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Abstract: The supercritical antisolvent (SAS) technique has been widely employed in the biomedical
field, including drug delivery, to obtain drug particles or polymer-based systems of nanometric or
micrometric size. The primary purpose of producing SAS particles is to improve the treatment of
different pathologies and to better the patient’s compliance. In this context, many active compounds
have been micronized to enhance their dissolution rate and bioavailability. Aiming for more effective
treatments with reduced side effects caused by drug overdose, the SAS polymer/active principle
coprecipitation has mainly been proposed to offer an adequate drug release for specific therapy.
The demand for new formulations with reduced side effects on the patient’s health is still growing;
in this context, the SAS technique is a promising tool to solve existing issues in the biomedical
field. This updated review on the use of the SAS process for clinical applications provides useful
information about the achievements, the most effective polymeric carriers, and parameters, as well as
future perspectives.
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1. Introduction

Nowadays, the focus on novel polymer/drug formulations is continuously growing, in order to
improve the therapeutic efficacy of an active compound and to augment the patient’s compliance.
In this context, the micronization processes provide a robust solution to issues related to the biomedical
field, including drug delivery. The use of polymeric carriers to produce composite particles has
multiple functions, such as the drug protection against its oxidation and/or deactivation caused by
external agents (light, oxygen, temperature, pH) and the masking of unpleasant taste and/or odor.
However, the primary motivation is often the modification of the release kinetics of the active principle
embedded in the polymeric particles. In the biomedical field, a rapid or a prolonged release of
the active compound can be necessary depending on the pathology, which may require a fast or
long-term response. Many prescribed active principles have a low solubility in water, resulting in low
bioavailability. The particle size reduction, which is achieved by micronizing the active compound,
allows improving the dissolution rate of poorly water-soluble drugs [1-7]. However, drug dissolution
can be further enhanced by developing polymer-based formulations. This approach is also useful
when the active compound cannot be micronized alone [8-13], or when a highly water-soluble drug
has to be released slowly. For example, in the case of infections, long-term antibiotic therapies are
often prescribed. Unfortunately, many antibiotics are very soluble in water, and are characterized by a
very short half-life; in these cases, prolonged-release drug delivery systems are desirable to reduce the
number of administration and the unwanted effects, including the antibiotic resistance [14-17]. Instead,
given the existence of many inflammatory conditions, in the case of non-steroidal anti-inflammatory
drugs (NSAIDs), both a fast and a prolonged release can be required for the treatment of minor
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inflammations (e.g., headaches, toothache) or chronic disease (e.g., rheumatoid arthritis, osteoarthritis),
respectively [18-20]. However, when NSAIDs are frequently taken, serious side effects may occur,
such as nausea, vomiting, gastrointestinal bleeding, and peptic ulcer. All these issues can be solved
by controlling the drug release with suitable polymers, which may have mostly hydrophobic or
hydrophilic behavior, so producing alternative administration systems.

The typical release kinetics of an active principle from conventional pharmaceutical forms is
sketched in Figure 1a, showing how the drug concentration can go below or above the therapeutic
range, in an uncontrolled manner. Thus, in this case, high and repeated drug dosages are necessary,
leading to serious side effects on the patient’s health. In Figure 1b, different release kinetics from
alternative drug delivery systems are represented, such as immediate, prolonged, delayed, or pulsed
drug releases. In this way, the therapy is targeted for the specific application, and the drug concentration
in the plasma is ensured within the therapeutic region, i.e., above the minimum effective concentration
(MEC) required to have a therapeutic effect and below the maximum safe concentration (MSC) to
avoid toxicities.
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Figure 1. (a) Conventional pharmaceutical formulations; (b) modified-release drug delivery systems.

There are different technologies to micronize active compounds or to produce composite
polymer/drug particles, such as spray drying, freeze-drying, jet-milling, solvent evaporation,
or coacervation. Despite the advantages of using these conventional techniques, such as the possibility
of scaling up the process without particular complications, in the case of the widely employed spray
drying, these methods also present significant limitations [7,12,21-25]. Indeed, multistage processing is
often involved to remove the toxic organic solvents used, whose residues are often not negligible in the
final product. Moreover, the employed high process temperatures can cause the thermal degradation
of the thermosensitive active principles. In addition, using conventional micronization techniques, it is
difficult to control the morphology and the dimensions of the produced particles.
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On the contrary, these drawbacks can be overcome using processes based on the use of supercritical
fluids [7,12,21-25], among which the supercritical carbon dioxide (scCO,) is the most commonly
employed in the industrial field. Considerably reducing the use of organic solvents, the scCO,-based
micronization techniques permit to produce regular particles of minimal dimensions, which are difficult
to obtain with conventional processes.

This goal is possible because, in supercritical conditions, fluids have some gas-like properties
(e.g., high diffusivity, low viscosity) and other liquid-like properties (e.g., high density, high solvent power).
In particular, the supercritical antisolvent (SAS) technique stands out for the production of nanoparticles
and microparticles of one or more compounds in a controlled manner. The first papers on the SAS process
date back to the early 90s. For example, Yeo et al. processed para-linked aromatic polyamides obtaining
polycrystalline spherulites and microfibrils [26,27], Bertucco et al. obtained hyaluronic acid benzylic ester
microspheres that can be used for controlled drug delivery [28], Reverchon et al. obtained nanoparticles
and sub-microparticles of different superconductor precursors [29,30].

Regarding the pharmaceutical field, using the SAS process, up to now, micronized drug particles
and several polymer/active compound composites have been proposed for different biomedical
applications [31-35]. Indeed, SAS precipitated particles can be used for drug delivery by oral,
parenteral, transdermal, or topical routes [2,36—42]. The versatile SAS particles can be used in powder
form for the oral administration of composites or the preparation of aerosol formulations, mainly
for the treatment of respiratory diseases; they can also be used for the production of medicated
patches or active topical gels, by incorporating nanoparticles/microparticles into various types of
dressings, supports or pomades, respectively. The dissolution kinetics of many active principles,
both of synthetic and natural origin, have been successfully modified by selecting carriers suitable for
the required therapy. Different biopolymers, which are biocompatible [11,22,43,44] and sometimes even
biodegradable [32,45-49], have been studied to tune the release of the active compounds. In literature,
there are few reviews about the SAS technique [50-53]. An older overview [53] was focused on the
precipitation of single compounds in the form of microparticles and nanoparticles, mainly introducing
the fundamentals of the SAS technique. In this study, the micronization of different kinds of materials
was considered, without choosing a specific field of application. Abuzar et al. [50] focused their
attention to poorly water-soluble drugs, recommending the SAS process as an innovative tool to
enhance the bioavailability of these active principles. In another review [51], the SAS process has been
indicated as a promising drug encapsulation method, but a limited number of studies compared to the
existing ones have been analyzed. Moreover, the crucial role of the polymeric carrier to produce novel
formulations for specific biomedical applications and drug dissolution rate is not highlighted. In the
paper of Gonzalez-Coloma et al. [52], the attention was instead given to the supercritical antisolvent
fractionation (SAF) of natural products. The SAF process is conceptually similar to the SAS one since,
in any case, the supercritical fluid acts as an antisolvent; however, the difference is that, in the former
technology, a complex mixture consisting of various compounds in a solvent has to be selectively
fractionated, precipitating a compound or a series of compounds of interest. It has to be considered
that none of the aforementioned reviews report the interesting results obtained in recent years, such as
the new carriers identified, whose use has been optimized lately.

Considering the advantages associated with the use of the SAS technique and the goals achieved
so far, it is clear that this technology can still make a significant contribution to improving the treatment
of several diseases. Therefore, this updated review is focused on the application of the SAS process in
the medical/pharmaceutical field, both regarding the micronization of active compounds and their
coprecipitation with polymeric carriers. The advantages and disadvantages associated with the use
of the SAS technique, the most effective polymeric carriers, and operating conditions, as well as
the processed active principles and the potential applications, are indicated. This review provides
guidelines for future prospects.
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2. SAS Process: Fundamentals and Test Procedure

The SAS process is based on some main prerequisites. In this technique, the scCO, has the role of
the antisolvent; therefore, it has to be completely miscible with the selected liquid solvent. On the
contrary, the solute/solutes to be processed has/have to be soluble in the liquid solvent but insoluble in
the binary mixture formed in the precipitator consisting of the solvent and the antisolvent. Hence,
the precipitation/coprecipitation of solute/solutes occurs because of the fast diffusion of scCO; into the
liquid solvent and the consequent supersaturation of the solute/solutes.

A schematic representation of the SAS process is reported in Figure 2. Briefly, a typical SAS
experiment begins by pumping the CO, to reach the desired pressure in the precipitator, which is heated
up to the selected temperature. Once the operating conditions are stabilized, the pure solvent is delivered
to the precipitator, passing through a nozzle. Then, the liquid solution, which consists of the solute/solutes
dissolved in the selected solvent, is injected. Due to the supersaturation, the solute/solutes precipitate on
a filter, whereas the mixture solvent/antisolvent is recovered and separated downstream the precipitator,
where a vessel to collect the liquid solvent is located. Once the solution is injected, the scCO, continues to
flow to eliminate the solvent residues. At the end of this washing step, the precipitator is depressurized
down to atmospheric pressure, and the precipitated powder can be collected.
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Figure 2. A scheme of the supercritical antisolvent (SAS) apparatus. P1, P2: Pumps; S1: CO, supply;

LS @)

52: Liquid solution supply; RB: Refrigerating bath; PC: Precipitation chamber; LS: Liquid separator;
MV: Micrometric valve; BPV: Back-pressure valve; R: Rotameter.

There are also some modified versions of the SAS technique, in which the scCO, acts equally as an
antisolvent, such as the supercritical gas antisolvent (GAS) process and the solution enhanced dispersion
by supercritical fluids (SEDS). In the SEDS process, the scCO; and the liquid solution are both injected
through a coaxial nozzle. Instead, in the GAS process, the scCO; is introduced into the solution consisting
of solute/solutes to be precipitated and the liquid solvent. The SAS process was also proposed in the
literature with other different acronyms, such as the aerosol solvent extraction system (ASES).

3. SAS Micronization of Active Compounds

Different factors can influence the oral bioavailability of an active compound, including the
first-pass metabolism, the drug permeability, and its solubility and dissolution rate in water [54].
In particular, poor solubility and slow dissolution rates are the leading causes of the low bioavailability
for most of the active principles [55-57]. Consequently, a low drug amount, often at an insufficient
concentration, is available at the specific site of action.

In the last decades, drug particles with nanometric or micrometric size have been applied to treat
or prevent different pathologies or medical conditions. As previously mentioned, the micronization of
an active compound revealed to be a possible approach to enhance its dissolution rate, since the particle
size reduction leads to an increase of the specific surface area in contact with the aqueous solution.
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Most of nonsteroidal anti-inflammatory drugs (NSAIDs) are a striking example of poorly-water soluble
drugs. The micronization of active principles is also a valid solution to reach a target part of the body.
Aerosol drug administration or anticancer therapies are striking applications. The drug micronization is
also a valid solution when a specific range of particles’ size is required for a certain disease; for example,
in the case of pulmonary diseases, drug particles (e.g., antibiotics) with mean diameters lower than
1 um and a controlled particle size distribution (PSD) are desirable.

For these purposes, the SAS technique is one of the most effective micronization techniques based
on the use of supercritical CO,. Up to now, several active compounds, such as antibiotics [25,58-64],
NSAIDs [46,65], antioxidant compounds [1,6,7,38,66], anticancer drugs [3,4,67-69], and others [2,32,70-72],
were micronized in the form of nanoparticles, sub-microparticles, and microparticles using the SAS process.

As in the case of the other supercritical fluids assisted technologies, SAS micronization allows
overcoming the main drawbacks of conventional micronization techniques, such as spray drying,
freeze-drying, jet-milling, solvent evaporation, and grinding [7,25]. For example, Rogers et al. [73]
focused their review on a comparison between scCO,-based processes, including SAS, and cryogenic
spray-freezing technologies in the micronization of active principles. Both approaches were presented
as potential solutions for the production of particles of active compounds that cannot be processed by
conventional micronization techniques, such as spray drying and jet-milling. However, the authors
highlighted the advantage of using an environmentally-friendly antisolvent as the scCO, (in the
specific case of the SAS technique) compared to the organic and toxic antisolvents conventionally
employed. Moreover, the gas-like and liquid-like properties of scCO;, such as the high diffusivity
and the high solvent power, allow obtaining dry particles without solvent residues in one step.
In reverse, lyophilization or liquid antisolvent extraction are needed to dry powders prepared by the
cryogenic micronization technologies. The study of Park et al. [25] demonstrated the superiority of
the SAS process with respect to spray drying in the micronization of cefdinir (a model drug). Indeed,
microparticles with a mean size equal to 2.32 + 1.76 um were obtained by spray drying, whereas
nanoparticles with a narrow PSD (0.15 + 0.07 um) were produced by the SAS process. Moreover,
the specific surface area of SAS-processed particles (55.79 + 0.06 m?/g) was higher than that of
spray-dried particles (35.01 + 0.63 m?/g). The increase in the surface area led to a better contact with the
water molecules, so the dissolution of the SAS-processed cefdinir was faster than the spray-dried drug
particles. According to the results obtained by Ha et al. [7], SAS micronization also proved to be more
effective than milling techniques. Indeed, SAS nanoparticles and sub-microparticles (size in the range:
0.15-0.50 um) allowed to speed up the dissolution of resveratrol, with respect to crystals (18.75 um) or
crystals/irregular coalescent particles (1.94 um) produced by Fritz milling and jet-milling, respectively.
Therefore, it is ascertained that SAS micronization provides benefits in the final pharmaceutical product
both in terms of morphology and dimensions of the particles that constitute it.

Similarly, in other works [1-7,38,66,72,74-77], the SAS micronization led to an enhancement of the
drug dissolution rate; in some cases, a slight improvement was already observed even when smaller
crystals and no regular particles were obtained by SAS with respect to the unprocessed drug. The SAS
technique offers the possibility of obtaining both crystalline and amorphous materials by modulating the
operating conditions of pressure and temperature. For example, at a fixed temperature, crystals mostly
precipitate working at pressures below the mixture critical point (MCP) of the drug/solvent/scCO,
system, i.e., in the biphasic region. The possibility of producing an amorphous material increases by
increasing the pressure, up to a value much higher than the critical pressure, i.e., at fully-developed
supercritical conditions. The attainment of amorphous powders involves numerous benefits, including
the enhancement of the drug dissolution rate in an aqueous environment, due to a higher contact
between the water molecules and the active principle with an increased specific surface area.

However, as emerged from several papers, the selection of the proper liquid solvent is crucial.
Indeed, the success of SAS precipitation strongly depends on the affinity between the solvent and
the supercritical antisolvent, i.e., the solubility of the liquid solvent in the supercritical CO, and
the fast gas-like diffusion of the supercritical CO; in the solvent. These fundamental aspects assure
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the attainment of small particles. Many studies showed that dimethylsulfoxide (DMSO) is one of
the best solvents for SAS micronization [1,3,6,17,46,58-62,65,67,71], as it often allows to produce
particles with good morphology and small size, in addition to being the most used solvent. Respecting
the basic prerequisites of SAS precipitation, up to now, DMSO allowed micronizing a wide variety
of active principles in the form of nanometric and micrometric particles. Ethanol [5,7,63,64,69,78]
and acetone [2,68] also emerged as good solvents for the SAS micronization of active compounds.
In addition, some active principles were effectively micronized using methanol [7,25,72] and
N-methyl-2-pyrrolidone (NMP) [38,58,60]. Moreover, acetone belongs to the category of solvents that
have a narrow pressure range to switch from the two-phase to the single-phase mixing with scCO;;
using this kind of solvent, nanoparticles are generally obtained [79]. Instead, microparticles usually
precipitate with DMSO, EtOH, and NMP, which are solvents that present a broad transition zone
from the two-phase to the single-phase mixing with scCO;. For the latter category of solvents, high
operating pressures are necessary to produce nanoparticles. In some papers, SAS precipitation was
also attempted by solubilizing drugs into solvent mixtures, which consisted of the solvents above,
but satisfying results were reached only in few cases [1,7,13,59,66,80,81].

Another critical parameter for a successful micronization is the molar fraction of CO,, which should
allow the complete miscibility between the solvent and the antisolvent at the selected pressure and
temperature. For this purpose, in most of the reported papers, CO, molar fractions higher than 0.95
were used. In addition, the operating pressure and the concentration of the active compound in the
liquid solution also influence the morphology and the size of the precipitated powders. In particular,
when spherical particles are produced, a decrease of the pressure or an increase of the drug concentration
often results in an increase of particles” dimensions [5,38,58,61,62,69,72]. However, it is possible that
large crystals significantly precipitate, increasing drug concentration. This result can be explained
considering that the presence of the active compound can modify the high-pressure vapor-liquid
equilibria (VLEs) of the solvent/antisolvent binary system.

Consequently, the MCP of the drug/solvent/scCO, ternary system shifts towards higher pressures
with respect to the MCP of the solvent/scCO, binary system [82,83]. Therefore, the operating point
could lie below the MCP, i.e., in the biphasic region. This effect is accentuated by increasing the drug
concentration in the liquid solvent.

The morphology and the dimensions of SAS-processed particles obviously will influence the
dissolution of the active compound. Indeed, as highlighted in various papers [7,38,66,72], a smaller
particle size, which means an increased surface area, led to an increase in the drug dissolution rate.

SAS particles can be used for oral, parenteral, and topical drug administration; in the latter case,
the micronized drug particles can be incorporated into various types of dressings or supports. Up to
now, SAS-micronized drugs were proposed for different diseases or clinical conditions, including
inflammations and pains [11,12,75,84], infections [2,4,25,58,59,61,63,64,74,77,85,86], diabetes [5,7,66],
psychological disorders [87], asthma [32,71,88], tumors [1,3,4,31,38,67-69,78,89-92], cardiovascular
pathologies [6,33,70,76], etc.

However, some active compounds are not processable by the SAS technique. Indeed, in many cases,
SAS micronization substantially fails since crystals precipitate [11-13,74,87,90,93] or, even, the active
compound can be extracted by the solvent/scCO, mixture [8,9] not respecting the fundamental
prerequisites of the SAS process.

Nevertheless, different studies proved that it is possible to force the morphology of these
compounds not suitable for SAS micronization through their coprecipitation with a proper selected
polymeric carrier [5,8-13,44].

In Table 1, a summary of the active compounds processed by SAS micronization is reported. The active
principle to be micronized, the morphology and size of precipitated powders, as well as the applications
are indicated. The operating conditions that mainly influence the morphology of particles are also
specified, i.e., the liquid solvent used, the pressure (P), the temperature (T), and the drug concentration in
the injected solution (C).
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Table 1. An overview of SAS micronization of active compounds. C: Crystals; NP: Nanoparticles; SMP: Sub-microparticles; MP: Microparticles; BL: Balloons;
c: Coalescent; AGG: Aggregates; m.s.: Mean size; NSAID: Nonsteroidal anti-inflammatory drug; DLBS2347: Manilkara kauki L. Dubard’s leaf extract; HCPT:
10-Hydroxycamptothecin; GBE: Ginkgo biloba extract; AC: Acetone; CHF: Chloroform; EtAc: Ethyl acetate; EtOH: Ethanol; DMSO: Dimethylsulfoxide; DCM:
Dichloromethane; DMFA: N,N-dimethylformamide; MeOH: Methanol; NMP: N-methyl-2-pyrrolidone; iPrOH: Isopropanol; THF: Tetrahydrofuran.

Active

Compound Solvent P [MPa] T[°C] C [mg/mL] Morphology Applications Reference
C antipsychotic to treat bipolar
Risperidone CHF 5-20 40 25-100 . and obsessive-compulsive [87]
(size: 10-200 pm) . . .
disorders, schizophrenia
35,
Sulfathiazole AC, EtOH 10-14 45, 3-13 C+MP antimicrobial drug [2]
55 (m.s.: 2.1-16.9 um)
analgesic and antipyretic to
Paracetamol MeOH 10 40 Not reported (size: 52 m) treat fever, headaches, and [75]
Sl others
Cefonicid SMP, MP or BL of Cefonicid bce‘;SEeicl)lsrp Zf‘lni(;l ’freeit
Cefuroxime DMSO 9-18 40-60 10-90 and Cefuroxime neurnonta, skin infections [61]
! SMP or MP of Cefoperazone P ! .
Cefoperazone . urinary tract and post-operative
(size: 0.1-50 pm) . .
infections
NMP SMP, MP, cSMP, irregular antibiotic to treat respiratory,
Ampicillin ¢ 8-15 40 20 MP gastrointestinal and urinary [58]
EtOH, DMSO . .
(m.s.: 0.26-1.2 um) tract infections
DMSO,
Amoxicillin DMSO/EtOH, 10-25 40 0.005-0.02 , SM(}) > 1;’2’ s antibiotic to treat infections of (59]
DMSO/MeOH (size: 0.2-1.6 pm) the skin, urinary and
L NMP, SMP, MP respiratory tracts
Amoxicillin DMSO 15 40 20-100 (m.s.: 0.25-1.2 um) [60]
Ampicillin SMP (m.s.: 0.23 pm for
Am(?xicillir; DMSO 9 40 20 Ampicillin, 0.26 um for antibiotics [17]
Amoxicillin)
Griseofulvin C of Griseofulvin
Ampicillin ’ NMP, AGG of Ampicillin Antibiotics for various
Amfxicﬂhn' DMSO, EtOH, DCM 10-18 40 20-120 Film of Amoxicillin infections (8]
Totracvelin / ’ ’ cSMP of Tetracycline (m.s.:
etracycine 0.2-0.6 um)
. . THEF, C, needles, irregular s .
Griseofulvin DCM 9.7 35 5 NP-SMP (m.s. 0.13-0.511tm) Antibiotic and antifungal drug [86]
. NP antibiotic to treat infections of
Cefdinir MeOH 12 5 20 (m.s.: 0.15 pum) skin, eyes and respiratory tract (2]
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Active o ...
Compound Solvent P [MPa] T[°C] C [mg/mL] Morphology Applications Reference
antibiotic to treat tuberculosis
. . DMSO, NMP, MeOH, C, SMP, MP RO ’
Rifampicin EtAc, DCM 9-14.5 40 5-70 (m.s.: 0.4-5.0 wm) menlngltls, 1tflhary tract [62]
infections
. . antibiotic to treat infections of
Mmocychr}e ethanol 7.5-13 35-50 1-20 cSMP/AGG skin, urinary and respiratory [63,64]
hydrochloride (m.s.: 0.2-0.3 um) tracts
DMSO, DMFA, C
Moxifloxacin MeOH, 15 40 1-50 antibiotic to treat tuberculosis [77]
. (m.s.: 0.3-8.2 um)
acetic acid
c antibiotic to treat urinary tract
Sulfamethoxazole AC 10-12 35 88 infections, otitis, shigellosis, [74]
(m.s.: 42-5 pum) . .. .
interstitial pneumonia
Theophylline DMSO 9 40 20 C bronchodilator to treat asthma [44]
BL, cMP, rods
Salbutamol DMSO, MeOH, 9.5-15 40 3-10 (length: 1-3 pm; diameter: drug to treat bronchial asthma [71]
EtOH/H,O
0.2-0.4 um)
Fluticasone C corticosteroid to prevent
propionate DM 6.5-11 40-60 517 (m.s.: 3.7-9.1 um) asthma symptoms [88]
Dexamethasone, corticosteroids to treat ocular
prednisolone, EtOH 9-15 40 20 C and pulmonary diseases, [93]
budesonide hepatitis, ulcers
corticosteroid to treat asthma,
Budesonide DMC 7.9-13.9 35-45 0.002-0.01 AGG, MP (m.s. 1.4-2.0 um) nasal polyps, bronchiectasis, [32]
pulmonary disease
. - AGG vasodilator drug to treat
Cilostazol DCM, acetic acid 8-15 40-60 50-150 (size: 1.0-4.5 um) vascular claudication [76]
. Irregular cSMP drug for hypertension
Telmisartan EtOH/DCM 12 45 25 (m.s.: 740 yim) treatment [70]
DME, NMP, DMSO, . . .
HCT THE, AC, 2-butanone 15 42 20 AGG, irregular particles drug to treat hypertension [33]
Atorvastatin MeOH 10-18 40-60 25-150 NE, SMP (m.s:: 0.15-0.86 drug totreat [72]
um) hyper-cholesterolemia
Piroxicam DCM 97 25 0.05 C NSAID to treat arthritis, [12]
osteoarthritis, spondylitis
. . NP NSAID to treat arthritis, )
Diclofenac sodium DMSO ? 40 20 (m.s.: 0.14 pm) osteoarthritis, spondylitis (46l
Diflunisal AC, AC/DCM 14-15 35-40 0.02-0.04 C NSAID for tuberculosis [11]

treatment
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COII\nC}t)l::n d Solvent P [MPa] T[°C] C [mg/mL] Morphology Applications Reference
Tbuprofen sodium EtOH 8-12 35-50 0.0002-0.0004 C NSAID to treat fever, pains, [84]
various inflammations
thrombin inhibitor with
L antiulcer, antimicrobial,
Licorice EtOH 15-20 40 10-14 AGG antidiabetic, hepatoprotective [89]
and anticancer activities
5-fluorouracil DMSO, DMSO/DCM 15-18 40-50 0.1-0.2 (m SA%;CZ;éSSI\é;P um) anticancer drug [67]
DLBS2347 DN}IESti’C E;OCH]’DI\C/IEAOH’ 8-20 40-60 Not reported Film, C, NP-AGG anticancer drug [68]
Camptothecin DMSO 10-25 35-68 1-5 (m SC.I\I)leil;/gjum) anticancer drug [4]
HCPT DMSO 10-25 35-68 0.5-5 (ms.: I(\)Hljg ym) anticancer drug [3]
Taxol EtOH 10-25 35-68 2.5-10 (m.s 1\512/111; ) anticancer drug [69]
antioxidant, antifungal and
NP antitumor drug to treat diabetes
GBE EtOH 10-40 35-80 1-5 (m.s.: 0.1-0.2 um) cardiovascular diseases, 5]
cerebral insufficiency, dementia
Curcumin EtOH, AC, AC/EtOH 9 40 2-10 AGG polyphenol with antioxidant [80]
and anticancer properties
DMl\SH\O/I’PAC’ polyphenol with antioxidant,
| . analgesic, anti-allergic,
Mangiferin D?i/IIVSISO(/)I{Zng:I:I 8-15 40-50 8-14 NROS%ZCZ\/H;S e anticancer properties to treat [66]
NMP/AC . ’ SRR diabetes, aging, periodontitis,
NMP/E tOI:I neurodegenerative disease
Mangiferin NMP 10-20 35-59 5-59 CSN([)%SXI% fﬁl()m’s' antioxidant [38]
Curcumin AC/EtOH 9-12 40 20 Needles polyphenol [13]
MeOH, EtOH, NP, SMP (m.s.: phenol to treat diabetes, cancer,
Resveratrol MeOH/DMC, 15 40 Not reported 0 1’5_0 50 m) cardiovascular and neurological [7]
EtOH/DMC ’ SUK disease
vitamin B9 to prevent neural
Folic acid DMSO 15 40 20 AGG tube defects in infants, vascular [94]

diseases and megaloblastic
anemia
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Table 1. Cont.
Active Solvent P [MPa] T[°C] C [mg/mL] Morpholo Applications Reference
Compound P gy PP
C carotenoid with antioxidant
Lycopene bCM =15 3545 0-13-0:5 (m.s.: 10-80 pm) and anticancer properties (501
Lutein EtAc 6.5-9 35-45 0.5-0.9 needles, cNP carotenoid [45]
carotenoid with antioxidant
C and anticancer properties, also
B-carotene AC/EtOH 85 40 48 (m.s. 4-247 um) used to treat cardiovascular [81]
diseases and osteoporosis
B-carotene DCM 8-12 40 32-61 C carotenoid [95]
-carotene DCM 8-20 40 4-8 C carotenoid [96]
AGG, cSMP antlox@a.nts with antimicrobial,
Rosemary extracts EtOH 8-12 25-50 Not reported . anti-inflammatory and [78]
(size: 0.2-1 pm) . ST
anticancer activities
flavonoids with antioxidant
Quergetm, DMSO 9,13 40 20 C and anticancer prope}‘tles, also [97]
Rutin used to prevent cardiovascular
disease
Quercetin EtAc 10 35 14 needles (0.63 = 0.06 um) flavonoid [91]
Quercetin EtOH 8-25 35-65 2-11 C, AGG, needles flavonoid [92]
. DMSO, DMSO/EtOH, cSMP, SMP, MP (m.s.: .
Rutin DMSO/AC 8-20 40-60 20-85 0.3-1.9 yum) flavonoid [1]
flavonoid with antioxidant,
Fisetin EtOH/DCM 10 45 1 rods neuroprotective, anticancer [31]
effects
. flavonoid to prevent heart
Vitexin DMSO 15-30 40-70 1-2.5 Irregular NP (m.s.: 0.13 pm) [6]

disease
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4. SAS Coprecipitation of Active Compounds with Polymeric Carriers

Up to now, the SAS process has been widely exploited to produce composite polymer/active
compound systems for various biomedical applications. In particular, composite particles
were produced to treat inflammations [8,11,46,65,98,99], infections [17,100-106], asthma and
allergies [22,32,44,93], diabetes [35,107,108], hypertension [34,70], and other diseases [39,94,109-113].
Different kinds of active principles, both with synthetic and natural origin, have been incorporated
into polymeric particles. In particular, SAS particles loaded with natural active compounds have been
often proposed as alternative therapies to conventional ones, e.g., for the prevention and treatment of
tumors or cardiovascular diseases [31,49,91,97,114-116]. Carotenoids, phenols, and flavonoids belong
to this category of compounds that offer numerous benefits for human health, given their antioxidant,
anticancer, antimicrobial, and anti-inflammatory properties.

As occurs for the drug micronization, the coprecipitation of a polymer and an active principle
via the SAS process offers many advantages if compared with conventional techniques [12,21-24].
The study of Wu et al. [12] proved the superiority of the SAS process with respect to spray drying in
the attainment of polyvinylpyrrolidone (PVP)/piroxicam microparticles. Indeed, the PSD obtained
with the SAS technique was narrower than that of the spray-dried particles. Moreover, the dissolution
rate of piroxicam released from SAS particles is approximately twice as fast than that of the drug
released from the spray-dried particles. In particular, about 2% of pure piroxicam dissolved in 5 min,
whereas the percentage of piroxicam released from SAS-processed microparticles and the spray-dried
microparticles was about 100% and 55%, respectively [12].

Similarly, Lee et al. [22] prepared inclusion complexes both by the freeze-drying method and
the SAS technique. By coprecipitating cetirizine dihydrochloride (an antihistamine drug) with
B-cyclodextrin (3-CD), large and irregular crystals were produced by the freeze-drying method,
whereas spherical particles were obtained by the SAS technique. In the work of Won et al. [23], the SAS
process also showed better performance with respect to the conventional solvent evaporation in the
preparation of felodipine-loaded particles based on hydroxypropylmethyl cellulose (HPMC) and
poloxamers. In particular, SAS particles proved to be more stable over time, in addition to exhibit a
higher drug dissolution rate.

As previously mentioned, polymer/drug composites are produced for various purposes,
but the main challenge is to suitably modify the dissolution kinetics of the active principles,
aiming for excellent therapies. Depending on the medical application, different drug release
kinetics can be required. The choice of the right polymeric carrier is strategic to release the
drug at the desired time/speed and/or to a specific site of action. In this context, it was proven
that the use of different carriers for SAS coprecipitation leads to different drug releases [46,65].
In particular, when a hydrophilic polymer is used as the carrier, the dissolution of the active
principle contained in the SAS composite particles is enhanced. PVP belongs to this category
of polymers; indeed, its use allowed to increase the dissolution rate of various poorly-water soluble
active compounds [8,9,11,31,33,65,70,81,93,94,97,115-117]. In reverse, the drug release is prolonged
using a polymer with a hydrophobic behavior, as occurs, for example, by selecting zein [17,46—49].
Similarly, a sustained or prolonged release of the active compound was observed from particles based
on polylactic acid (PLA) and poly (L-lactic acid) (PLLA) [32,67,98,99,111,112,118-121], which, until now,
has been mostly employed to deliver anticancer drugs.

In addition, it is also possible to promote a targeted drug release by producing SAS particles based
on pH-sensible polymers, i.e., polymers that dissolve at specific pH values. The Eudragit polymers are
a striking example [43,44,98,99,104,122].

Two significant examples of improvement of the drug release kinetics by SAS-produced particles
are reported in Figure 3. In Figure 3a, the dissolution of a model NSAID (i.e., ketoprofen) was
speeded up by selecting PVP as a hydrophilic carrier to ensure a rapid relief against inflammations,
such as headache or toothache. In Figure 3b, the release of a model antibiotic (i.e., ampicillin) was
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prolonged by producing particles based on zein as a hydrophobic carrier, thus reducing the frequency

of administration and the side effects due to antibiotics overuse.
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Figure 3. Dissolution kinetics of active principles from microparticles obtained through the SAS process:
(a) Ketoprofen (pure and released from polyvinylpyrrolidone (PVP)); (b) ampicillin (pure and released

from zein).
However, it is necessary to identify and to use carriers that can be processed by the SAS technique.
Up to now, satisfactory results have been reached only with a reduced number of polymers, which are
therefore identified as effective carriers for the SAS coprecipitation. PVP is currently the most used
polymer and is considered one of the best carriers [8,9,11,31,33,35,65,70,80,81,93,94,97,103,115-117,123]
since it is often allowed to obtain regular and spherical composite particles. PVP is followed
by PLA [45,108,124] and PLLA [41,67,98,99,111-113,118-121,125-127] that are also suitable carriers
often employed. Recently, zein [17,46] is also established as a good polymeric carrier for SAS
coprecipitation; moreover, 3-CD [22,128] seems to be a promising polymer, but its use has to be
further investigated given the very few existing papers. Accurately selecting the solvent and the
operating conditions, Eudragit L100-55 also led to the formation of regular composite particles.
Therefore, it can be considered a novel carrier more suitable for SAS coprecipitation with respect to the
previously tested Eudragits, including Eudragit R5100 and Eudragit RL100 [43,98,99,122]. Eudragit
L100-55 is soluble at a pH higher than 5.5, corresponding to the first intestinal tract (duodenum),
thus the active compound is protected against the acid gastric fluid; in the meanwhile, the side
effects on the gastric tract are also avoided. Eudragit L100-55 allowed reaching a controlled release
of NSAIDs, antibiotics, and bronchodilator drugs from SAS microspheres [44,104]. Until now,
the SAS coprecipitation was attempted using other kinds of polymers, such as polyethylene
glycol (PEG) [35,106,129,130], poly(lactide-co-glycolide) (PLGA) [36,37,109], ethyl cellulose
(EC) [91,100-102,105], HPMC [34,39,42,70,107], and poly(hydroxybutyrate-co-hydroxyvalerate
(PHBV) [95,96,131-135]. However, the use of these carriers must be further investigated, by changing
the selected solvents or/and the operating conditions, because the morphology of the polymer/drug
precipitated powder is not yet satisfactory.

Indeed, in addition to respecting the essential prerequisites of the SAS technique, it has to be
considered that the SAS coprecipitation seems to be effective when composite microspheres are
obtained, i.e., microparticles consisting of a polymeric matrix in which the drug is homogeneously
dispersed [46]. In this case, in the meanwhile that the liquid solution is fed to the precipitator, the liquid
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jet break-up and the subsequent atomization quickly occur and prevail with respect to the surface
tension vanishing. As a consequence, the polymer and the active compound are entrapped in the same
droplet, which behaves as an isolated reactor. The droplet drying by scCO; leads to the attainment of
the composite microsphere, as represented in Figure 4.

°o o mass transfer O O O
o o 0 > O )
o "o <— O O

o
08 O O
droplet scCO2
o
e®0o0
0%. 0°
00 %0
o° O. °°
microsphere solvent + antisolvent

Figure 4. Mechanism of formation of a polymer/active compound microsphere by the SAS technique.

On the contrary, when nanoparticles precipitate, the coprecipitation fails at least in part.
In particular, nanoparticles are formed when the surface tension vanishing is very fast, and the
gas mixing prevails on the breakage of the liquid jet. Consequently, no droplets are formed and
the precipitation of nanoparticles occurs by gas-to-particles nucleation and growth. In this case,
a sort of physical mixture at the nanometric level is obtained, i.e., polymer nanoparticles mixed with
nanoparticles of the active compound. In addition, in the case of the sub-microparticles, a specific
portion of the recovered powder consists of the polymer and the drug precipitated together, but with
an irregular distribution of the two materials. Hence, the achievement of an effective polymer/active
compound coprecipitation seems to be strongly influenced by the size and the morphology of the
particles produced, as well as by their shape. Indeed, the coprecipitation fails also in the case of the
attainment of crystals, which occurs by operating in the miscibility gap between the solvent and the
antisolvent, where the two compounds tend to precipitate separately, resulting in polymer crystals and
drug crystals.

This correlation between a successful coprecipitation and the morphology/size of particles was
proved in the study of Franco et al. [46] employing the dissolution tests. In particular, using zein as the
carrier and diclofenac sodium as the model drug, it was observed that, increasing the polymer/drug
ratio, the particles’ diameter increased, whereas the release of the active compound was further slowed
down. Moreover, as the particle size decreased, the burst-like effect, i.e., the dissolution of the drug
near/on the particles’ surface, which, therefore, dissolve as quickly as the unprocessed drug increased.

Several papers showed that the selection of a proper carrier could force even the morphology
of active principles that cannot be processed alone by the SAS technique [5,6-13,44]. Moreover,
the entrapment of the active compound into the amorphous polymeric matrix can also favor the
inhibition of the drug recrystallization [136].

Nevertheless, it has to be taken into account that the presence of the active compound can
modify the polymer processability even if, under the selected process conditions, the carrier can
be micronized alone in well-defined particles [44]. This influence may be a consequence both of
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an interaction between the polymer and the drug, but usually, it is due to the presence of solutes
(polymer and/or active principle) that can alter the high-pressure VLEs. Therefore, the critical point
of the solvent/polymer/drug/antisolvent quaternary mixture can shift with respect to that of the
solvent/scCO, binary mixture [82,83]. Each compound (i.e., carrier and drug) has a different influence
on VLEs, which might be negligible or not; thus, the morphology of the precipitated composites also
depends on this factor.

In the case of the coprecipitation, it is evident that the polymer/drug ratio plays a crucial role in
the attainment of composite particles. Moreover, the polymer content strongly affects the dissolution
rate; in general, the release of the active compound is mostly modified by increasing the polymer/drug
ratio [23,41,46,99,110,117,119].

Aiming to obtain spherical microspheres that guarantee an effective coprecipitation, in some
cases, it is not possible to reduce the amount of polymer in the composite particles beyond a specific
value [97,123]. In particular, a high polymer content in the pharmaceutical formulations can be a
limitation of the SAS coprecipitation when some carriers are employed. Among these, up to now,
the use of Eudragit L.100-55 allowed producing well-defined microparticles only at polymer/drug ratios
equal to 20/1 and 10/1 w/w [44,104]. Similarly, in the studies of Chhouk et al. [123] and Ozkan et al. [97],
polymer/active compound ratios equal to 30/1 and 20/1 w/w were indicated as optimal for the production
of PVP/curcumin and PVP/quercetin particles, respectively. However, this drawback was found only
in these few cases using PVP as the carrier. Alternatively, a high amount of polymer in the SAS
coprecipitated powders can be avoided by selecting 3-CD.

In general, cyclodextrins (CDs) are characterized by a hydrophilic external surface, which makes
them very soluble in water, and a hydrophobic internal cavity, in which various molecules
can be incorporated to form guest/host inclusion complexes by non-covalent interactions.
The production of CDs-based inclusion complexes by the SAS technique has been exploited to
mask the bitter taste and/or to increase the dissolution of various active compounds, such as
antioxidants [114,128,137,138], antihistamine drugs [22], antibiotics [139], and others [140]. In these
papers, hydroxypropyl-p-cyclodextrin (HP-3-CD) [114,137-140] is mainly employed, followed by
-CD [22,128]. In particular, from the few available studies, 3-CD seems to be a more suitable carrier
for the SAS process with respect to H-3-CD, since composite particles of regular morphology and size
were successfully produced only with 3-CD. In addition, inclusion complexes are generally formed
by using a low polymer content, i.e., from molar ratio polymer/drug equal to 3/1 up to 1/2 mol/mol.
Therefore, the application of 3-CD may be a useful tool to reduce the amount of polymeric carrier in
the SAS-prepared composite particles significantly, when a rapid drug release is desired.

In addition to the polymer/active compound ratio, other parameters influence the morphology
and size of composite particles, mainly the pressure and the overall concentration of solutes in the
liquid solution [8,9,44,65,80,81,93,94,97,110,117]. If the pressure is too high, the disappearance of the
surface tension prevails over the breakage of the liquid jet, and the coprecipitation partly fails with
the formation of nanoparticles, as previously mentioned. This failure also occurs if the pressure is
too low and below the MCP, hence the operating point lies in the biphasic region, resulting in the
precipitation of crystals or aggregates; even, the liquid can be recovered in the precipitator. Regarding
the total concentration, undoubtedly, the upper limit is represented by the solubility of the solutes in
the selected solvent. Nanoparticles or coalescent particles often precipitate when the concentration
of solutes is too low, because of the fast vanishing of the surface tension and the low viscosity of the
injected solution, not allowing the generation of well-defined droplets. Moreover, in the case of a low
concentration in the solution, the content of the polymeric carrier, which acts as a microsphere-forming
agent, is not enough to force the morphology of the composite system and to trap the active compound
into the polymeric matrix. On the contrary, if the total concentration is too high, aggregates or even
crystals can be obtained due to the influence that solutes may have on VLEs, as explained above.

In some cases, the variation of the temperature can favor the attainment of well-separated
microparticles, as occurs with zein [17,46]. As demonstrated in the study of Franco et al. [17],
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by coprecipitating ampicillin (a model antibiotic) and zein at a fixed pressure (90 bar) and total
concentration (50 mg/mL), polymer/drug 20/1 w/w sub-microparticles (mean size: 0.36 + 0.30 um)
were produced working at 40 °C. Instead, spherical microparticles with a mean size in the range
19-9 um were obtained at 50 °C, also managing to reduce the ampicillin/zein ratio up to 5/1 w/w.
The morphology and shape of zein-based particles prepared by the SAS process are also definitely
better than aggregates and irregular or collapsed particles obtained up to now with the techniques
commonly used in the pharmaceutical field, namely spray freeze-drying and spray-drying [141-143].

A similar trend to that shown in the study of Franco et al. [17] was also reported in the paper
of Montes et al. [99] since the dimensions of ibuprofen-loaded particles produced using PLLA
or Eudragit L100 increased by increasing the temperature. Instead, Kalogiannis et al. [59] and
Patomchaiviwat et al. [119] observed a rise in the degree of coalescence of the PLLA-based particles
by increasing the temperature up to 50 °C, probably due to the PLLA plasticization. Indeed, it is
well known that the glass transition temperature (Tg) of a polymer can be depressed in the presence
of the scCO,, because of its absorption into the polymeric matrix that leads to a weakening of the
intramolecular and intermolecular attractions between the polymeric segments [144-146]. Therefore,
the polymer Tg decreases in proportion to the amount of scCO, that the polymer is able to absorb.
The CO, absorption and, consequently, its plasticizing effect in the presence of semicrystalline polymers
also depends on the operating temperature, which influences the scCO, properties.

A glaring gap emerged from the SAS literature: Up to now, the use of polymeric blends has been
employed to produce drug delivery systems in very few papers [23,37,40,41]. Polymer blends can be
exploited to tune the drug release as desired, by modulating the ratio between the hydrophilic and
hydrophobic polymers that constitute the microparticles. In addition, they are useful to improve other
features of the final product, such as mechanical properties and moisture absorption. For example,
the very hydrophilic PVP can induce a hygroscopic effect, which could lead to low stability over time
and high water uptake in the produced composite powders. This critical issue can be overcome by
introducing hydrophobic polymers in the formulation, thus increasing the particles’ resistance to
humidity. Lee et al. [37] selected PLGA and PLLA to produce microspheres loaded with bupivacaine
HC], a local anesthetic drug generally administered by parental route for the regional anaesthesia,
i.e., the local pain control. Various PLGA/PLLA mass ratios were investigated, as well as the use
of PLLA at two different molecular weights (MW 2000 or 50,000). It was proved that the release
of bupivacaine HCI from particles obtained by SAS depends on the PLGA/PLLA ratio and on the
molecular weight of PLLA. In particular, by increasing the PLGA content, the drug dissolution rate
increased, until having a rapid release (in about 4 h) when only PLGA was used.

On the contrary, both molecular weight PLLA prolonged the bupivacaine dissolution, but a slower
drug release with a lower burst-like effect was achieved when the lower molecular weight PLLA
(MW 2000) was employed. These results are partly also since the particles” morphology improved as
the PLGA content decreased. Amphiphilic block copolymers, obtained by combining hydrophilic and
hydrophobic polymeric segments, can also be employed to deliver active compounds. For example,
in the paper of Jung et al. [41], PLLA, methoxy poly-(ethylene glycol)-b-poly(L-lactide) (mPEG-PLLA)
block copolymers or PLLA/PEG blends were chosen as carriers for controlled delivery of leuprolide
acetate. The last-mentioned one is a non-steroidal antiandrogen drug used to treat prostate and breast
cancers and endometriosis, which is usually administered via the parenteral route, being not orally
bioavailable. However, leuprolide-based therapies require long-term daily injections and frequent
administrations because this drug is very water-soluble and it has a short half-life when administrated
via the parenteral route. The mPEG-PLLA diblock copolymers were synthesized by ring opening
polymerization of L-lactide in the presence of PEG chain lengths. The effect of the mPEG block
length, the PEG/PLLA blending, and the polymer/drug ratio on the leuprolide acetate release were
investigated. A dichloromethane/methanol 1/1 v/v mixture was used for the SAS coprecipitation, and in
all the investigated conditions, spherical microparticles were produced. It was observed that the



Processes 2020, 8, 938 16 of 30

mean diameter of PLLA-based microparticles was higher than the one of microparticles prepared
using mPEG-PLLA.

Moreover, an increase in the mean particle size was noted as the PEG block length increased in the
mPEG-PLLA diblock copolymer. The drug entrapment efficiency was not significantly influenced by
the mPEG block length in mPEG-PLLA, the blending of PLLA and PEG, as well as the polymer/drug
ratio. However, these factors influence the release of leuprolide acetate from SAS microparticles.
Indeed, the drug dissolution rate increased by increasing the PEG block length in the mPEG-PLLA.
Microparticles based on PEG/PLLA blends showed a faster drug release with respect to the mPEG-PLLA
copolymer containing an equal mass ratio PEG/PLLA. Concerning the effect of the polymer/drug ratio,
a higher amount of mPEG-PLLA allowed a slower drug release rate.

Recently, some changes to the SAS process have been suggested [13,47]. In particular,
Matos et al. [13] proposed a single-step coprecipitation and coating by using the supercritical antisolvent.
A SAS coprecipitation of PVP/curcumin particles was attempted to coat the surface of different polymers,
namely microcrystalline cellulose (MCC) (size of crystals/irregular particles: 175 pm), corn starch
(size: 15 um), or lactose (size: <5 pm). Briefly, before starting the experiment, irregular particles/crystals
of MCC, starch, or lactose were located into the precipitator; then, the solution containing PVP and
curcumin is injected and, because of the antisolvent effect of the scCO,, composite particles precipitated
onto the different polymers used as support. During the single-step coprecipitation and coating,
the stirring into the precipitator ensured a homogeneous coating onto the polymer surface. However,
a proper morphology of the final product was not guaranteed, since it strongly depends on the shape
of the polymeric supports initially charged into the precipitator. Moreover, from the release tests, it can
be noted that only about 10% of the unprocessed curcumin dissolved in 60 min. In contrast, the drug
released from PVP-based particles precipitated by a conventional SAS coprecipitation (i.e., without
other polymeric supports) already reached more than 95% of dissolution in 5 min. The dissolution of
curcumin did not show a further improvement when PVP/curcumin particles were precipitated onto the
polymeric supports. Instead, Liu et al. [47] attempted to incorporate an anticancer compound, namely
10-hydroxycamptothecin (HCPT), into zein-based particles. By coprecipitating the polymer and the
drug through the SAS technique, rods-like crystals and drug nanoparticles were obtained. These results
suggest that coprecipitation did not occur because the polymer and the drug precipitated separately
and not in the form of composite microspheres. An unsatisfactory morphology was also achieved
using the built-in ultrasonic dialysis process (BUDP), which couples the ultrasonic emulsification with
the dialysis technologies [147]. Then, the authors combined the supercritical process with the BUDP by
dispersing the SAS coprecipitated zein/HCPT powders into an ethanol/water mixture, which was used
as the dialysis solution for BUDP. In this way, well-defined zein/HCPT microspheres were produced,
also prolonging the drug release. However, nowadays, aiming at the process intensification, the use of
a multistage-procedure is not the best option, both in terms of costs and of process times.

A summary of the polymer/active compound composites produced by the SAS technique for
medical purposes is reported in Table 2. The polymeric carriers and the active principles processed
were indicated, as well as the main process parameters, including the liquid solvent used, the pressure
(P), the temperature (T), and the overall concentration of solutes (polymer + drug) in the liquid solution
(Ctot). The morphology and the dimensions of SAS-obtained samples are also specified. In particular,
the literature results are listed in Table 2, firstly reporting the polymers that revealed to be the most
used and the most suitable for the SAS technique.
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Table 2. An overview of the polymer/active compound composites obtained by the SAS technique.
Nanoparticles; SMP: Sub-microparticles; MP: Microparticles; EMP: Expanded microparticles (balloons); AGG: Aggregates; AC: Acetone; CHF: Chloroform;
DCM: Dichloromethane; DMF: Dimethylformamide; DMSO: Dimethylsulfoxide; EtOH: Ethanol; EtAc: Ethyl acetate; MeOH: Methanol; NMP: N-methyl-2-pyrrolidone;
THE: Tetrahydrofuran; PVP: Poly(vinylpyrrolidone; MCC: Microcrystalline cellulose; 3-CD: 3-Cyclodextrin; HP-3-CD: Hydroxypropyl-3-cyclodextrin; PLA: Polylactic
acid; PCL: Poly(e-caprolactone); PLGA: Poly(lactide-co-glycolide); PLLA: Poly(L-lactic acid); PEG: Poly-ethylene glycol; mPEG-PLLA: Methoxy poly(ethylene
glycol)-b-poly(L-lactide); HPMC: Hydroxypropylmethyl cellulose; HPC: Hydroxypropyl cellulose; HCO-60: Polyoxyethylene (60) hydrogenated castor oil; CAP:
Cellulose acetate phthalate; PHBV: Poly(hydroxybutirate-co-hydroxyvalerate); PVM/MA: Polymer poly(methyl vinyl ether-co-maleic anhydride); PMMA: Poly(methyl
methacrylate; HCT: Hydrochlorothiazide; HCPT: 10-Hydroxycamptothecin; 170-MT: 17 x-Methyltestosterone; PZA: Pyrazinamide).

17 of 30

C: Crystals; m.s.: Mean size; c: Coalescent; NP:

. . Active o
Polymeric Carrier Compound Solvent P [MPa] T[°C] Ciot [mg/mL] Morphology Reference
Cefuroxime axetil MeOH 7-20 35-50 50-150 cMP, MP (m.s. 1.88-3.97 um) [103]
Ezetimibe EtOH 15 40 25 NP (m.s. 0.21-0.23 um) [110]
Dexamethasone MP (m.s. 1.82-2.51
Dexamethasone, um), prednisolone MP (m.s
Pgﬁjﬂ;ﬁf;e' EtOH 9-15 40 10-30 1.96-3.03 um), budesonide MP (m.s. 93]
3.06-3.58 pm)
Telmisartan EtOH/DCM 12 45 25 SMP, MP (m.s. 0.38-0.60 um) [70]
DMSO,
HCT DMSO/AC 8.6-19 30-40 10-30 NP (0.05-0.21 um) [33]
Oxeglitazar EtOH/CHF 8 35 30 C [35]
Nimesulide DMSO 9-15 35-45 20-35 AGG or MP (m.s. 1.67-4.04 pum) [8]
Piroxicam DCM 9.7 25 0.05 MP (0.1-5.0 um) [12]
PVP Ketoprofen DMSO 9-15 40 10-50 MP (m.s. 2.41-3.81 um) [65]
Diflunisal AC/DCM 12-14 35 18-36 cNP, cMP (size: 0.4-8.1 um) [11]
. . NP 0.05-0.20, SMP, MP (m.s.
Folic Acid DMSO 9-15 35-40 2040 0.30-3.80 1um) [94]
a-tocopherol, g g g a-tocopherol MP (m.s. 1.80—4.08 um),
menadione DMSO 9-15 35-50 20-60 menadione MP (m.s. 2.64-5.09 pm) ]
Quercetin, Quercetin MP (m.s. 0.47-9.52 um),
rutin DMSO ? 40-50 2040 rutin MP (m.s. 0.84-8.17 um) (571
Fisetin EtOH/DCM 10 45 Not reported NP, SMP (0.08-0.72 um) [31]
Chrysin AC/EtOH 12 40 1-3 SMP (m.s. 0.27-0.96 pum) [116]
NPs (m.s. 0.25- um), MP (m.s.
[3-carotene AC/EtOH 8.5-10 40 5-7 0.81-2.43 um) [81]
Anthocyanins EtOH 10 40 Not reported C, AGG [21]
Curcuma AC/EtOH 15-21 35-45 2-10 NP (m.s.0.11-0.21 pum) [115]
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Table 2. Cont.
Polymeric Carrier Active Solvent P [MPa] T[°C] Ciot [mg/mL] Morpholo Reference
4 Compound v tot P gy
Curcumin AC/EtOH 8-12 40-60 1 cSMP, SMP (size <1 um) [117]
Curcumin AC/EtOH 10-20 30-50 1-10 NP, SMP (m.s. 0.03-0.34 um) [123]
Curcumin EtOH, AC/EtOH 2-12 35-50 5-20 AGG, NP or SMP (m.s. 0.05-0.33 pum) [80]
irregular particles/C of MCC (size:
PVP and MCC, . g 175 pm), starch (size: 15 pm) or
starch or lactose Cureumin AC/EOH 9-12 40 20 lactose (size <5 pum) coated with [13]
PVP/curcumin particles
Budesonide DCM 8.6 40 14 MP (1.26 um) [32]
10, MP (1.70 um),
PLA Cholesterol DCM 9 45 46 C (8.0 um) [124]
Insulin D];\é[:sl\?/ 8.5-13 20-38 1 MP (0.50-2.0 pum) [108]
Lutein EtAc 10 17 21.8-22.2 cMP (m.s. 1.0-10.0 um) [45]
PLA/PCL 170-MT DCM 8 40 0.01 MP (23.0-54.0 um) [40]
Ibuprofen DCM 12-20 40-50 5-10 MP (0.93-1.97 um) [99]
Naproxen DCM 10-20 40-50 5-8 MP (0.56-1.43 pum) [98]
Amoxicillin DMSO/ 10-20 29-50 2-9 MP [125]
DCM

Rifampicin DCM 14-21 33-50 10-30 MP (m.s. 3.26-30.53 pum) [119]

. DMSO/
Azacytidine DCM 11 40 19 C+MP (2.0 um) [111]
Leuprolide DCM/ 13 35 11-12 MP [41]

PLLA acetate MeOH

. . EtOH/ .

Zidovudine DCM 8.5-13.5 45 0.2 Filaments [120]

. EtOH/
5-fluorouracil DCM 12 33 4 MP (0.98 um) [112]
5-fluorouracil DMSO/DCM 12-25 35-50 0.1-0.2 AGG [67]
HCPT EtOH/DCM 7.5-12 30-40 1-9 MP (0.57-1.37 um) [118]

DCM,

. DCM/
Paclitaxel DMSO, 8-14 30-45 7-14 MP (0.83-1.43 pum) [126]

DCM/EtOH

Tamoxifen DCM 13 38 135 MP [113]

citrate
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Table 2. Cont.
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. . Active o
Polymeric Carrier Compound Solvent P [MPa] T[°C] Ciot [mg/mL] Morphology Reference
Astaxanthin DCM/AC 8-12 30-42 5-12 Irregular MP (size: 0.6-2.0 pm) [127]
Gefitinib ]ggﬁ/ 9-12 33-48 6-13 MP (size: 1.1-3.8 um) [121]
) AC/
Lutein DMSO 10 32-45 10-20 SMP (m.s. 0.20-0.36 pm) [49]
riboflavin,
d-tocopherol, EtOH 16 40 22-270 EMP, MP (m.s. 8-18 um) [148]
. [3-carotenein
zein DMSO
HCPT DMSO/EtOH 8-14 35-45 6-21 Rods, C+NP [47]
Collapsed MP/EMP with internal
Lysozyme EtOH/H,0 10 40 0.05 porosity (size up to 50 wm [48]
Diclofenac sodium DMSO 9 40 30-50 SMP, MP (m.s. 0.42-1.3 pm) [46]
Amoxicillin SMP, MP (m.s.: 0.65-12.0 um for
s e DMSO 9 40-50 50 amoxicillin, 0.36-19 um for [17]
Ampicillin e,
ampicillin)
B-CD Lycopene DMF 10-14 40-50 1 NP (m.s. 0.04-0.12 um) [128]
Cetirizine
dihydrochloride DMSO 15 35 10-24 SMP-MP (0.29-4.16 um) [22]
Apigenin DMF 10-25 35-65 67-402 needles + ¢SMP (m.s. 0.4 um) [114]
Simvastatin DCM/EtOH 12 40 Not reported AGG [140]
H-p-CD Tosufloxacin DCM/DMF 8-16 35-55 Not reported C [139]
tosylate
Resveratrol EtOH 12 40 0.03 AGG/cNP [137]
Baicalein AC/EtOH 8-14 35-50 Not reported C, AGG (m.s. 0.3-1.0 um) [138]
Eudragit RS100, .
Eudragit RL100 Acetazolamide AC 5.7-9 27-40 15-24 Needles + cMP, AGG [43]
Ellagic acid NMP 15 40 20 MP+C [122]
Eudragit L1
udragit L100 Tbuprofen AC 12-20 ‘ég 5-10 NP (0.08-0.21 im), SMP (51 um) [99]
NP (0.08-0.15 pum)
Naproxen EtOH 10-20 40-50 5-8 SMP (0.31 pum) [98]
Ampicillin DMSO 9-10 40 20-40 cMP, MP [104]

Eudragit L100-55

(m.s.: 1.5-2.5 pm
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Table 2. Cont.
Polymeric Carrier Active Solvent P [MPa] T[°C] Ciot [mg/mL] Morpholo Reference
4 Compound v tot P gy
Diclofenac sodium C, EMP, cMP, MP (m.s.: 1.5-2.9 um
. ’ DMSO 9-15 40 20-50 for diclofenac, 1.6-6.8 um for [44]
theophylline .
theophylline)
. Acetone, DCM/ 36, 6, .
PLGA 5-Fluoracil methanol 11 3645 6-30 Film, cMP [109]
AC,
Hydrocortisone MeOH/ 9 33 20 C [36]
DCM
PLGA, . EtOH/ MP + Fibers (5.56-7.07 um), MP
PLGA/PLLA Bupivacaine HCl DCM 8 40 Not reported (4.39-10.9 ym) [37]
B-carotene, Lutein DCM 8-10 15 13-17 MP and € for f-carotene, AGG and [129]
irregular cMP for lutein
Carotene DCM 16 35-50 6 C+cMP (m.s. 1-10 um) [149]
PEG DCMY
Emodin MeOH 8-20 35-50 1 C (m.s. 3-20pm) [130]
Itraconazole AC 19 40 2 C+ MP (m.s. 3 um) [106]
Oxeglitazar CHF 8 35 30 C [35]
Leuprolide DCM/
mPEG/PLLA acetate MeOH 13 35,15 11-12 MP (m.s. 2.86-5.63 um) [41]
Amoxicillin DDl\ésl\?/ 10-25 35-65 10 cMP (m.s. 0.23-2.66 um) [102]
Ethyl - DMSO/ g 5 g
cellulose Ampicillin DCM 10-25 35-55 11 cMP (m.s. 1.0-3.0 um) [100]
Amoxicillin DDl\ésl\?/ 10-15 35-50 23-24 AGG, MP [101]
Quercetin EtAc 10 35 14 c¢NP, ¢SMP (m.s. 0.18-0.34 um) [91]
EtAc
. .. / NP+C
Rifampicin EtAc/ 10 35-60 13-15 [105]
DMSO NP (m.s. 0.19-0.23 um)
Insulin DMSO/AC b - 2, NP (0.14 um), SMP (m.s. 0.27-0.34 [07]
4-7 pum)
EtOH/ .
PMC Itraconazole DCM 8-15 45-60 Not reported C+NP/cSMP (size: 0.1-0.5 um) [42]
Lercanidipine ]]E:;gﬁ/ 15 40 50 NP, SMP (m.s. 0.22-0.44 um) [34]
Megestrol acetate EtOH/ 15 40 52 NP, SMP (m.s. 0.14-0.50 pm) [39]

DCM
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Polymeric Carrier Active Solvent P [MPa] T[°C] Ciot [mg/mL] Morpholo Reference
4 Compound v tot P gy
Telmisartan %81\1;/ 12 45 25 SMP (m.s. 0.45-0.50 um) [70]
HPMC/poloxamers/ .. EtOH/
HCO-60 Felodipine DCM 10 45 Not reported cNP/cSMP (m.s. 0.20-0.25 um) [23]
. DMC,
Oxeglitazar EtOH/CHF 8 35 23 C [35]
Poloxamers Rosemary extracts EtOH 10 50 Not reported cSMP [78]
Astaxanthin AC 8-12 35-40 6 cMP [150]
Quercetin AC 10 40 0.03-0.2 cMP (1 um) [151]
[3-carotene DCM 8 40 21-48 Irregular cMP, EMP, AGG [135]
[-carotene DCM 8-20 40 32-61 Not reported [96]
PHBV Astaxanthin DCM 8-10 35 5-10 SMP (m.s. 0.22-0.40 um) [131]
Bixin DCM 8-10 35-40 1.4-20.4 SMP (m.s. 0.20-0.55 um) [132]
Grape seed DCM 8-12 35-45 27-40 SMP (m.s. 0.62-0.72 pm) [133]
extract
Pmel;tr;zlzfer DCM 8-12.5 35-55 30 ¢SMP, MP (m.s. 0.39-25.4 um) [134]
CAP Quercetin AC 9 40 20 NP+C [152]
Mangiferin AC/DMSO 18 50 8-26 cSMP (m.s. 0.25-0.41 um) [153]
. . . . . NP (m.s. 0.15-0.24 um)
HPC Ezetimibe EtOH 12-18 40-50 10-25, 50-100 SMP, MP (m.s. 0.33-0.91 pim) [110]
sulfamethoxazole AC 10 35 88 AGG [74]
Lactose Rifampicin MeOH 124 40 1-5 cMP < 8 um [154]
Lecithin/«-
tocopherol Lycopene DMF 8-12 35 20-30 C [155]
PVM/MA Gentamicin AC 10 25 140 NP, MP (m.s. 0.05-0.93 um) [156]
PMMA ivermectin AC 9-11 40-60 33 cNP, NP (m.s. 0.05-0.17 pum) [157]
Urea, t;‘g“ea o 5-fluorouracil MeOH 7-15 40 48 C [158]
L-arginine glimepiride DCM/EtOH 12 60 7 C (m.s. 5-79 um) [24]
Stearic acid hesperidin DMSO 8-20 35-45 75 NP-SMP (m.s. 0.15-0.39 um) [159]
Saccharin Indomethacin EtOH, MeOH, 8.4-9 50 Not reported C [160]

EtAc
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5. Conclusions

This review is focused on the application of the SAS technique in the biomedical field. In this
context, the micronization and coprecipitation by the supercritical antisolvent have been proposed for
several purposes. Regarding the production of composite particles, the opportunity of modulating the
drug release by choosing a carrier based on the required therapy is particularly impressive. In this
way, it is possible to release the active principle to a specific site of action and/or at the desired
dissolution rate, therefore reducing the side effects caused by drug overdoses and improving the
patient’s compliance. However, to date, few polymers can be defined as valid for a successful SAS
coprecipitation in the form of microspheres, including PVP, PLA, PLLA, zein, and Eudragit L100-55.
From the very few conducted studies, 3-CD also seems a promising SAS carrier, but its use has
yet to be deeply investigated. The main challenge is, therefore, to identify new polymeric carriers
suitable for the SAS coprecipitation, in order to develop novel polymer/active compound systems and
overcome the main issues still existing in the biomedical field. A key role may be played by the use of
polymeric blends, which is still practically unexplored with regard to the SAS technique. Maintaining
the microparticles’ morphology and varying the content of hydrophobic and hydrophilic polymers,
the release can be tuned according to the specific application. Anyway, the use of the SAS technique in
the biomedical field is strategic to produce composite systems without residues of solvents that are
toxic for human health and to produce particles in a controlled manner with a narrow PSD.
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