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Abstract

This review focuses on characterization methods for
drug/excipient parficles produced with supercritical CO2 (scCO2)
particle engineering technologies. Proper characterization of particles
can guide opfimization of their production process and provide an
indication of theirin vivo behavior. In particular, characterization
techniques for particle size distribution and morphology, drug loading
and release, structure of matrix components, biotherapeutic activity,
porosity analysis, particle surface, surface charge,
toxicology/biocompatibility and residual solvent/water analysis, are
discussed. Moreover, we discuss particle analytical tfechniques that are
not commonly used in the scCOa2 research field but are of potential use
for pharmaceutically relevant scCO2-engineered particles. These
techniques often work synergistically in parficle characterization by
mutually supporting the interpretation of their outcomes, which is crucial
to efficiently develop a successful production process of drug/excipient
particles.
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1. Introduction

Therapeutic agents, such as small molecules, proteins and
vaccines are often formulated in a mafrix that may consist of
biopolymers, sugars, polysaccharides, porous materials (e.g., silica) or
inorganic compounds. The preparation of these maftrices in particle form
has been shown to improve drug delivery in several ways, e.g., by
allowing the use of less invasive administration routes, improving drug
stability, conftrolling the release profile, increasing bioavailability and/or
selectively targeting of particular tissues or cell types [1-3]. Some
pharmaceutical particle products have already obtained market
approval and are currently used in established treatments of diseases
[4]. One example is an anficancer agent, formulated as
paclitaxel/albumin nanoparticles with improved solubility and delivery
of the drug into endothelial cells when compared fto fradifional
paclitaxel formulations [5].

Various characteristics of the parficles have been shown to
greatly influence the performance of the particulate formulation.
Particle size, among others, is of significance in the process of drug
administration, where typically particles with a size range between 0.1-
0.3 um are used forintravenous (V) delivery, 10-200 um for subcutaneous
or inframuscular delivery [6], 1-5 um for pulmonary delivery and 0.1-100
um for oral delivery [7]. In most cases, particles have to reach their target
site through the blood circulation system. After entering the vascular
bed, particles can escape from the circulation through openings, also
called fenestrations, of the endothelial barrier. The size limits of these
openings for different organs has been summarized elsewhere and is a
contributing factor to the typical particle size dependent biodistribution
of particles in the body. Although it is roughly said that particles have to
be smaller than 150 nanometer to cross the endothelial barrier, there are
several reports that indicate penetration of particles much larger than
the limits of these opening [8]. These observations have mainly to do with
pathological conditions where the vasculature and the fenestrations
undergo changes in size and allow penetration of larger particles. For
instance nanoparticles as large as a couple of hundred nanometer in
diameter have been used to target tumor cells [, 10]. In a different area
of application, the particle size is a critical factor in induction of
immunogenicity in  vaccine delivery systems [11, 12]. Briefly,
nanoparticles target the CD8* T cell responses and dendritic cells while
microparticles (2-3 um) activate macrophages. Size is just one attribute
of particle characteristics and there is a vast amount of information
concerning the relevance of other properties of particles in various
pharmaceutical applications.
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The above-mentioned relations between the particle
characteristics and their window of potential function indicate that,
regardless of the application, the engineering of particles for drug
delivery requires comprehensive characterization of the physical,
chemical and biological attributes of the particles. A good
characterization provides required data for understanding the property-
function relations and for the opfimization of particle production
processes and therapeutic efficacy. Thus, careful selection of
characterization techniques is crucial for the development of stable and
effective drug delivery particles.

Particle preparation for pharmaceutical applications is typically
carried out by conventional techniques, such as miling, solvent
evaporation and spray drying [13], or relafively new methods such as
supercritical carbon dioxide technology, cryogenic technologies, and
nanomilling [14]. Milling involves the use of a mechanical force to break
up a material into smaller particles, typically in the range of 1-100 um.
While such methods are inexpensive, the particle size and homogeneity
that can be achieved are often limited [15]. Particle formation by
solvent evaporation is a simple method for preparing particles over a
broad size range. However, residual solvents can remain in the particles
[16], which may lead to cytotoxicity upon administration. Spray drying
produces powder product by atomizing a solution to form droplets that
are subsequently dried by hot air. While it is a fast and easily scalable
process that is capable of achieving narrow particle size distributions in
the range of 0.1 to 1000 um, the high temperatures needed for drying
can lead to degradation of biological compounds [17-19]. Cryogenic
technologies, such as freeze drying, rely on sublimation to produce dried
products. They are considered fo be a mild process and are generally
used for the dehydration of biotherapeutics. However, the particle size
of freeze-dried products is not well-controlled. Moreover, such methods
are energy intensive and time consuming [20].

Among these techniques, the use of supercritical CO2 (scCO2) to
create multicomponent drug/excipients particles is of particular interest
for several reasons [21]. ScCO2 has a relatively mild critical pressure (7.4
MPa) and temperature (301.4 K), allowing processing of thermolabile
substances at desirable temperatures [22-24]. It is also inexpensive,
nontoxic and relatively inert [25].

Moreover, scCO2 technology can be used to process a broad
range of drug formulations from a variety of materials with controlled size
distributions and specific particle morphologies [21, 26-29], in particular
to develop drug carrier systems [26, 30, 31] and fo improve drug



Chapter 2 [EENINNN

bioavailability [32]. A review article of Campardelli et al. [31] infroduced
several scCO2-based particle production techniques that allow for
preparation of solid nanoparticles, nanostructured and nanoporous
microparticles, and nanoporous materials. The literature cited in this
review demonstrates that there is a large, heterogeneous array of
particles for pharmaceutical applications that have been engineered
by using scCO2 technology [33]. These parficles have been
characterized by various techniques and literature data show that the
methods used to characterize drug/excipient particles are numerous
and aiming for a broad range of properties, while no standard tesfing
procedure has been implemented (Table 1 and Fig. 1). Moreover, it is
apparent from these articles that the influence of the processing
conditions in scCO2 processes on the resultant particle characteristics is
not well understood, compared to conventional particle production
methods.

The aim of this review is to discuss the strategies and methods
used for the characterization of scCO2-produced drug-containing
particles. In particular, the techniques are categorized with respect to
their targeted properties, i.e., particle size distribution and morphology,
drug loading and release, structure of matrix components,
biotherapeutic activity, surface chemistry, porosity, surface charge,
toxicology/biocompatibility and residual solvent/water. This review will
take info consideration the strengths and weaknesses of each
characterization technique, and also include a list of methods that may
potentially be useful as additional characterization methods for particles
produced with scCO2 technology. Table 2 summarizes techniques that
have been used to characterize particles prepared by scCO2
technologies (indicated by an asterisk when such a technique is used in
one of the cited articles in Table 1) as well as techniques that have been
used for particles prepared with other methods and can be useful for
characterizing drug-containing particles engineered by scCO:2
technologies. In the review of each technique special attention will be
paid to highlighting the way characterization can help improving the
production and application of particulate drug delivery systems.
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Fig. 1 The frequency of use of particle characterization techniques used in

scCO2 technology. Abbreviations; AFM (Atomic force microscopy), Cytox
(Cytotoxicity by in vitro and in vivo assay), DLS and LS (dynamic light
scattering and laser diffraction), DSC (Differential scanning calorimetry),
EDX (Energy dispersion X-ray spectroscopy), FTIR (Fourier transform infrared
spectroscopy), HPLC (high performance liquid chromatography with UV
detector), IVR (In vitro release and dissolution study), Porosity (Brunauer-
Emmett-Teller surface area analysis and Barrett-Joyner-Halenda
determination, N2 absorption and pore size distribution), SEM (Scanning
electron microscopy), Solvent analysis (Gas chromatography), TGA
(Thermogravimetric analysis), TEM (Transmission electron microscopy),
UV/Vis (UV/Vis spectroscopy), XPS (X-ray photoelectron spectroscopy).
XRD (X-ray diffraction), and ZP (Zeta potential measurement).
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Chapter 2

2. Supercritical carbon dioxide-mediated particle engineering

2.1. scCO2 as a solvent

Several methods use scCO2 as a solvent for drug and/or
excipient, and rely on a reduction in pressure to induce particle
formation. The first method of this category is often referred to as the
Rapid Expansion of Supercritical Solutions (RESS) fechnique [34]. After the
constituents are dissolved in scCO2, the mixture is depressurized over a
nozzle. The resulting expansion of scCO2 reduces its solvation power,
leading fo supersaturation of the mixture and precipitation of the solute
to form particles. The use of this technique is offen limited, as scCO2
remains a poor solvent for most of the polymers and pharmaceutical
compounds, making RESS-like processes a less viable option for the
production of particles containing them [33].

One way to overcome the limited solubility is by using an organic
co-solvent, which can be added to increase the solubility of drug or
polymer in the scCO2. However, when working with organic solvents,
there is the risk that some solvent remains in the particles, therefore
requiring additional drying steps to remove it. Moreover, the solvent may
also cause particle agglomeration [33]. Variations of the RESS method
include a non-solvent RESS process (RESS-N), which relies on the
differences in solubility of an excipient and drug in scCO2 to promote the
precipitation of the excipient on the already prepared drug particles to
create microparticles with a core-shell structure [35-37], and the
spraying of the supercritical solution info a liquid solvent (RESOLV), to
obtain a suspension of micro- or nanosized particles [33, 38].

The second technique that makes use of scCO2 as a solvent is
scCO2-assisted impregnation. When a saturated solution of drug in
scCOzis brought intfo contact with insoluble excipient particles, the drug
can be loaded into the particles by two mechanisms [39]. In the first
approach, rapid depressurization of the scCO2/drug solution allows for
the drug to be deposited inside the particles, which often consist of a
polymer or silica matrix. During such a process, it is possible that the drug
can deposit outside the excipient particles, leading to an
inhomogeneous mixture of drug and excipient molecules. The second
mechanism involves drug adsorption by the excipient, which relies on an
interaction (e.g., H-bonding) between the solid excipient particles and
the drug [39]. When the excipient is a polymer, scCO2serves not only as
a solvent for the drug, but also promotes diffusion of the scCO2 solution
intfo the polymer matrix by swelling of the polymer[40].
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In the third method, that is Supercritical Fluid Emulsion Extraction
(SFEE) technique, a scCO2 solvent can be used to dissolve and extract
the organic phase of an emulsion. In this case, the drug and other
particle constituents are dissolved in the organic phase of a traditional
oil-in-water emulsion and scCO2 is a non-solvent for the particle
constituents that can exiract the organic solvent very rapidly and
efficiently. The extraction of the organic phase will produce an aqueous
suspension of microparticles, which can subsequently be filtered and
dried to obtain a powder. One of the benefits of SFEE is that the particle
size can be confrolled by manipulating the size of the droplets in the
emulsion [41]. In addition, the aqueous phase is supposed to prevent
agglomeration [41]. This method was originally developed by Shekunov
et al. [42] for the preparation of pure nanoparticles of cholesterol
acetate, griseofulvin and megestrol. It has also been used to create
drug/polymer particles with Eudragit® and poly(lactic-co-glycolic
acid) (PLGA) [41, 43-46].

2.2. scCO2 as a non-solvent

The fact that most drugs and polymers have a poor solubility in
scCO2 can also be exploited in particle formation techniques, where the
scCOz2is then used as an anti-solvent. In processes like Supercritical Anti-
Solvent (SAS) and Precipitation with Compressed Anti-solvent (PCA), a
solution of drug and excipients is sprayed into a precipitation chamber
containing scCOz2 [47]. As the scCOz2 dissolves into the sprayed droplets,
the solubility of the constituents in the droplet decreases, leading to the
precipitation of micro- or nanosized particles [48]. These anfi-solvent
processes often lead to very small (down to nm size range) particles, as
the rapid precipitation limits the possibility for the parficles to grow.
However, an additional organic solvent is often employed in anfi-solvent
processes to enhance the mass transfer between scCO2 and
drug/excipient solution, leading to remaining of a residual organic
solvent content in particles [47], which may cause cytotoxicity upon
drug administration.

Several modifications of the scCO2 anti-solvent process have
been developed, to improve the atomization and to create particles
with narrower size distributions. Chattopadhyay et al. [49] developed the
Supercritical Anti-Solvent with Enhanced Mass Transfer (SAS-EM) process,
where an atomizing tip with ultrasonic frequency is used to improve mass
transfer between scCO2 and the drug/excipient solution. The same
technique was used by Lee et al. [50] to produce microparticles of
paclitaxel and poly L-lactic acid (PLA). In a variation of this method
called the Supercritical Anti-Solvent Drug-Excipient Mixing (SAS-DEM)
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process, a drug solution is sprayed intfo a suspension of excipients in
scCO2. This causes the drug to precipitate in composite particles
containing the excipient. This method is used to avoid agglomeration of
drug particles and improve the dissolution rate by increasing the surface
area [51-53].

2.3. scCO7 as a solute

scCO2 can dissolve in many polymeric matrices, causing swelling
and lowering of the glass transition temperature [47]. This behavior is
exploited in the Particles from Gas Saturated Solutions (PGSS) process, as
it allows for intimate mixing of a molten polymer and an (insoluble) drug.
Subsequent rapid depressurization of the scCO2 saturated molten
mixture over a nozzle causes a rapid and homogeneous cooling of the
sample, which induces precipitation of solid drug/polymer particles [54].
This method has been used recently to make protein/polymer particles
with several different polymers such as PLGA, PLA and copolymers of PLA
and polyethylene glycol (PEG) [55-57]. In addition, the PGSS technique
has been used to prepare protein-loaded lipid-based particles with a
high protein loading and a controlled released profile [33, 58]. In this
case, the technique has been referred to as Gas-Assisted Melfing
Atomization (GAMA). Despite the ability of the process in producing
particles, it has been reported that the PGSS process is disadvantageous
for preparation of particles in the sulbmicron size range [59].

Moreover, scCO2 can help to improve a traditional hot-melting
dispersion method for manufacturing micronized particles, by lowering
the melting temperature of dispersed active agents [60]. As shown in a
study by Cha et al. [61], the suppression in melting by the supercritical
allows for intfimate mixing between a molten drug (fenofibrate) and a
mesoporous carrier (magnesium aluminometasilicate, Neusilin UFL2) at
only 50 °C, in confrast to the hot-melting method, which was conducted
at 90 °C.

2.4. scCO2 as a drying medium

In a commonly used tfechnique called Solution-Enhanced
Dispersion by ScCO2 (SEDS), the solution is mixed with scCO2 prior o
spraying through a coaxial nozzle [33]. This increases the mass transfer
between the sprayed solution and scCOq, reducing both the drying time
and the extent of particle agglomeration. Alternatively, a similar
scCOz/solution mixture can be sprayed into a liquid phase, to create a
dispersion as in the case of Suspension Enhanced Dispersion by scCO2
(SpEDS) [62-64]. Another modificafion of the SEDS technique was
developed by Zhang et al. [65]: the reverse-emulsion-Solution Enhanced
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Dispersion by scCO2 (reverse emulsion-SEDS), in which an oil-in-water
emulsion containing both drug (5-fluorouracil) and polymer was dried
using an SEDS-like process. However, the emulsion sprayed into the
scCO2 medium was not treated with scCOz prior to spraying. The reverse
emulsion-SEDS is also comparable to the emulsion-combined PCA [66,
67].

Similar to the SEDS process, scCOz is used as a low temperature
drying medium, which is partficularly beneficial for thermolabile
substances [68]. In the scCO2 spray drying process, a protein formulation
is pumped into the drying system, where it is atomized by the scCO2 via
a nozzle into a drying vessel filled with scCO2 [69]. The water removal
from the atomized droplets is carried out in the vessel by mass transfer
between water and scCO2 phases. The scCO2 spray drying has been
used to prepare dried formulations of lysozyme [69], myoglobin [69, 70]
and immunoglobulin G [71] in our laboratories. The two other fechniques
in this category are scCO2 assisted atomization (SAA) and carbon
dioxide-assisted nebulization with a bubble dryer (CAN-BD) [72, 73]. In
both cases, scCOz2 is mixed with a solution of the drug/polymer prior to
spraying, to create either an emuilsion or a solution. The emulsion/solution
is then sprayed into a vessel at lower pressure, where the expansion of
scCO:q facilitates the formation of microdroplets, allowing for fast drying
(several ms) despite the low tfemperatures (32 - 52 °C) [74, 75]. The SAA
tfechnique has been used recently to create gentamicin/albumin
particles and gentamicin/alginate/pectin particles [76, 77]. SAA and
CAN-BD processes are similar to PGSS drying for preparing particles of p-
carotenoid in lecithin as described by Paz et al. [78]. It has been
suggested that proteins can suffer from an acidification by CO.,
however, a suitable buffer can control the pH of protein formulations
during scCO2 drying processes [70].

3. Particle characterization

The order of the presentation of particle characterization
techniques that are discussed in this review paper is based on the
frequency of their use for the analysis of scCO2 engineered particles. As
presented in Fig. 1, more that 50% of the analyses by particle
characterization methods have aimed for investigating one of these
three categories of properties: 1) particle size distribution and
morphology, 2) drug loading and release and 3) drug and excipient
structure. Other properties such as surface chemistry and charge, in vitro
and in vivo drug activity and efficacy, toxicology and others have been
less studied.
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3.1. Particle size distribution and morphology
3.1.1.  Dynamic light scattering (DLS) and laser diffraction (LD)

Dynamic light scattering (DLS) or photon correlatfion
spectroscopy measures the variation of the intensity of scattered light
over time to determine the diffusion coefficient and therewith the
average equivalent-sphere hydrodynamic diameter of particles in a
suspension [79, 80]. This technique can measure particle size in the range
of about 1-1000 nm. DLS measurements are easy fo perform and this
technigue is quite common due to the availability of the necessary
equipment in most laboratories. However, small fraces of large particles
and agglomerates can skew the results, because they scatter light more
efficiently than smaller particles do [8].

DLS analysis was applied to study the effects of the production
parameters of the SAS process with ultrasonic vibration to prepare
uniform PLGA-coated curcumin nanoparticles in the range of 40-63 nm.
The results showed that low power of the ultrasonication (60 W) resulted
in poor mixing of pure curcumin particles, whereas curcumin
aggregation occurred with a high ultrasonic power (420 W) [81]. Another
study by Zhang et al. [65] used DLS to defermine influences of operating
parameters of a reverse-emulsion SEDS process on the particle size
distribution of 5-fluorouracil (an antitumor drug) loaded in a copolymer
PLA/PEG. The results suggested that the nanoparticles with a narrow size
distribution were obtained when the pressure of the SEDS process was
high, but the operational tfemperature and solution flow rate were low.
In this study, the DLS results were supported by the images from scanning
electron microscopy (SEM).

Laser diffraction (LD), similar to DLS, is based on analysis of the
scaftered light. It is in principle a commonly used static light scattering
method in which particle sizes are determined based on an intensity of
scaftered light as a function of scattering angle. LD is suitable for
measurement of the particle size in the range of submicron to millimeter.
LD has been used in studies of Kang et al. [66] and Chen et al. [67] 1O
observe drug-loaded, porous PLA microparticles prepared by PCA
process. The particles were designed for pulmonary drug delivery. In
theory, inhaled drug/excipient particles should have an aerodynamic
diameter (aerodynamic diameter is a function of geometric size and
particle density) in a range of 1-5 um to reach the alveolar airways [82].
The results of the LD measurement suggested that the geometric particle
sizes of drug-loaded porous microparticles were about 10-20 um.
However, due to the porosity of particles resulting in a lower density, the
aerodynamic diameter of drug-loaded PLA porous microparticles was



INEPN Chapter 2

about 3 um [66, 67]. Therefore, porous particles with a geometric size
greater than 10 um may have a desired aerodynamic size due to the
low mass densities of particles [83, 84].

3.1.2.  Scanning electron microscopy (SEM)

SEM is used to visualize the morphology or shape of particles in a
dry state. SEM uses a focused beam of electrons to scan the sample.
Various types of signals (secondary or back-scattered electrons and X-
rays) coming from the sample can be detected to create an image, or
gain information about the elemental composition of the surface. The
resolution of a SEM image can be as small as 1 nm [85], while at the
lowest magnification particles as large as hundreds of microns can be
imaged. Based on SEM images, Sane and Limtrakul [86] showed that PLA
nanoparticles loaded with a model drug (retinyl palmitate) from RESOLV
process were different in size due to presence or absence of a
component of retinyl palmitate and excipients in the precipitating
solution. SEM also gave clear images of the agglomerates of retinyl
palmitate/PLA nanoparticles. However, particles seen in SEM images are
dry and therefore their size can be smaller than their hydrodynamic
diameter determined from DLS or some other light inferaction methods
[86]. Moreover, SEM images can be also used for estimation of particle
porosity and the elemental analysis of a particle surface [41, 52, 87], as
explained below.

3.1.3.  Transmission electron microscopy (TEM)

Using TEM, particles with a size range of 1 nm - 5 um can be
imaged [88]. The intensity of electrons after interacting fo a specimen is
detected at the other side of the sample, and then used to create a
sample image [89]. Although better resolutions can be achieved with
TEM (0.1 nm) than with SEM, the sample preparation tends to be more
complex. TEM is also used to visualize the distribution of the constituents
in particles and distribution of particles after uptake [13, 90, 91]. It is
noteworthy that the use of a focused electron beam in TEM may
damage the structure of material samples during the imaging.

A few examples of TEM for particle engineered by scCO;
processes are available (see Table 1). TEM micrographs have been used
to observe the internal structure of particles, e.g., to evaluate whether
there are pores or localized structures in particles that indicate effective
loading with a drug. Kalani and Yunus [13] showed the 15.5 nm thickness
of a PLA outer shell filled with paracetamol inside, after coprecipitating
in antisolvent CO2 process. In addition, the TEM can be coupled with
energy dispersion X-ray specfroscopy in order to analyze presence of
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elements from a drug and excipient in nanoparticles prepared by
Suspension-Enhanced Dispersion by Supercritical CO2 (SpEDS), which is
a modified version of the SEDS process mentioned in section 2.4 [90].

3.1.4. Optical microscopy (OM)

The use of visible light to magnify an object by an objective and
eyepiece lens is probably the oldest particle characterization technique
for micron sized particles. OM has been applied for observing the
formation of the waten/oil/water. emulsion of drug/PLGA microspheres
[41, 44]. The primary wateri/oil emulsion consisted of a water phase (a
drug suspension in a solution of polyvinyl alcohol (PVA) in ethanol or
DMSQO) in an oil phase (PLGA in ethyl acetate), while the secondary
waterz solution was ethyl acetate-saturated aqueous PVA solution. The
emulsion was later infroduced into the supercritical fluid emulsion
extraction (SFEE). After depressurization, the microspheres were formed
while residual organic solvents in the water/oil/water. emulsion were
extracted. The images of OM can be used for simple and fast screening
of emulsion droplet formation. However, other techniques such as SEM
or TEM may be required to observe more details of particle morphology
(41, 44].

3.1.5. Nanoparticle tracking analysis (NTA)

NTA analyzes particles in liquid solutions using the visualization of
the light scattered by single particles and tracking of the Brownian
motion of those particles. The instrument consists of a laser light
scaftering microscope with a charge-coupled device (CCD) camera,
which enables the visualization and recording of the movement of
nanoparticles in suspension, and a software, which will frack and identify
individual nanoparticles moving under Brownian motion and relates the
movement to a partficle size according to the Stokes-Einstein equation.
This technique is suitable for particle sizes between 30 and 1000 nm, and
particle concentrations in the range of 107-109/ml [92]. The
measurement requires a small amount of a sample solution (less than 1
ml).

In a study of Nuchuchua et al. [71], NTA was used to determine
of the nanoparticle size distribution and concentration in the
reconstituted samples of dried protein/trehalose formulations prepared
by scCOz2 spray drying. This study allowed for detection of nanoparticles
in reconstitutions that could be protein aggregates. These results also led
to further studies on the optimization of formulations in order to minimize
the aggregation of proteins induced by scCO:2 spray drying [71].
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3.1.6. Fluid imaging technology

Depending on the design and flow cell characteristics, fluid
imaging microscopy (also called flow imaging microscopy) measures
particles in range of 1 to hundreds of um. Flow imaging microscopy
methods capture picture frames when a solution stream (containing
particles) passes through a flow cell centered in the field of-view of a
custom magnification system having a well characterized and
extended depth-of-field. The images are analyzed to collect data with
respect to count, size, concentration, as well as other aspects like shape
and conftrast parameters [93-95].

ScCOz2 spray drying processing parameters such as pressure,
temperature, pressurized CO2 and spray drying, were studied with
respect to their effects on myoglobin aggregation. By fluid imaging
microscopy, the formation of myoglobin aggregates was observed in
the range of larger than 1 ym after the myoglobin/trehalose formulation
was incubated in the pressurized CO2 (65-130 bar and 25-50°C) without
spray drying. The aggregation was explained to have been induced by
CO2 acidification as the pH of the myoglobin formulafion was
decreased from 6.2 to about 5 [70]. This study is among the few that
raised awareness that the scCO:2 processing under uncontrolled
conditions may destabilize proteins. In other research studies on scCO>
particle formation, biodegradable particles containing biologics were
successfully analyzed by flow imaging microscopy [56, 57].

3.1.7. Light obscuration (LO)

Light obscuration is the blockage of light by particles in a
suspension, when particles pass through the lit pathway. Analysis of the
shadow of particles allows for extracting particle size distribution and
concentration. This technique is able to measure particle sizes in the
range of 1-200 um. LO is currently, besides optical microscopy, the listed
technique in the US and European pharmacopeias for giving
specifications of sub-visible particle concentration in parenteral solutions
[96-98]. LO, however, would give an inaccurate estimation of particle
sizes and concenftratfions where there is a low opftical contrast or small
difference in the refractive index of the particles and the suspending
fluid [93]. Despite the attractive features, LO has not been a frequently
used particle characterization method in the area of particle
engineering by scCO2 fechniques. In the single example included in
Table 1, Sathigari et al. [52] obtained the particle size distribution of
antfifungal ifraconazole microflakes with and without additives by LO
and SEM. However, the average particle size from LO was smaller than
the estimated average size derived from SEM images. As shown by the
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images, the itfraconazole without additives had more of a rectangular
shape, while the itraconazole with additives formed the spherical cluster
of rectangular shape, called microflakes. This study showed that LO has
limitations in analyzing non-spherical particles.

3.1.8.  Scanning mobility particle sizer spectrometry (SMPS)

Scanning mobility particle sizer spectrometry (SMPS) is typically
used for measuring aerosols in the range of 2.5-1000 nm [99, 100]. The
particles are brought to a bipolar charger to create electrical charges
on particles, which are then separated in an electrical field in a
differential mobility analyzer (DMA). The separation is by means of their
electrical mobility (depending on particle diameter and charge). SMPS
is particularly useful for determining size of particles in a solid dosage
form, which is applicable to determine particles for inhaled drugs [101]
and other powdered products [100].

SMPS was intfegrated in a RESS sefup to monitor the size of
naproxen-loaded PLA particles during the expansion in an aerosol
phase. The particle size distribution was obtained and related to the
particle production time in the RESS process. Pure naproxen particles
showed an increase in the median diameter with increasing the
processing time, whereas the naproxen-PLA did not. Thisimplied that PLA
helps to reduce the agglomeration of naproxen [46]. In this case, the in
siftu SMPS in the RESS process assisted fo determine the particle size
distribution before the end of the particle preparation process.

3.1.9. Flow field-flow fractionation (Flow FFF)

Flow field-flow fractionation (flow FFF) has become an interesting
analytical separation technique used as a standard method for size
characterization of protein aggregates and high molecular weight
polymers (>10 MDa) as well as nano- and micro-sized particles. The
separation is based on variations in the diffusion coefficient, described
in the Stokes-Einstein equation, as a function of diameter, tfemperature
and viscosity of samples [47]. Many operation sefups have been
developed such as symmeftrical and asymmetrical parallel plate flow
channels [48-51], frapezoidal asymmetrical parallel plate flow FFF [52-54]
and circular hollow fiber flow FFF [55]. The underlying principle of the
technique, however, remains the same.

Trapezoidal asymmetrical parallel plate flow FFF is a standard
commercially available asymmetrical parallel plate flow FFF (AF4) [47].
In brief, the particles are infroduced into a separation chamber on the
top of a membrane near the inlet of the channel flow medium. Particles
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are pushed and concentrated on the membrane by means of a cross
flow. The different diffusion coefficient of particles allows the small
particles which diffuse back faster to be rearranged on top of the larger
ones. When the secondary flow in the direction of channelis introduced,
the small particle sizes will be firstly eluted at the channel outlet, followed
by the larger particles due to gradient flow speed that is faster in the
center and slower towards the edges of the channel.

AF4 coupling with a refractometer, UV/Vis and fluorescence
spectrophotometers and a multi-angle light scattering detector allows
for determining the size and concenftration of particles [92]. As shown by
a study of MUller et al. [102], TiO2 nanoparticles in a sunscreen were
investigated for the labeling of nanoparticle-containing consumer
products with respect to the EU regulation on cosmetics and food.
Before analyzing the TiO2 nanoparticles, a scCO2 extraction process was
chosen instead of using a solvent extraction method to remove lipid
componentsin asunscreen. Using the AF4 method, the UV detector was
used to determine the concentration of TiO2 nanoparticles while the light
scaftering detection module gave information concerning the
nanoparticle size. The results showed that the size and concentration of
the TiO2 nanoparticles in the sunscreen were comparable to that of the
unformulated nanoparticles. An aggregation of TiO2 nanoparticles was
also observed by the AF4 technique. Despite its capacity, particularly
the wide size range of detection, the AF4 method has not been used to
characterize scCO2-engineered particles.

3.1.10. Disc cenfrifugal sedimentation

With this technique particles are separated based on settling
velocity upon arotation of a disc centrifuge plate [103, 104]. This method
is used for nanoparticle characterization. To determine the size, particles
are infroduced into a rotating disc, which is filled with a slight density
gradient fluid for stabilization with respect to the sedimentation velocity.
Upon cenfrifugation, particles are spun out through the fluid and
detected by light aftenuation. This settling velocity can be correlated to
the size of the particles. The rheological properties of the fluid (density,
viscosity) are calculated using polyvinyl chloride standard particles with
known density and hydrodynamic diameter. This method has been
shown fo be able to distinguish small differences in the size of
nanoparticles in a dispersion, which is quite challenging for many other
techniques such as DLS[105].
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3.1.11. Tunable resistive pulse sensing (TRPS)

This technique measures the mobility of individual parficles. The
system is composed of a tunable membrane with an orifice (a sensing
zone), the two sides of which are covered with an electrolyte solution.
An electrical current is applied to both sides of the electrolyte solution.
When particles are infroduced at one side and pass through the orifice;
the electrical current of the system wiill be temporarily changed giving a
signal of short-lived electrical impedance for each particle. The height
of the signal represents the particle size, whereas the frequency of the
signals is a measure of the concenfration of particles. The flow of
particles through the orifice is confrolled by a vacuum unit. Due to the
electrophoretic mobility, this technique can also perform zeta potential
measurements using Smoluchowski's approximation [106, 107]. TRPS is
applicable to measure submicron-sized particles, such as 100-400 nm
liposomes [108], 570 nm conductive polymer microgels [109], 1T um
magnetic spheres and aggregates [110] and emulsions less than 1 um
size [106]. Although TRPS has not been used to analyze particles
prepared by scCO:2 processes, it is may be a promising method to
determine individual particles in a suspension.

3.2. Drug loading and release

Drug loading is a process to incorporate drugs into carriers,
dependent on the physicochemical properties of drugs and excipients.
Incorporation process is based on several mechanisms of interactions
between the drugs and the carrier such as hydrogen bonding, ionic
interaction, dipole interaction, physical entrapment, precipitation,
covalent bonding or surface absorption [111]. Typically in order to
measure the total amount of drug in the particles, drug/excipient
particles are often dissolved in an agueous medium or organic solvent
and the amount of the drug in the solution is measured by using a variety
of techniques that will be discussed below [112, 113].

Drug release is a reverse process of detachment of the drug from
carriers, to be ready for pharmacological action. A study of drug release
can provide information of drug-excipient interactions and a prediction
of in vivo behavior [111]. By using in vitro drug release tests, the particle
production process can be optimized to achieve the desired release
characteristics before in vivo pharmacokinetic tests are performed. In
addition, in vitro results can guide certain aspects of the design of in vivo
studies, such as sampling fimes [51]. In a typical in vitro release study, a
separation of the drug from a particle matrix is needed. Often this
separation is achieved by means of dialysis. A dialysis membrane will
separate particles from released drug that can diffuse through the
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membrane into a release medium [114]. The release medium is
collected at time intervals and analyzed by a selection of techniques
that allow precise determination of the drug concentration. Use of
cenftrifugation and filtering is also common for separation of the released
drug from the particles. In vitro drug release is usually measured in
physiological buffers at the physiological temperature (37°C) [115].
Phosphate-buffered saline (PBS), with a pH of 6.8 or 7.2, is the most
commonly used dissolution buffer for scCO2 engineered particles (Table
1). Simulated gastric or intestinal fluid has also been used as a dissolution
medium when the purpose is oral delivery. Sometimes additional
reagents such as surfactants (e.g., polysorbate 20, polysorbate 80 or
sodium dodecyl sulfate) or bacteriostatic agents are added to the
dissolution medium to prevent surface adsorption of the released drug
or to hinder bacterial growth in long-term release experiments [116, 117].

For preparation of controlled release particles by scCO2
processes, various carriers have been used such as 1-vinyl-2-pyrolidone,
dextran, PLA, PLGA and PEG (Table 1). Often the drug release
mechanisms are complicated, for instance, for PLGA particles drug
release involves drug diffusion through water-filled pores and a polymer,
osmotic pumping, and polymer erosion. A drug release mechanism
could be predicted by the release profiles in the so-called phase |, Il and
lIl. In the tri-phasic profile, phase lis a burst release due to the attribution
of drugs on the surface of particle, followed by a slow release profile
(phase 1l) of drug diffusion through matrix pores with the beginning of
PLGA degradation. Phase lll is a second burst release after the PLGA
erosion [44-46]. Drug loaded PLGA microspheres showed differences in
tfri-phasic release profiles of phase |, Il and lll, depended on particle size,
morphology and drug loading [44-46, 55-57]. An example study of Porta
et al. [46] prepared insulin-loaded PLGA microspheres by a double
emulsion method with scCOz2 solvent extraction. The results showed that
the size of PLGA microparticles did not influence the loading degree but
had great effects on the release of insulin particularly on the first day of
the experiment.

3.2.1.UV/Vis and fluorescence spectrophotometry and liquid
chromatography

UV/Vis and fluorescence spectroscopy are common techniques
for quantifying the drug loading in the particles and released drugs (see
Table 1 and Fig. 1). Whereas UV/Vis spectroscopy is more
straightforward, fluorescence spectroscopy may be a preferred choice
in cases where the sensitivity of UV/Vis is not sufficient or when excipients
have UV absorbance and interfere with the UV signal. For that purpose
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the drug is sometimes labelled with a fluorescence tag in order to have
a stronger and more selective signal. In addition, there are a variety of
biochemical assays in which interaction of secondary molecules with
the drug results in a color change that is detectable by UV or
fluorescence signals. In another widely used approach, UV and/or
fluorescence detection coupled to the liquid chromatography are
employed for deftermination of the loading and release. Liquid
chromatography allows for separatfion of the drug from excipients,
leading fo enhanced selectivity. Moreover, concentrating the drug
component in chromatography fechnique may increase sensifivity.  As
seen in Table 1, the application of UV/Vis and liquid chromatography is
very broad for determining various categories of drug compounds, such
as proteins [69, 70, 118, 119], nonsteroidal anti-inflammatory drugs [41,
87, 120] and many others [81].

3.2.2.Thermogravimetric analysis (TGA)

Another method that has been used to study the drug loading is
TGA. During a typical TGA analysis, a sample is gradually heated, while
continuously being weighed, thereby measuring the weight gain/loss as
function of the temperature. Mass loss may result from solvent
evaporation, dehydration or degradation of the drug or excipients [121].
TGA can be used to quantify inorganic components in particles by
performing the analysis up to a temperature at which drugs or other
constituents are degraded. For example, in a study by Li-Hong et al.
[122], where ibuprofen was loaded into silica microparticles with the
assistance of scCO2, the TGA curve associated with ibuprofen
evaporation was found at an elevated temperature (150-250 °C) in the
loaded silica microparticles. This study allowed for determination of the
ibuprofen loading degree in the silica particles, showing that an increase
in operating pressures of the scCO2 impregnation process resulted in an
increase in the degree of ibuprofen loading in silica microparticles.

3.3. Structure of drug/excipient components

Particles made by scCO2 are drug/excipient complexes
prepared with different drug depositions or encapsulation approaches
that can result in chemical and/or physical changes in the native
structure of the original components. Below we discuss methods to
determine the structure of drug/excipient components after particle
engineering processes by scCOa.
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3.3.1.Differential scanning calorimetry (DSC)

DSC allows for the identification of the temperatures at which
thermal transitions like melting, glass transition and degradation occur
[123]. The most common use of DSC in scCO2 particle characterization
is to compare the thermal characteristics of particles produced with
scCO2 technology with those of the individual components and/or
physical mixtures. The absence of a melting and/or crystallization
transition in a DSC thermogram may indicate that the material is in an
amorphous state. The formation of particles exhibiting a disordered
structure of drug and excipient, mostly results in an apparent increase in
solubility, dissolution rate and oral bioavailability [124].

Additionally, a DSC thermogram can be used to indicate the
presence of a molecular interaction between certain particle
constituents. In a study by Kang et al. [112], after indomethacin was
loaded in a polymeric matrix by using a SED process, the glass transition
temperatures of the excipients and the melting point of the drug were
lower than those of the physical mixture, indicative of a molecular
interaction between the drug and the polymers. In another study by Cha
et al. [61], the area under the melting peak in the thermogram was used
to quantify the fraction of crystaline drug (fenofibrate) in particles
prepared by a melt-absorption method using scCOs.. In this study, some
level of disorder in the final product was desired in order to promote drug
dissolution rate and bioavailability. DSC could therefore be used to
optimize the production process by comparing crystallinity of particles
produced with different techniques and under different conditions.

3.3.2.8pectroscopic methods
3.3.2.1. Fourier-transform infrared spectroscopy (FTIR)

Infrared (IR) spectroscopy exploits the fact that certain chemicall
groups absorb IR light at characteristic wavelengths, depending on
inter- and inframolecular interactions [125]. Comparing the FTIR spectra
of the pure materials with that of a particulate formulation can confirm
the presence of infended constituents in the particles. In addition, the
technigue can be used to show (the absence of) molecular interactions
between the constituents within a particle. Peak shifts in the spectrum of
the particles indicate a molecular interaction or other changes in the
bond associated with the peak.

After the particle formation by a SEDS process, no molecular
interactions between puerarin and PLA was found. The FTIR signals were
identical to those associated with the original structure of both
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components [63]. In addition, FTIR analysis supported a release study of
puerarin from PLA particles by indicating that a representative peak of
puerarin component completely disappeared after puerarin was
released for 48 hours from microparticles [63]. Similar release studies were
observed in the cases of 5-fluorouracil-SiO2-PLA and methotrexate in
multilayer PLA microspheres, obtained from SAS and SED processes [62,
64], respectively. These results suggested the physical co-precipitation of
drug/excipient by the scCO2 processes. In another study, a complex of
fenofibrate and mesoporous silica (SBA-15) was prepared by the scCO2-
assisted impregnation and studied by FTIR. FTIR spectra revealed a shift
in the peak associated with the silanol group of the silica constituent of
the particle, which the authors ascribed to hydrogen bonding between
the carbonyl group of the drug (fenofibrate) and the silanol group in the
silica. This molecular interaction between drug and excipient indicated
an effective loading of fenofibrate into the silica carrier [126]. In the work
of Jovanovi¢ et al. [118], lysozyme formulations with and without sugar
excipient were dried using a scCOz2 spray drying process. The structure
of a-helix and infermolecular B-sheet of the reconstituted lysozyme was
determined using FTIR. A decrease in the a-helix content (representing
lysozyme destabilization) and an increase in the B-sheet content
(indicating the formation of protein aggregates) were found in the case
of lysozyme formulatfion without sugar. The results demonstrate the
stabilizing effect of sugar on the protein during the scCO:2 spray drying
process.

3.3.2.2. Fluorescence spectroscopy

Fluorescence spectroscopy is a light inferaction technique used
for the detection of fluorophores (fluorescent molecules), which absorb
electromagnetic radiation with a specific energy (called the excitation
wavelength) and emit the energy at a specific wavelength called the
emission wavelength [127]. For protein research, tryptophan residues are
often selectively excited at 295 nm, because their emission intensity and
wavelength  maximum are strongly dependent on their local
environment, and thus can be used to probe changes in protein
conformation [70, 128]. Intrinsic tfryptophan fluorescence emission
spectra of polyclonal IgG were similar before and after exposure of the
protein to a scCOz2 spray drying process, suggesting that its fertiary
structure was fully preserved [119]). Fluorescence spectroscopy was
used to determine the heme loss of myoglobin after scCO2 spray drying.
Basically, the tryptophan residues in myoglobin are quenched by heme,
giving a low fluorescence intensity for native myoglobin. However, the
scCOz2 spray dried myoglobin showed an increase in the fluorescence
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intensity, specifically suggesting that the heme was partially removed
from myoglobin during the sccOz spray drying process [69, 70].

3.3.2.3. Circular dichroism spectroscopy

Another spectroscopic method is circular dichroism (CD), which
is used fo determine the chirality of chemical compounds, which give
unequal absorption of leff-handed and right-handed polarized light
[129]. CD is a useful technique to determine the secondary structure of
proteins in the far-UV wavelength range (190-250 nm), and the tfertiary
structure in the near-UV wavelength range (250-350 nm) as well as the
specific binding properties of proteins (e.g., ligand binding) [69-71, 130,
131]. For a series of scCO2 spray dried protein formulations based on
lysozyme, a-lactalbumin, a-chymotrypsinogen A and monoclonal
antibody, no changes in the Far-UV CD or Near-UV CD spectra were
observed compared to the untreated formulations [71]. This suggests
that there is no change in the secondary or tertiary structures of these
proteins after scCO2 spray drying. In a case study of myoglobin,
however, the visible CD signal from the bound heme group at 409 nm
was decreased after the scCOa2 spray drying process, while the far-Uv
signal of myoglobin was not altered when compared to the untreated
myoglobin, suggesting that the heme binding site was altered, which
could be due to the loss or dislocation of the heme group during the
scCOz spray drying process [69, 70].

3.3.3.X-ray diffraction (XRD)

X-ray powder diffraction is used for characterization of the
crystallinity in solid materials. For a crystalline material, sharp X-ray
diffraction peaks will be visible, which are absent in an amorphous
material. This technique has been used for scCO2 particle
characterization. The absence of sharp peaks observed in the spectrum
of the particles indicated absence of the crystalline state in the nilotinib
(tyrosine  kinase inhibitor)/hydroxypropyl methylcellulose  hybrid
nanoparticles prepared by the scCO: anti-solvent process. The
amorphous structure was shown to lead to an improvement in several
properties such as desired dissolution rate of nilofinib, improved Gl
absorption and bioavailability in male beagle dogs [132]. XRD was also
used to study the crystallinity of sugar excipients in a scCO:2 spray dried
protein formulation. Immediately after spray drying, the X-ray diffraction
peaks of sucrose were absent, but were later detected after 1 month
storage at 4 °C [118]. The presence of a crystalline state is in many cases
undesirable, as it can be an indication that the drug and other
excipients are not molecularly dispersed. Presence of crystalline
structure in the drug or excipients may suggest that the drug is locally
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deposited on the surface of microparticles (rather than being mixed).
For example, the incomplete encapsulation of 10-hydroxycamptothecin
in PLA by a scCO2 anti-solvent process led to appearance of clear peaks
form the crystalline structure of the 10-hydroxycamptothecin [133]. In a
different study, the polymorphism of the anti-inflammatory drug diflunisal
was observed by XRD, after its precipitation in polyvinylpyrrolidone in a
scCO2 anti-solvent process. The polymorphism of diflunisal influenced its
dissolution [134].

3.4. Particle surface analysis
3.4.1.Energy dispersion X-ray spectroscopy (EDX)

When a sample is irradiated with an electron beam, electrons
present in the sample can be displaced from their electron shell. When
this ‘vacancy’ in the electron shell is filled by an electron from a higher
energy electron shell, X-rays are emitted to release excess energy. The
energy of these X-rays is characteristic for the element from which they
are emifted, which is exploited in the EDX fo investigate the elemental
composition of a sample [135].

By combining this technique with SEM, a presence of a
discriminating element (that is present in one particle constituent, but
not in others) can be visualized within the SEM/EDX image. In several
studies this method has been used to investigate the distribution of the
drug within parficles, or to confirm that drug/polymer particles were
produced. In a study by Kalani et al. [13], the absence of chlorine in a
final product confirmed the successful elimination of the chlorinated
solvent used during SAS process. Della Porta et al. [41, 45] showed the
distribution of piroxicam or diclophenac sodium on a PLGA matrix after
scCO2 processes, by analyzing the distribution of the sulfur atom of
piroxicam and the chlorine atom of diclophenac sodium. The SEM/EDX
images showed low intensity of fenofibrate's chloride atom when
fenofibrate was successfully impregnated in mesoporous silica using the
scCOz2 loading process, compared to its physical mixture [136]. A similar
result was found when fenofibrate was distributed info the pores of
Neusilin® UFL2 (magnesium aluminometasilicate) [61]. Moreover, the
group of Compardelli et al. [137] coupled EDX analysis fo TEM to analyze
hollow gold nanoparticles (HGNs) in PLA nanospheres, which were used
fo encapsulate rhodamine using a non-solvent CO2 process. The EDX
spectrum presented the composition of gold (the Au peak), and also
the residual impurity of cobalt and chlorine from the synthesis of HGNs.
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3.4.2.X-ray photoelectron spectroscopy (XPS)

XPS is used to measure the elemental composition of the
particle surface. The technique is comparable fo EDX, but the sample
iradiation occurs with X-rays instead of an electron beam. In XPS, the
electrons displaced by the X-rays (photoelectrons) are detected. The
energy of the photoelectrons are characteristic for the elements
emitting them and the number of photoelectrons emitted is directly
proportional to the abundance of an element [138]. The biggest
difference between the application of EDX and XPS is that XPS measures
the elemental composition of the particle surface at its outermost layer
up to tens of nm in depth whereas EDX provides elemental information
from a depth of hundreds of nm to a couple of um. The chance that
photoelectrons escape the sample decreases exponentially with
increasing depth. XPS was used by Montes et al. [139] fo demonstrate
that a shell was actually in place in particles that had a core-shell
structure. In this study, using a SAS process to encapsulate amoxicillin in
ethyl cellulose particles, UV/Vis spectrophotometry gave about 35-50%
loading efficiency of amoxicillin. However, the photoelectrons emission
of the nitrogen atom in amoxicillin was not found on the particle surface
by XPS, suggesting that the amoxicilin was located in the core
surrounded by the ethyl cellulose shell. In a study by Chen et al. [87], XPS
was used to investigate the localization of FesO4 nanoparticles within
PLA-magnetic microparticles, which were prepared using the
Suspension-Enhanced Dispersion by supercritical CO2 (SpEDS) process.
The authors concluded that the nanoparticles were successfully
encapsulated inside the microparticles, rather than adhering to the
surface.

3.4.3. Atomic force microscopy (AFM)

AFM is used for studying the topography of a particle surface.
AFM analysis is based on the interaction force between a tiny tip (usually
made from silica or silicon nitride) on a cantilever and the sample when
the fip is dragged on a sample surface. The interaction results in the
deflection of the cantilever that is reflecting a laser light to a photo
diode detector. The deflection data is therefore recorded and turned
info a constructed image on the operating computer during measuring.
AFM is mostly used to create high-resolution images in the nano-scale
range [140]. The drug loading in particles may change a particle surface
as found in a study of Della Porta et al. [45] where they studied the
surface roughness of drug/PLGA microsphere particles produced by a
scCO2 technique and an emulsion method. The surface of drug/PLGA
particles from both preparation methods was moderately wrinkled,
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whereas that of the pure PLGA particles was smooth, indicating that the
wrinkles on particle’s surface may be related to the drug dispersion in
the PLGA polymer.

3.5. Porosity analysis

3.5.1.Brunauer-Emmett-Teller (BET) surface area analysis and
Barrett-Joyner-Halenda (BJH) pore size and volume
analysis

In pharmaceutics, a porous drug carrier such as mesoporous
silica and magnesium aluminometasilicate, provides a high surface area
fo increase drug loading capacity [61, 141, 142]. Porous particles are
characterized in terms of surface area and porosity analysis before
loading drugs in order to check pore availability. After filling with drugs,
the surface area and porosity of the particles are normally decreased.
The analysis of gas adsorption is a widely used characterization
technique for porous materials [143]. The measurement is commonly
conducted at -196 °C, the gas molecules (typically N2) are allowed to
absorb as a monolayer on the free surface of the particles. A rise in
pressure leads to complete gas filling into pores. Changes pressure and
analysis of the adsorption phenomena can be used to calculate the
surface area and pore size and volume distributions by using theoretical
equations by Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda
(BJH), respectively [144, 145]. However, the gas absorption would be
influenced by a heterogeneous surface of the particles [143].

Neusiin  UFL2 is a fine porous powder of magnesium
aluminometasilicate used for drug absorption. Cha et al. [61] used the
above-mentioned method to analyze the surface area and pore size
distribution of Neusilin UFL2 excipients. The specific surface area and
total pore volume of Neusilin UFL2 decreased with an increasing
fenofibrate-to-Neusilin UFL2 ratio. As compared to hot-melt adsorption
and solvent evaporation methods, the supercritical CO2 method
facilitated complete pore filling of fenofibrate into the pores of Neusilin
UFL2. Similar results were obtained by Ahern et al. [136] and Li-hong et
al. [122] who reported a reduction of the pore volumes of silica
microspheres after drug loading processes with scCOa.

3.5.2.High-pressure mercury intrusion porosimetry (HPMIP)

In a typical infrusion porosimeftry, a non-wetting liquid is infruded
info a porous material at high pressure. Mercury is the most commonly
used substance for this application due to its non-wetting properties on
solid surfaces. An external pressure is used to force mercury into the
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pores, to overcome the surface tension of the liquid and the angle of
contact with the solid surface. The employed pressure and volume of
mercury after intrusion and extrusion is used to determine the pore size
and volume network, pore size distribution, density and particle size.
[146]. This fechnique can be applied for pore sizes between 3.5 nm and
500 um [146]. For HPMIP to be effective, the pore structure needs to be
accessible via the surface of the particle, and also interconnected.
Usually HPMIP shows smaller pore sizes compared with SEM or opfical
micrographs [146].

In recent studies [66, 67], solid microspheres of lysozyme/PLA with
ammonium bicarbonate (used to make pores) were formed by the PCA
process. In order to obtain porous microparticles, the ammonium
bicarbonate was eliminated in a vacuum step and HPMIP and SEM were
used to determine the porosity of particles, which was then used to
evaluate their potential aerodynamic behavior. The result showed that
anincrease in particle porosity led to a decrease in a density of particles,
which in turn influenced the aerodynamic behaviour [66, 67].

3.6. Surface charge

The zeta potential is a measure of the surface charge of particles
in a suspension [147]. More specifically, it is the average electrostatic
potential between the slipping plane of a particle and a point in the fluid
phase (away from the particle) [148]. Zeta potential is not measured
directly, but theoretical models are used to calculate it [149].

Zeta potential is often used to predict the colloidal stability of
drug-loaded particles produced by scCO:2 processes [91, 132, 150]. A
large absolute zeta potential will result in repulsion between particles,
which increases the colloidal stability of suspensions by reducing
agglomeration [151]. Absolute zeta potentials above 30 mV are
generally required for sufficient electrostatic stabilization, although steric
stabilization can supplement a relatively low electrostatic stabilization.
The zeta potential was used as an indicator to evaluate incorporation of
positively-charged lysozyme in negatively-charged CaCOs particles
during a scCO2 process. The results showed that the negative zeta
potential of CaCOs particles was decreased when lysozyme was
incorporated into the particles [152].

A particle’s zeta potential also may affect its pharmacokinefics,
mucoadhesion and toxicity, but these aspects have not been
addressed in studies dealing with scCO2 engineered particles presented
in Table 1. Zeta potential has been manipulated to achieve a desired
targeting or biodistribution. Chitosan, a deacetylated derivative from a
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naturally occurring polysaccharide, can be used to produce particles
with a positive zeta potential [153]. This positive charge gives the
particles mucoadhesive properties where the negative charge of the
mucus and mucosal surface promote electrostatic interaction with the
particles [153, 154]. Zeta potential has also been reported to affect
profein adsorption; for instance, positive zeta potentials result in more
adsorptfion of bovine serum albumin, which has a negative zeta
potential at pH 7.4 [9, 155, 156]. The cytotoxicity of nanoparticles has also
been related to their surface charge; positively charged particles tend
to be more cytotoxic in non-phagocytic cells and could cause
membrane damage. Negatively charged particles are more likely to
cause infracellular damage and apoptosis [157].

3.7. Biotherapeutic activity and efficacy

A major goal in clinical pharmacology is to understand the dose-
effect of designed drugs on biotherapeutic efficacy. The intrinsic activity
has to do with the determination of biological responses regarding to an
affinity of drug binding to a receptor, while the potency is related to the
amount of drug required to give a therapeutic effect. For drug delivery
applications, it has been suggested that particle formation by scCO>
processes can improve biotherapeutic efficacy, drug targetfing or
reduce drug toxicity. However, as shown in this review paper, most of
the studies so far are mainly focused on optimizing conditions for the
preparation of drug/excipient nano- and microparticles for an
application and only a limited number of studies go beyond particle
preparafion. The testing of drug activities in these papers are mostly
carried out by in vifro methods that are related to the original activities
of model drugs such as enzyme activity [66, 152], antioxidant property
[158], antibacterial activity [76] and cell culture based assays (e.g., cell
proliferation and anfitumor activity) [91, 112] [67]. In addition, a few
cited articles show that nano- and microparticles engineered by scCO>
technology are applicable to vaccine and therapeutic protein delivery.
For these specific applications, animal models (e.g., rats, rabbits and
monkeys) are used to observe drug bioavailability after infravenous,
oral, subcutaneous, and pulmonary administration. Drug levels and
therapeutic efficacy in biological systems are usually determined by
withdrawing blood serum from the animals [55, 65]. Particle based
formulations often show improved biotherapeutic efficacy and
bioavailability with the effect of a sustained drug release. For instance,
a single shot tetanus toxoid/PLGA microparticles from the PGSS
(NanoMix™) process was able to maintain the anfigen activity for five
months and potentially repeat the stimulation of antigen presenting cells
that, in turn, could lead to the elimination of the need for booster
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dosage of the vaccine [55]. In another example, 5-fluorouracil-loaded
PLA-PEG/PEG nanoparticles prepared using the reverse emulsion-SEDS
process showed a prolonged drug release and half-life, as well as an
increase in diffusion info a fumor tissue. Compared to the non-
particulate 5-fluorouracil, the nanoparticles improved an inhibition rate
on tumor cells and increased the lifespan by a factor two [65].

3.8. Toxicology

In vitro experiments are important for the initial toxicological
studies of micro/nanoparticles because they can provide mechanistic
information and are inexpensive compared to animal studies [159, 160].
There are several in vitro assays for cytotoxicity, which can measure cell
viability or test for a certain mechanism of toxicity [161]. Cell viability
assays evaluate ftoxicity of particles by monitoring processes like
membrane integrity, metabolic activity and DNA synthesis. Mechanistic
assays monitor specific types of toxicity, such as DNA damage or
oxidative stress. However, the absorption/emission spectra and light
scaftering of nanoparticles can in some cases result in false
positive/negative signals in colorimetric assays [159]. In other cases
particles interfere with the assay though unintended chemical reactions
with reagents; for instance, several types of particles have been shown
to interfere with the MTT assay, by reducing the tetrazolium salt to the
product, resulting in a reported cell viability of over 100% [161]. Therefore,
it is important to confirm absence of interference of a particle with the
in vitro toxicology assay in order to ensure that the results are valid [162].

Zhang et al. [65] observed an in vivo hepatotoxicity on rats after
administering  5-fluorouracil-loaded  PLA-PEG/PEG  nanoparticles
prepared by areverse emulsion-SEDS process. The liver cells stained with
haemotoxylin and eosin dyes were investigated by using electron
microscopy. The nanoparticles from the scCO2 process showed no
harmful drug hepatotoxicity on rats comparable to the untreated group.

3.9. Residual solvent and water content analysis

Organic solvents are occasionally used in scCO2 particle
engineering techniques or during preparation of emulsion samples.
Residual solvents in the final product may cause toxicity and therefore
certain limits for residuals in the pharmaceuticals have been proposed
by the ICH harmonized guideline Q3C (R5) [101]. Residual organic
solvents can be analyzed by the static head-space method of gas
chromatography (GC). The sample is incubated at relative high
temperature to allow the evaporation of solvents as a gas phase, which
will be separated in a stationary column. Generally speaking scCO2



Chapter 2 [IZEANNNN

technigques usually help to remove residual organic solvents because of
solubility of organic solvents in scCOa2. After the depressurization process,
the solvent concentration in particle products is often less than other
conventional encapsulation methods [18, 21, 33, 81, 102].

The residual water content of dried particles has been shown to
influence the stability of the particles and also that of incorporated
biopharmaceuticals during storage. [71, 163] A common method to
determine the residual water content is Karl Fischer fitration [71].
Alternatively, TGA can be used to determine the amount of residual
moisture and/or solvent in a sample by monitoring the weight loss when
the sample is heated. For example, TGA coupled with FTIR was used by
Bouchard et al. [164] in order to determine the amount of residual water
and ethanol in scCO2 dried protein formulations.

3.10.  Other specific properties

The particle characterization techniques described above may
not be exhaustive and other characterization techniques may be
needed, depending on the type or the functionality of particles. An
example of a drug delivery functionality is mucoadhesion, which can be
desired if the target fissue is one with a mucosal surface, such as targets
in respiratory and gastrointestinal systems [165], or when systemic effects
following mucosal administration are the aim [166]. In a study by Patel
et al. [113], an ex vivo wash off test was performed after applying
microparticles to a piece of rat sftomach mucosa. This allowed the
authors tfo evaluate mucoadhesion, prior to any in vivo experiments.

Another example of particles that require additional
characterization are magnetic particles. Magnetic particles can be
used as an MRI contrasting agent, but could also be guided to the target
tissue with a magnetic field [167]. In two scCO2 particle engineering
studies, particles were created containing FeszO4, a drug and a polymer
[87, 90]. The saturation magnetization of the particles was measured by
a vibrating sample magnetometer, to confirm that particles with
desirable magnetic properties were successfully created.

4. Summarizing discussion

The analysis of the information gathered in this review (Fig. 1)
indicates that when particle products are obtained, normally, particle
size and morphology are investigated as key properties that points to the
success of the particle preparation process [11]. Concerning this class of
properties, it is noteworthy that, often, a single characterization method
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is unable to provide a full picture with respect to the size and
morphology. For instance, although light scattering methods such as
dynamic light scattering (DLS) and laser diffraction (LD) are often chosen
to obtain information about particle size and size distribution, these
methods have serious shortcomings especially when the analyzed
sample has a wide size distribution [92]. Moreover, DLS and LD do not
give information about the number of parficles. In addition, the particle
size is usually presented in the form of an average diameter, however,
many parficles are produced in asymmetric shapes with different ratios
of horizontal and vertical projections. Shape factor often causes
considerable disagreements between measured average diameter
and real size for a range of particle size analyzers. As a result, to improve
the reliability of particle size determination, it would be recommendable
to use a couple of techniques that use different physical principles (so
called orthogonal methods), such that method specific limitations do
not compromise the overall picture [168]. In this context it is
recommendable to use one of the imaging-based techniques, to give
information about the size, shape and other general aspects at the
same time [8].

Furthermore, the drug loading degree and in vifro drug release
are among the most studied parameters that help understanding the
quantity and quality of drug incorporatfion in a particulate system.
However, it is important to realize, that the other properties may be
determining parameters for pharmaceutically relevant particles,
particularly because the scCOz2 processes may change the structure of
drugs and carriers. For instance, Keles et al. [169] found that scCO:2
enhanced the hydrolysis of PLGA (that was used as a matrix carrier for
the drug), thereby creating a porous structure when the ratio of lactide
to glycolide was low. Similarly, the particle formation process may also
lead to the degradation of active ingredients, such as protfein drugs that
have been shown to undergo destabilization by CO2 acidification [70].
Other processing parameters in scCO2 technologies may also cause
degradation (e.g., structural change, loss of activity and aggregation)
of proteins.

Therefore, analysis of the drug/excipient structure is the next
widely studied category of properties in particles prepared with scCO2
technologies. Considering the susceptibility of biopharmaceuticals to
degradation and also the fast growth of this group of drugs in modern
medicine, special consideration regarding the characterization of
particles that carry these drugs will be underway. A number of studies
have used analytical techniques (such as UV/Vis spectroscopy, circular
dichroism, fluorescence spectroscopy, size-exclusion chromatography
and flow-imaging microscopy) for mere purpose of characterization of
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protein structure and aggregation [70, 71]. These tools were also able to
characterize typical scCO2 dried proteins such as lysozyme, a-
lactalbumin, a-chymotrypsinogen A, monoclonal antfibody and
myoglobin [70, 71]. Considering that it is difficult to recommend a set of
standard analytical techniques for determining protein integrity due to
the diversity and specificity of each protein as well as the type of
particles, the selection of fechniques is based on the product of interest.
Numerous fundamental fechniques for characterization of therapeutic
proteins are summarized and explained elsewhere [170, 171].

Following these principal properties, surface chemistry of the
particles as well as surface charge are among the ones that have been
addressed in the scCOz literature. Some important properties such as
porosity of particles, pharmacological activity and cytotoxicity are also
studied although less frequently. Some other parameters such as storage
stability of the scCO2-engineered particles have not been addressed
despite the fact that insufficient stability can hinder the applicability of
particles for drug delivery applications [172].

Observed differences in the frequency of use of partficle
characterization techniques are in principle related to how basic the
properties are and for what purpose they are prepared. We cannot rule
out the possibility that it may also depend on less scientific factors such
as the straightforwardness of a certain characterization or availability of
equipment in the workplaces. In addition, availability of knowledge
concerning the relations between a certain property and function
would result in an incentive for in-depth characterization in that area.
For instance, recent knowledge concerning the stability issues
associated with biopharmaceuticals has led to extra attention to the use
of methods that address those. Overall, establishment of a good
scientific ground for preparation of particles with desired size and
loading properties would make room for more thorough
characterization with respect to other potentially relevant properties
such as bioactivity, toxicology, clinical trials and long-term particle
stability.
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Abbreviations of scCO:2 engineering processes

Supercritical carbon dioxide (supercritical CO2 or scCO2)
Rapid Expansion of Supercritical Solutions (RESS)
Non-solvent RESS process (RESS-N)

Supercritical solution into a liquid solvent (RESOLV)
Aerosol Solvent Extraction System (ASES)

Supercritical Fluid Emulsion Extraction (SFEE)

Supercritical Anti-Solvent (SAS)

Precipitation with Compressed Anti-solvent (PCA)
Supercritical Anti-Solvent with Enhanced Mass Transfer (SAS-EM)
Supercritical Anfi-Solvent Drug-Excipient Mixing (SAS-DEM)
Particles from Gas Saturated Solutions (PGSS)
Gas-Assisted Melting Atomization (GAMA)
Solution-Enhanced Dispersion by ScCO2 (SEDS)
Suspension Enhanced Dispersion by scCO2 (SpEDS)

Reverse-emulsion-Solution Enhanced Dispersion by scCOz2 (reverse emulsion-
SEDS)

ScCO2 assisted atomization (SAA)
Carbon dioxide-assisted nebulization with a bubble dryer (CAN-BD)
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