nano-elements can be obtained.

e System CO,/H,0/AC

In this case, the miscibility hole is wider with respect to the one of
the system CO,/H,O/EtOH and the operating point A falls in the
biphasic region. Regarding the point B, it lies in the miscibility hole too
in the case of lysozyme and sodium alginate and the precipitation was
unsuccessful; this experimental evidence can be explained hypothesizing
that the presence of these solute induced an enlargement of the
miscibility gap. In the case of BSA and PVA, microparticles were
obtained, indicating a successful precipitation; this result can be
explained, considering that these solutes only slightly modified the VLE
and, therefore, the operating point lies in the one-phase region.
Operating at point C, the precipitation of well separated microparticles
occurred for PVA, lysozyme and sodium alginate, whereas
microparticles and expanded microparticles were obtained in the case of
BSA.

e System CO,/H,0O/iPrOH

In this case, the miscibility hole is narrower, therefore, the operating
points are more distant from the curve.
At all operating points and for all the solutes, microparticles were
obtained. Moreover, it was observed that varying iPrOH flow rate, i.e.
increasing co-antisolvent mole fraction, the mean size of the particles
decreases and the particle size distribution becomes narrower. These
experimental evidences can be explained considering that increasing the
co-antisolvent mole fraction, the distance of the operating point from the
VLE curve increased; correspondingly, the surface tension reduction is
faster and the generated droplets are smaller. Consequently,
microparticles with smaller diameters were produced.

As concern the effect of solute concentration in water, it was
observed that increasing it, the mean size of the obtained particles
increased and the PSD enlarged. This result can be explained considering
that, increasing the concentration, the cohesive forces increased and also
the viscosity of the aqueous solution raised, with the consequent
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formation of larger droplets during the atomization process; as a
consequence, larger particles were produced.

VI1.2.5 Conclusions

ELAS process demonstrated to be very efficient in producing

typical amorphous particles morphologies. Nanoparticles, microparticles
and expanded microparticles of different solutes were obtained, varying
the kind of co-antisolvent, the co-antisolvent mole fraction and the solute
concentration in water.

Particularly:

the use of ethanol/carbon dioxide antisolvent mixtures led to the
production of micro and nanoparticles with narrow particle size
distributions;

the use of acetone/carbon dioxide and isopropyl alcohol/carbon
dioxide as antisolvent mixtures, instead, led mainly to the production
of microparticles and expanded microparticles.

The morphology and the dimension of the precipitates can be strictly

correlated with the distance of the operating point with respect to the
high pressure vapor liquid equilibria curve and to the competition
between atomization and gas-mixing.

The analyses confirmed that the obtained particles are characterized by
unaltered conformational structure and negligible solvent residue,
especially when AC is used as co-antisolvent.
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Conclusions

The study of jet behavior of solvent mixtures, using elastic light
scattering and Raman scattering techniques, demonstrated that solvent
mixtures, formed by a sharp multi-phase/one-phase mixing transition
solvent (like AC) plus a broad multi-phase/one-phase mixing transition
solvent (like DMSO), show intermediate behaviors between the two
solvents during SAS processing. This evidence was confirmed by
precipitation experiments. Indeed, for the first time PVP nanoparticles
with a mean diameter down to 0.11 pm and cellulose acetate
microparticles with a mean diameter ranging between 0.18 and 0.67 pum
were produced using SAS process. Therefore, it is possible to modulate
the morphology of SAS precipitates using the appropriate solvent
mixture. These results gave a significant contribution on the
understanding of the precipitation mechanisms involved in SAS process.
This part of the thesis was carried out on in collaboration with the
Applied Raman Scattering (ARS) Laboratory of the Erlangen Graduate
School of Advanced and Optical Technology (SAOT) of the Friedrich-
Alexander-Universitdt (FAU) Erlangen-Nurnberg.

The coprecipitation experiments performed in this thesis work
showed the successful peoduction of well separated microspheres for the
systems PVP/folic acid, PVP/B-carotene and PVP/corticosteroids.
Moreover, the coprecipitation mechanism was postulated: using PVP as
carrier to retard crystal growth and working near above the MCP of the
binary system solvent/antisolvent, i.e. when microparticles are produced,
coprecipitation is successful because all the content of the droplet
concurs to form the final particle. Dissolution tests showed a significant
increase of the active compound dissolution rate, that is about 4-5 times
faster than the unprocessed drug. This result is very relevant from a
pharmaceutical and nutraceutical point of view, since it can open the way
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to more efficient and focused administration routes for drugs and
vitamins.

ELAS experiments performed on BSA, lysozyme, sodium
alginate and PVA demonstrated that this technique is very efficient in
producing amorphous particles. Nanoparticles, microparticles and
expanded microparticles were successfully produced varying the kind of
co-antisolvent and the process parameters. In particular, it was found that
the use of ethanol/carbon dioxide antisolvent mixtures led to the
production of micro and nanoparticles with narrow particle size
distributions; the use of acetone/carbon dioxide and isopropyl
alcohol/carbon dioxide as antisolvent mixtures, instead, led mainly to the
production of microparticles and expanded micro-particles. Moreover, it
was hypothesized that the distance of the operating point with respect to
the ternary high pressure VLE can condition the morphology of the
precipitates: increasing the co-antisolvent mole fraction, this distance
increases and the mean size of the particles decreases and the particle
size distribution become narrower. The analyses confirmed that the
particles are characterized by good biological activity, unaltered
conformational structure and negligible solvent residue, especially when
AC is used as co-antisolvent. These features make the particles
particularly useful for food applications.
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AC:
ASES:
BSA:
C:
CHEF:
CO,:

D:
DLS:
DMSO:
DSC:
ELAS:
EMP:
EtOH:
FTIR:
H:
HPLC:
MCP:
m.d.:
MP:
Mw:
NMP:
NP:
Oh:
P:
PGSS:
PSD:
PVP:
Re:
RESS:

RESOLV:

Solvent
SAA:
SAILA:
SAS:
SAS-EM:
scCO,:
SCF:

s.d.:
SEDS:

acetone

Aerosol Solvent Extraction System
Bovine serum albumin

concentration of solute

chloroform

carbon dioxide

nozzle diameter

dynamic laser scattering
dimethylsulfoxide

differential scanning calorimeter
Expanded Liquid Antisolvent

expanded microparticles

ethanol

Fourier transform infrared

enthalpy

high performance liquid chromatography
mixture critical point

particle mean diameter

microparticles

molecular weight

N-methyl-2-pyrrolidone

nanoparticles

Ohnesorge

pressure

Precipitation from Gas Saturated Solution
particle size distribution

polyvinyl pirrolidone

Reynolds number

Rapid Expansion of Supercritical Solutions
Rapid Expansion of a Supercritical Solution into a liquid

Supercritical Assisted Atomization

Supercritical Assisted Injection in a Liguid Antisolvent
Supercritical Antisolvent

Supercritical AntiSolvent with Enhanced Mass transfer
supercritical carbon dioxide

supercritical fluid

standard deviation

Solution Enhanced Dispersion by Supercritical fluids
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SE
T:
Vo.

VLE:

We:

Tjb-
Tis-
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Scanning Electron Microscope
temperature

laser frequency

fluid velocity

vapor liquid equilibria
composition

Weber

viscosity of CO,-solution mixture
fluid density

surface tension

time of jet break-up

time of surface tension vanishing
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