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Abstract 
 

The interest in the production of novel polymer/active compound 
composites has increased over time as a response to the main issues 

encountered in the pharmaceutical field. Nowadays, polymeric carriers are 

employed to prepare composite systems with several aims, including the 
protection or stabilization of an active compound, as well as masking its 

unpleasant taste or odor. However, the main challenge is to reach a control 

of the drug release rate from innovative pharmaceutical forms, overcoming 
the drawbacks associated to the use of conventional formulations. The latter 

ones often provide uncontrolled drug release, sometimes out of the 

therapeutic range; as a consequence, high and repeated drug dosages are 

necessary, leading to serious side effects on the patient’s health. Different 
formulations can be fabricated as drug delivery systems, such as granulates, 

tablets or topical patches. However, the technologies generally used to 

produce composites suffer from some drawbacks, including the possible 
degradation of the active compound due to the high operating temperature, 

or multistage processing required to remove organic solvents, whose 

residues are often not negligible in the final composites. Supercritical carbon 
dioxide (scCO2) assisted techniques are considered a good alternative to 

overcome all the main limits involved in the use of traditional processes. 

In this Ph.D. work, two scCO2 assisted processes are proposed to produce 

different polymer/active compound composites: 

- Supercritical AntiSolvent (SAS) technique, to produce composite 

powder with a microparticle-like morphology; 

- supercritical impregnation, to obtain orally disintegrating tablets 
(ODTs) or topical patches. 

The main goal is to accelerate or to slow down the dissolution rate of the 

active principle contained in the composites, depending on the therapeutic 
effect required by a specific application. In this way, the drug doses or the 

frequency of administration, as well as side effects, can be reduced, 

improving the patient’s compliance. For this purpose, different polymer/drug 
systems were studied. Both in case of the microspheres’ production by SAS 

and the drug impregnation into supports, the selection of a proper polymeric 

carrier according to the desired drug release is particularly important. 
Specifically, when a hydrophilic carrier is employed, a fast dissolution rate 

of the active principle is reached. This option is promising to enhance the 

bioavailability of poorly-water soluble compounds, such as non-steroidal 

anti-inflammatory drugs (NSAIDs) prescribed for minor inflammations, or 
natural compounds (e.g., flavonoids) with numerous benefits for human 

health. On the other hand, the use of hydrophobic polymers promoted a 

prolonged drug release. This kind of carriers can be combined with drugs 
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that are highly-water soluble or prescribed for chronic diseases, such as 
antibiotics, NSAIDs, antihistamines, bronchodilators or anticoagulant drugs. 

Regarding SAS technique, the polymer/drug coprecipitation mechanisms 

in correspondence of different morphologies were also postulated by means 
of dissolution studies, demonstrating that SAS coprecipitation was fully 

achieved when microspheres are produced. Until now, one of the 

weaknesses of the SAS technique was that the coprecipitation had been 

actually achieved only with a limited number of polymers; i.e., polylactic 
acid (PLA), poly (L-lactic acid) (PLLA) and polyvinylpyrrolidone (PVP). In 

this work, the effectiveness of other carriers, namely zein, Eudragit L100-55 

and β-cyclodextrin (β-CD), was successfully asserted, optimizing the process 
conditions to assure an effective coprecipitation in form of composite 

microparticles. It was proved that both microspheres and guest/host 

inclusion complexes can be produced by SAS, using a generic polymer or β-
CD as oligosaccharides, respectively. The results of dissolution tests 

highlighted that zein and Eudragit L100-55 tend to prolong the release of the 

drug embedded into the microspheres. It has to be consider that Eudragit and 

zein are low cost polymers with respect to lactic acid-based polymers 
proposed so far to obtain SAS particles that promote a prolonged drug 

release. Conversely, the preparation of β-CD based complexes allowed to 

enhance the dissolution rate of active compounds. The use of β-CD also 
appears to be promising in reducing the amount of carrier in SAS-

coprecipitated powders, which is a considerable milestone from a 

pharmaceutical point of view. 

Topical patches and ODTs were prepared by the versatile supercritical 
impregnation, incorporating different drugs into thin films or aerogels. ODTs 

both for a rapid or prolonged release of NSAIDs were produced by selecting 

maize starch aerogel (MSA) and calcium alginate aerogel (CAA), respectively. 
Peppas mathematical model (Ritger and Peppas, 1987) was applied to 

identify the dominant factor in the drug release behavior, which is often a 

combination of solvent diffusion and polymer chain relaxation. In order to 
produce medicated patches for the wound healing, a single step consisting of 

the polymer foaming and the drug impregnation into the foam was proposed. 

The drug release from foamed polycaprolactone (PCL) was significantly 

prolonged, promoting a proper tissue regeneration. The supercritical 
impregnation of drugs into polymeric films was suggested for the first time 

for pharmaceutical applications. The study of the impregnation mechanisms 

of drugs into all the supports proved that, in general, the impregnation using 
scCO2 is first governed by the film diffusion, thus the drug is impregnated 

on the outer surface of the matrix. Then, the impregnation is controlled by 

pore diffusion, so the drug is also loaded onto the inner pores of the support. 
In conclusion, the scCO2 assisted techniques are very versatile and 

promising to produce different pharmaceutical forms that offer different drug 

release kinetics, depending on the specific application. 



 

 

Introduction 

 

 

 

 
Polymer/active compound composites are widely employed in various 

industrial applications, especially to overcome the main issues encountered 

in the pharmaceutical field. Different formulations can be fabricated as drug 

delivery systems, such as capsules, granulates, tablets, and topical patches. 
The use of polymeric carriers to produce pharmaceutical composites has 

multiple functions: the protection of an active principle against its oxidation 

and/or deactivation caused by external agents (light, oxygen, high 

temperature, pH), as well as masking its unpleasant taste and/or odor in case 
the drug is orally administered. Currently, the primary reason is the control 

of the release rate of an active compound. Conventional pharmaceutical 

forms tipically provide undesired release kinetics in which the drug 
concentration can be below the minimum effective concentration required to 

have a therapeutic effect or above the maximum safe concentration, in an 

uncontrolled manner. Thus, high and repeated drug dosages are necessary, 
leading to serious side effects on the patient’s health. 

Nowadays, the interest of the pharmaceutical market in novel 

formulations is continuously growing to improve the therapeutic efficacy of 

active compounds and the patient’s compliance, providing different release 
profiles within the terapeutic range for different diseases. Indeed, a rapid or 

prolonged drug release can be necessary depending on the specific 

pathology, which may require a fast or long-term response. Many prescribed 
drugs are characterized by a low solubility in water, resulting in a low 

bioavailability. The particle size reduction of an active compound through 

micronization processes allows to improve the dissolution rate of poorly 
water-soluble drugs, by increasing the specific surface area of the powder 

drug and its contact with the water molecules. The drug dissolution can be 

further enhanced by developing hydrophilic polymer-based formulations of 

various types, including microspheres or ODTs. On the contrary, when an 
active compound has to be released slowly because of its highly water-

solubility or chronic use, the selection of a hydrophobic carrier is 

recommended. 
With regards to infections, long-term antibiotic therapies are generally 

prescribed. Unfortunately, many antibiotics are very soluble in water and 
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characterized by a short half-life; in these cases, prolonged-release drug 
delivery systems are desirable to reduce the number of administrations and 

the side effects, including the antibiotic resistance (Stebbins et al., 2014). 

Given the existence of many inflammatory conditions, in the case of 
NSAIDs, both a fast and prolonged release kinetics can be required for the 

treatment of minor inflammations (e.g., headaches, toothache) or chronic 

disease (e.g., rheumatoid arthritis, osteoarthritis), respectively (Altman et al., 

2015, Gupta and Bah, 2016, Maniar et al., 2018). It has to be considered that, 
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 promoting an accelerated or prolonged drug release by 
properly chosing hydrophilic or hydrophobic carriers, respectively. Other 

useful applications of pharmaceutical composites concern the treatment of 

the chronic bronchial asthma or the allergies. Nowadays, the main challenge 
related to the asthma is to achieve the control of the disease; i.e., to prevent 

symptoms or asthmatic exacerbations, with the least number of drugs. In this 

context, as an alternative to drugs often taken by inhalation in case of 

exacerbations to have a rapid improvement of symptoms, there is a growing 
interest in drugs to be used daily, which provide a long-term control. 

Therefore, efficient delivery systems are often required to achieve a 

prolonged or sustained release of bronchodilator drugs. Similarly, attempts 
are being made to produce next generation antihistamine formulations that 

promote a drug prolonged release, to prevent and to treat the allergy 

symptoms, as well as to reduce side effects, such as sleepness and daze, in 

patients with chronic allergy. 
Dosing frequency and adverse effects related to drug overuse can also be 

reduced using topical formulations, which provide constant blood levels, 

avoiding the first-pass metabolism and the gastrointestinal tract. Indeed, a 
medicated patch offers a controlled release of the active principle: a specific 

amount of drug released from a medicine reservoir penetrates the skin, 

subcutaneous fatty tissue and muscle, without reaching high plasma levels. 
Thus, topical plasters improve the drug local bioavailability to the specific 

site of action and, in case of toxicity, the treatment can be stopped by simply 

removing the patch. Unfortunately, this kind of formulation presents a main 

drawback; i.e., the molecules of the active principle have to be small enough 
to penetrate the skin, which is a very effective barrier. Topical systems are 

considered, for example, a promising approach to wound healing. 

It is clear that the development of various innovative polymer/drug 
systems can provide a valid answer to the main troubles facing 

pharmaceutical companies. There are different technologies to fabricate 

polymer/active compound composites in the different forms. However, 
conventional techniques generally employed suffer from some drawbacks, 

including low loading efficiencies, possible degradation of the active 

compound due to high process temperatures, and multistage processing 
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involved to remove toxic organic solvents, whose residues are often not 
negligible in the final composites. In addition, morphology, mean particle 

size and particle size distribution (PSD) are often difficult to control in the 

case of micronization processes (Wu et al., 2009, Lee et al., 2010, Park et al., 
2010, Ha et al., 2020). The attainment of irregular particles with a wide PSD 

can be a serious limitation when oral or injectable formulations are 

produced. Instead, in the case of the incorporation of active compounds in 

porous matrices to obtain for example ODTs, the collapse of porosities or the 
difficult penetration of the solvent used into the pores often occur. 

The scCO2 assisted techniques are considered a good alternative to 

traditional processes (Won et al., 2005, Wu et al., 2009, Park et al., 2010, 
Lee et al., 2010, da Fonseca Machado et al., 2018, Ha et al., 2020, Park et 

al., 2020). The use of organic solvents is considerably reduced or eliminates, 

whereas scCO2 is completely removed from the product by simple 
depressurization. It is also possible to process thermolabile compounds 

without degradation, due to scCO2 moderate critical parameters (Tc=31.1 

°C, Pc=7.38 MPa). The scCO2 based technologies are very versatile, 

allowing to produce different possible pharmaceutical forms, from oral to 
topical administration. Microparticles or nanoparticles with narrow PSDs 

can be created using different supercritical micronization techniques, among 

which SAS process stands out. The high diffusivity and the quasi-zero 
surface tension of scCO2 facilitates its penetration into the pores of 

polymeric matrices as aerogels, while preserving the porous structure (Kikic 

and Vecchione, 2003, Tkalec et al., 2015). In addition, its ability to swell or 

foam various polymers favours the loading of active compounds. The 
supercritical impregnation process is exactly based on these advantages: the 

scCO2 is exploited as a solvent and a swelling or foaming agent to produce 

drug-loaded supports for oral or topical applications; e.g., ODTs or 
medicated patches, respectively. 
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Chapter I 

Aim of the work 

 

 

 

 
Considering the current interest in improving the therapeutic efficacy of 

many active principles and in their safe use, the present work is focused on 

the production of polymer/active compound composites, mainly: 

• to enhance the dissolution rate of poorly-water soluble drugs, 
• to prolong the release of active compounds for chronic diseases, 

in order to reduce the administration dosage/frequency and the side 

effects associated with the drug overuse. 
The goal is to provide the best drug release kinetics for a specific 

pharmaceutical application, developing polymer/drug composites by two 

scCO2 assisted techniques: 

• SAS process; 
• supercritical impregnation. 

These scCO2 based technologies are proposed to overcome the main 

limits related to the production of composite systems by conventionally used 
methods. The key role of the polymeric carrier selected to prepare the 

pharmaceutical formulations is also highlighted. 

In particular, the SAS technique was employed to produce composite 

microspheres that promote a fast or a prolonged release of the embedded 
active compound, depending on the desired therapeutic effect. The aim was 

to produce well-defined composite microparticles with narrow PSDs and 

zero solvent residue. In the current literature, the polymer/drug 
coprecipitation by SAS process has been successfully achieved only with a 

limited number of polymers. Thus, one of the main objectives of this part of 

the work was also to identify new carriers processable by SAS that allow a 
proper coprecipitation of the two materials. The novel carriers proposed are 

not only valid in terms of drug release control, but also allow to overcome 

some drawbacks related to the use of polymers hitherto considered effective 

for SAS coprecipitation, such as high costs or high quantities of polymer 
necessary to achieve a coprecipitation in the form of composite 

microparticles. The coprecipitation mechanisms in correspondence of 

different morphologies were also postulated. 



Chapter I 

2 

The solvent-free supercritical impregnation of drugs into polymeric 

supports is instead employed to develop topical patches for a controlled drug 

delivery or ODTs, characterized by a rapid or prolonged drug release 
depending on the selected carrier. The goal was to exploit the scCO2 as a 

solvent to load different categories of active principles into different 

polymeric supports (i.e., aerogels or film), obtaining various drug delivery 
systems. It is worth noting that, up to now, the supercritical impregnation of 

drugs into polymeric films has not been proposed for the production of 

topical patches. For an appropriate interpretation of the experimental data, 

the impregnation mechanisms of the active compounds onto/into the 
polymeric supports were investigated, as well as the release kinetics models. 

The final aim is to provide satisfactory results that encourage the use of 

the two supercritical techniques on an industrial scale to produce different 
composite systems for the treatment of different clinical pathologies. 

 

 



 

 

Chapter II 

State of the art of the scCO2 

assisted technologies 

 

 

 

 
II.1 State of the art of SAS process 

Over time, the interest in the production of microparticles, nanoparticles 
and composite microparticles has widely spread in many industrial 

applications. In particolar, the micronization of active compounds (i.e., food 

ingredients and drugs) and their incorporation in biocompatible polymer-
based particles is largely employed in the nutraceutical and pharmaceutical 

fields. Nowadays, polymer/active compound composite microparticles 

attract great interest and can be classified as follows: 
• microspheres, a polymeric matrix in which an active principle is 

homogeneusly dispersed, frequently obtained by a simultaneous 

precipitation of the drug and the polymeric carrier; 

• microcapsules, in which a core material (i.e., the active compound) 
is sorrounded by a polymeric shell (i.e., the coating material). 

These composite systems, when applied for oral drug delivery, allow a 

good control of the dissolution rate of the embedded active compounds. 
There are many conventional micronization techniques used to produce 

coprecipitates: spray-drying, emulsification/solvent evaporation, centrifugal 

extrusion, jet-milling, freeze drying, and coacervation. However, these 

processes suffer from some drawbacks, such as the production of irregular 
particles often characterized by wide PSDs, the possible degradation of the 

product due to mechanical or thermal stresses and the difficulty in the 

complete elimination of the organic solvents used during the process (Won 
et al., 2005, Wu et al., 2009, Lee et al., 2010, Park et al., 2010, Park et al., 

2020, da Fonseca Machado et al., 2018, Ha et al., 2020). These limitations 

can be overcome by scCO2-assisted micronization technologies, including 
the SAS technique that exploits the scCO2 as antisolvent. SAS process is 

based on some main prerequisites: the scCO2 has to be completely miscible 

with the selected liquid solvent; on the contrary, the solute/solutes to be 
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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 scCO2 into the liquid solvent and the 

consequent supersaturation of the solute/solutes. 

There are also some modified versions of the SAS technique, in which 
the scCO2 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 scCO2 and the liquid 

solution are both injected through a coaxial nozzle. In the GAS process, the 
scCO2 is introduced into the solution consisting of the liquid solvent and 

solute/solutes to be precipitated. The SAS process was also proposed in the 

literature with other different acronyms, such as Aerosol Solvent Extraction 
System (ASES). 

 

II.1.1 Fundamentals of SAS technique 

In order to fully understand the SAS process, three main aspects and their 

interactions have to be considered, namely: 

 high-pressure vapor liquid equilibria (VLEs) of the system formed by 

solvent, antisolvent and solute/solutes; 

 fluid dynamics of the injected solution in contact with scCO2; 

 mass transfer to/from the injected solution that causes the particles 

formation. 

Regarding the high-pressure VLEs, the ternary system consisting of 
solvent/solute/scCO2 or the quaternary system solvent/drug/polymer/scCO2 

should be considered in case of micronization or coprecipitation, 

respectively. However, SAS is based on the assumption that the solute is 
practically insoluble in the mixture consisting of the solvent and the 

antisolvent. If this main hypothesis is verified, the presence of solute/solutes 

can be neglected, thus the fluid phase formed in the precipitation chamber 

can be considered as a binary mixture. For this reason, the ‘pressure–CO2 

molar fraction’ isothermal diagram of the mixture solvent/antisolvent is 

generally used to identify the position of the operating point with respect to 

the binary mixture critical point (MCP). SAS micronization/coprecipitation 
is tipically operated at pressures above the MCP of the binary system 

solvent/antisolvent. 

According to the classification proposed by Van Konynenburg and Scott 
(Van Konynenburg and Scott, 1980), the CO2 and an organic solvent usually 

form type-I systems in term of phase behavior, as shown for example in 

Figure II.1. Since dimethylsulfoxide (DMSO) is considered one of the best 

solvents for SAS precipitation and being the one employed for the 
experiments reported in this thesis, the VLE of the binary system DMSO-

CO2 (with isotherms at different temperatures) is also shown in Figure II.2. 



State of the art of the scCO2 assisted technologies 

5 

 
Figure II.1 VLE of a binary system of type I (Van Konynenburg and Scott, 

1980); P: pressure, XCO2: CO2 molar fraction. 

 
Figure II.2 VLE of the binary system DMSO-CO2. From lower to higher 

pressures, the isotherms correspond to 5, 15, 25, 35, 45, 55, 65, 75 and 85°C 
(Andreatta et al., 2007a). 

During a typical SAS experiment, the solvent/antisolvent mixture should 

be supercritical. Therefore, at a fixed temperature, the operating point has to 
be above the MCP of the selected couple solvent/antisolvent, as well as at 

molar fractions on the right of the MCP, to assure the formation of a 

supercritical mixture (region I). Looking at the diagram in Figure II.1, 
different reagions can be explored operating at conditions different from 

region I: subcritical gaseous conditions located in region II, expanded liquid 
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conditions located in region III, and two-phase region conditions located in 

region IV. Depending on the physical state of the binary mixture in the 

precipitation chamber, different morphologies can be obtained by working in 
the various regions mentioned (Bouchard et al., 2007, Reverchon et al., 

2007, Reverchon et al., 2008a, Reverchon et al., 2008b, Chang et al., 2008a, 

Reverchon and De Marco, 2011). Generally: 
• expanded microparticles are obtained working in subcritical 

conditions (point A); 

• microparticles are produced near above the MCP, in the transition 

zone between two and single-phase mixing (point B); 
• nanoparticles precipitate operating far above the MCP, at fully 

developed supercritical conditions (point C); 

• crystals precipitate if the operating point falls within the miscibility 
hole (point D). 

In the SAS process, the nozzle used as injection device has to induce the 

jet break-up and the atomization of the liquid solution. The atomization of 

the liquid phase plays a key role in enhancing the contact and, thus, favoring 
the mass transfer between the liquid solvent and the antisolvent. The 

dimensions of the liquid droplets produced depend on the jet fluid dynamics. 

The influence of the jet velocity and the liquid properties (e.g. viscosity and 
surface tension) can be studied using following dimensionless numbers: 

• the Reynolds number (Re=Dvρ/µ) that represents the ratio between 

the inertial and the viscous forces; 

• the Ohsenorge number (Oh=µ √𝐷𝜌𝜎⁄ ) that relates the viscous and 

the surface tension forces, dividing the square root of Weber number (We= 

ρv2D/σ) by the Reynolds number. 
It was also demonstrated that the evolution of the liquid jet is controlled 

by the competition of two main mechanisms: the jet break-up and the surface 

tension vanishing (Reverchon and De Marco, 2011, Marra et al., 2012). If 

the time of jet break-up (tJB) is the shortest characteristic time of the process, 
micrometric droplets are produced at the injector exit as a result of the liquid 

jet break-up, following by the atomization of the liquid phase. The very fast 

mass transport of scCO2 into the droplet, due to the high solubility of scCO2 
in organic solvents, and the solvent evaporation into the bulk scCO2 lead to 

the precipitation/coprecipitation of the solute/solutes and the attainment of 

amorphous spherical microparticles. Considering this precipitation 

mechanism, each droplet works as a micro-precipitator; the surface tension 
of the liquid phase forces all the material to maintain its original shape and 

volume, therefore the diameters of microparticles are similar to the ones of 

the droplets from which they originate. As previously mentioned, at a fixed 
temperature, SAS spherical microparticles are obtained only in a limited 

range of pressures near above the MCP of the binary system 

solvent/antisolvent. Operating at subcritical gaseous conditions, expanded 
microparticles generally precipitate, whose formation mechanism can be 
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considered as a variation of the one proposed for microparticles. In 

particular, the atomization generates microdroplets; then, mass transfer 

to/from the liquid droplet occurs, but fluid phase is not at supercritical 
conditions, thus the surface tension never goes to zero. Therefore, the 

droplets are forced to maintain the spherical shape and the formed gaseous 

phase is blocked in the spherical envelope. The mass transfer continues, in 
the meanwhile the residual surface tension maintains the coherence of the 

micro-precipitator, so an increase in the droplet volume occurs. The solute 

begins to precipitate near the internal droplet surface, then it accumulates 

forming a solid shell (an empty core), leading to the generation of expanded 
microparticles, also called “balloons”. Instead, performing SAS process far 

above the MPC of the solvent/antisolvent mixture, it was demonstrated that 

the time of surface tension vanishing (tSTV) is lower than tJB: in this case, 
nanoparticles are obtained by gas-to-particles nucleation and growth.At these 

conditions, droplets are not formed at the injector exit, but the liquid solution 

mixes with the gas phase (gas mixing), from which solids can nucleate and 

grow. Many experimental evidences supported this hypothesis, firstly the 
irregular shape of the nanoparticles, compared to the perfectly spherical 

shape of microparticles generated from the drying of spherical droplets 

confined by the surface tension. Moreover, Lengsfeld et al. (Lengsfeld et al., 
2000) demonstrated that, operating in completely developed supercritical 

conditions, the time scale of the surface tension disappearance of the jets of 

miscible fluids (solvent+antisolvent) determines the jet evolution as a gas 
mixing, thus no droplets are formed. Lastly, it is well known that the surface 

tension tends to zero faster the more the pressure increases; thus, at very 

high pressures, far above the MPC of the solvent/antisolvent mixture, the 

surface tension of the injected liquid goes rapidly to zero and no droplets are 
formed. 

 

II.1.2 SAS micronization of active compounds 

SAS technique is one of the most effective micronization techniques 
based on the use of scCO2. So far, several active compounds, such as 

antibiotics, anti-inflammatory drugs, antioxidants, anticancer drugs, and 

corticosteroids, were successfully micronized in form of nanoparticles, sub-
microparticles and microparticles by SAS (Kalogiannis et al., 2005, 

Reverchon and De Marco, 2006, Tenorio et al., 2007a, Zhao et al., 2011b, 

Zu et al., 2012, Zhao et al., 2012, Park et al., 2013, Montes et al., 2016a). 

Many literature studies demonstrated that SAS process allows to 
overcome the main drawbacks of conventional micronization techniques, 

such as spray drying, freeze-drying, jet-milling, solvent evaporation and 

grinding (Park et al., 2010, Ha et al., 2020). Rogers et al. (Rogers et al., 
2001) compared scCO2-based processes, including he SAS, and cryogenic 

spray-freezing technologies in the micronization of active principles. Both 
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the approaches were presented as potential solution for the production of 

particles of active compounds that cannot be processed by more 

conventional micronization techniques, such as spray drying and jet-milling. 
In the specific case of SAS technique, the authors highlighted the advantage 

of using an environmentally-friendly antisolvent as the scCO2 with respect to 

the toxic organic antisolvents conventionally employed. The gas-like and 
liquid-like properties of scCO2, such as the high diffusivity and the high 

solvent power, lead to the attainment of dry particles without solvent 

residues in one step. Conversely, lyophilization or antisolvent extraction are 

needed to dry the powders prepared by the cryogenic micronization 
technologies. The study of Park et al. (Park et al., 2010) demonstrated the 

superiority of the SAS process with respect to spray drying in the 

micronization of cefdinir (a model drug). Microparticles characterized by a 
mean size equal to 2.32±1.76 µm and a specific surface area of 35.01±0.63 

m2/g were obtained by spray drying, whereas nanoparticles with a narrow 

PSD (0.15±0.07 µm) and a higher surface area (55.79±0.06 m2/g) were 

produced by the SAS technology. As a result of the increase in the surface 
area, which led to a better contact between the drug and the water molecules, 

the dissolution of the SAS-processed cefdinir was faster than the spray-dried 

drug particles. According to the results obtained by Ha et al. (Ha et al., 
2020), SAS micronization also proved to be more effective than milling 

techniques. SAS nanoparticles and sub-microparticles (size in the range: 

0.15-0.50 μm) allowed to speed up the dissolution of resveratrol, with 
respect to crystals (18.75 µm) or crystals/irregular coalescent particles (1.94 

µm) produced by Fritz milling and jet-milling, respectively. Similarly, in 

other works (Kim et al., 2007, Kim et al., 2008, Chang et al., 2008b, Chen et 

al., 2010, Zhao et al., 2011b, Zu et al., 2012, Montes et al., 2016a, 
Hiendrawan et al., 2016), SAS micronization led to an enhancement of the 

drug dissolution rate. Therefore, it is ascertained that SAS micronization 

provides benefits in the final pharmaceutical product in terms of 
morphology/dimensions of the particles that constitute it and, consequently, 

in terms of dissolution and bioavailability. It is well known that 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. In particular, poor solubility and slow 

dissolution rates are the main causes of the low bioavailability for most of 

the active principles (Abuzar et al., 2018). Consequently, a low drug amount, 
often at an insufficient concentration, is available at the specific site of 

action. 

SAS technique offers the possibility of obtaining both crystalline and 
amorphous materials, by modulating the operating conditions of pressure 

and temperature. Considering the P–x isothermal diagram of the 

solvent/antisolvent mixture (Figure II.1), if the working point is above the 

MCP of the drug/solvent/scCO2 system, the possibility of producing an 
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amorphous material by an effective micronization increases by increasing 

the pressure. It is obvious that the attainment of amorphous powders 

involves numerous benefits, including the enhancement of the drug 
dissolution rate in an aqueous environment. 

However, as emerged from several papers, the selection of the proper 

liquid solvent is crucial. The success of SAS precipitation strongly depends 
on the affinity between the solvent and the antisolvent; i.e., the solubility of 

the liquid solvent in the scCO2 and the fast gas-like diffusion of the scCO2 in 

the solvent. These fundamental aspects assure the attainment of small 

particles. Many studies showed that DMSO is one of the best solvents for 
SAS micronization (Kalogiannis et al., 2005, Tenorio et al., 2007a, Zhao et 

al., 2011b, Zu et al., 2012, Montes et al., 2016a), 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 (EtOH) (Cardoso et al., 2008b, Cardoso et al., 2008a, Zhao et al., 
2011a, Visentin et al., 2012, Zhao et al., 2012, Ha et al., 2020) and acetone 

(Chen et al., 2010, Widjojokusumo et al., 2013) also emerged as good 

solvents for the SAS micronization of active compounds. Besides, some 
active principles were effectively micronized using methanol (Kim et al., 

2008, Park et al., 2010, Ha et al., 2020) and N-methyl-2-pyrrolidone (NMP) 

(Reverchon et al., 2000, Tenorio et al., 2007b, Liu et al., 2020). 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 scCO2; using this 

kind of solvents, nanoparticles are generally obtained (De Marco et al., 

2013). On the other hand, microparticles usually precipitate from DMSO, 
EtOH and NMP, which are solvents that present a broad transition zone from 

the two-phase to the single-phase mixing with scCO2. For the latter category 

of solvents, high operating pressures are necessary to produce nanoparticles. 
Another critical parameter for a successful micronization is the molar 

fraction of CO2, 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, CO2 molar fractions higher than 

0.95 were used. 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. 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 VLEs of the solvent/antisolvent 

binary system. Consequently, the MCP of the drug/solvent/scCO2 ternary 

system shifts towards higher pressures with respect to the MCP of the 
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solvent/scCO2 binary system (Campardelli et al., 2017b, Campardelli et al., 

2019b). 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 influence the dissolution of the active compound. As highlighted 
in various papers (Kim et al., 2008, Montes et al., 2016c, Ha et al., 2020, Liu 

et al., 2020), smaller particle size, having higher surface area, lead to an 

increase in the drug dissolution rate. However, many active compounds are 

not processable by SAS technique. In some cases, SAS micronization 
substantially fails since crystals precipitate (Miguel et al., 2006, Chang et al., 

2008b, Wu et al., 2009, Bagratashvili et al., 2012, Zahran et al., 2014, 

Prosapio et al., 2016a) or, even, the active compound can be extracted by the 
solvent/antisolvent mixture formed in the precipitator (Prosapio et al., 

2016b, Prosapio et al., 2017), not respecting the fundamental prerequisites of 

the SAS process. Nevertheless, different studies proved that it is possible to 

force the morphology and, consequently, modify the processability of these 
compounds not suitable for SAS micronization by their coprecipitation with 

a proper selected polymeric carrier (Zhang et al., 2009, Wu et al., 2009, 

Zhao et al., 2011a, Zahran et al., 2014, Prosapio et al., 2016b, Prosapio et al., 
2017). 

 

II.1.3 SAS coprecipitation polymer/active compound 

Until now, the production of composite polymer/active compound 
particles was attempted by SAS process to treat different diseases or clinical 

conditions, including inflammations (Prosapio et al., 2016b, Zahran et al., 

2014, Montes et al., 2014b), infections (Barrett et al., 2007, Montes et al., 

2011, Uzun et al., 2011, Montes et al., 2012, Montes et al., 2013, Djerafi et 
al., 2017), asthma and allergies (Martin et al., 2002, Lee et al., 2010, 

Prosapio et al., 2016a), diabetes (Elvassore et al., 2001, Majerik et al., 2007, 

Jin et al., 2012), hypertension (Park et al., 2013, Ha et al., 2015a), and many 
others (Chen et al., 2006, Argemí et al., 2009, Kalantarian et al., 2011, 

Prosapio et al., 2015a, Ha et al., 2015c, Ha et al., 2015b, Alias et al., 2017). 

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 (Hu et al., 2012, Fernández-
Ponce et al., 2015, Huang et al., 2016, Lestari et al., 2019, Chen et al., 2020). 

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. 
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As occurs for the drug micronization, the coprecipitation of a polymer 

and an active principle by SAS technique offers many advantages if 

compared with conventional techniques, both in terms of morphology, mean 
size and PSD, as well as the control of drug dissolution (Won et al., 2005, 

Wu et al., 2009, Lee et al., 2010, da Fonseca Machado et al., 2018, Park et 

al., 2020). 
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. 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; its use allowed to increase the dissolution rate of various poorly-

water soluble active compounds (Park et al., 2013, Zahran et al., 2014, 

Prosapio et al., 2015a, Prosapio et al., 2015b, Prosapio et al., 2016a, 
Prosapio et al., 2016b, Park et al., 2017, Prosapio et al., 2017, Lestari et al., 

2019, Chen et al., 2020, Machmudah et al., 2020). Conversely, the drug 

release is generally prolonged using a polymer with a hydrophobic behavior, 
as occurs by selecting PLA and PLLA (Martin et al., 2002, Chen et al., 2006, 

Patomchaiviwat et al., 2008, Argemí et al., 2009, Wang et al., 2013, Montes 

et al., 2014a, Montes et al., 2014c, Yoshida et al., 2015, Lin et al., 2017, 
Cuadra et al., 2019), which, until now, have been mostly employed to deliver 

anticancer drugs. 

However, it is necessary to identify and to use carriers that can be 

processed by the SAS technique. In addition to respecting the essential 
prerequisites of the SAS process, it has to be considered that the SAS 

coprecipitation seems to be effective when composite microspheres are 

obtained (Prosapio et al., 2018). As previously mentioned, the liquid jet 
break-up and the subsequent atomization quickly occur with respect to the 

surface tension vanishing in the case of the microparticles generation. As a 

consequence, the polymer and the active compound are entrapped in the 
same droplet, which behaves like an isolated reactor. The droplet drying by 

scCO2 leads to the attainment of the composite microsphere. On the 

contrary, because of the very fast surface tension vanishing, nanoparticles 

precipitate by gas-to-particles nucleation and growth. In this case, it is highly 
likely that a sort of physical mixture at the nanometric level is obtained; i.e., 

polymer nanoparticles mixed with drug nanoparticles. Hence, the 

achievement of an effective coprecipitation polymer/active compound seems 
to be strongly influenced by the size and the morphology of the particles 

produced, as well as by their shape. Indeed, the coprecipitation basically 

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 
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compounds tend to precipitate separately resulting in polymer crystals and 

drug crystals. 

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 (Wu et al., 2009, Zhang et al., 2009, Zhao et al., 2011a, 

Zahran et al., 2014, Prosapio et al., 2016b, Prosapio et al., 2017). Moreover, 
the entrapment of the active compound into the amorphous polymeric matrix 

can also favor the inhibition of the drug recrystallization (Lee et al., 2019). 

Satisfactory results have been reached so far 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 carrier, since it often allowed to obtain regular and spherical 

composite particles and to inhibit the drug recrystallization (Majerik et al., 
2007, Uzun et al., 2011, Park et al., 2013, Zahran et al., 2014, Prosapio et al., 

2015a, Prosapio et al., 2015b, Machmudah et al., 2020, Prosapio et al., 

2016a, Prosapio et al., 2016b, Prosapio et al., 2017, Park et al., 2017, 

Chhouk et al., 2018, Matos et al., 2019, Lestari et al., 2019, Chen et al., 
2020). PVP is followed by PLA and PLLA that are also suitable carriers 

often employed (Elvassore et al., 2001, Chen et al., 2006, Kalogiannis et al., 

2006, Miguel et al., 2008, Patomchaiviwat et al., 2008, Argemí et al., 2009, 
Guha et al., 2011, Li et al., 2012, Jung et al., 2012, Wang et al., 2013, 

Montes et al., 2014a, Montes et al., 2014c, Yoshida et al., 2015, Lin et al., 

2017, Alias et al., 2017, Liu et al., 2019). SAS coprecipitation was attempted 
with other categories of polymers, such as polyethylene glycol, poly(lactide-

co-glycolide), ethyl cellulose, hydroxypropylmethyl cellulose and 

poly(hydroxybutyrate-co-hydroxyvalerate), however showing unsatisfactory 

results (Barrett et al., 2007, Majerik et al., 2007, Franceschi et al., 2010, 
Montes et al., 2011, Lang et al., 2012, Montes et al., 2012, Jin et al., 2012, 

Montes et al., 2013, Boschetto et al., 2013, Park et al., 2013, Boschetto et al., 

2014, Fernández-Ponce et al., 2015, Ha et al., 2015a, Ha et al., 2015c, 
Machado et al., 2016, Djerafi et al., 2017). Conversly, although they need to 

be further investigated, some carriers were identified as interesting for SAS 

coprecipitation, namely zein (Zhong et al., 2008, Zhong et al., 2009, Liu et 
al., 2016), Eudragit (Montes et al., 2014a, Montes et al., 2014c, Montes et 

al., 2016b) and β-CD (Lee et al., 2010, Nerome et al., 2013, Jia et al., 2018). 

Zhong et al. (Zhong et al., 2008) reported SAS experiments on zein, a 

storage protein in corn endosperm classified as ‘Generally Recognized as 
Safe’ (GRAS) by the US Food and Drug Administration. Mixtures ethanol-

water (water 10 % v/v) and methanol were used for the zein micronization. 

In the first case, they obtained very large collapsed microparticles; in the 
second case they produced nanoparticles. In a subsequent work, Zhong et al. 

(Zhong et al., 2009) used zein as a carrier to try to coprecipitate lysozyme by 

SAS using 90% ethanol in water as the liquid solvent. The presence of 10% 

w/w water at the adopted SAS conditions does not allow complete 
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miscibility between the liquid mixture and scCO2; therefore, conditions for a 

fully successful SAS were not obtained, and irregular particles with internal 

pores were produced. However, the authors observed an improvement in the 
drug release rate, which appears to be prolonged/sustained. Liu et al. (Liu et 

al., 2016) tried to apply SAS process to incorporate 10-hydroxycamptothecin 

in zein microspheres, but coprecipitation failed. Field Emission Scanning 
Electron Microscopy (FESEM) showed that crystals of active compound and 

zein precipitated separately. Summarizing the previous works (Zhong et al., 

2008, Zhong et al., 2009, Liu et al., 2016), some attempts to use zein in SAS 

coprecipitation were substantially unsuccessful, but zein alone seems to be 
processable (Zhong et al., 2008). 

Very few studies were also focused on the use of Eudragit polymers, 

although they are really interesting from a pharmaceutical point of view. 
They offer moisture protection, odor/taste masking, in addition to their 

versatility that offer a targeted drug release, being pH-sensitive polymers 

that dissolve at specific pH values. Among the various kinds of Eudragits on 

the market, Eudragit RS100 and Eudragit RL100 revelealed to be not 
suitable for SAS process (Duarte et al., 2007). Instead, Montes et al. tried to 

coprecipitate Eudragit L100 with ibuprofen (Montes et al., 2014a) and 

naproxen (Montes et al., 2014c) by SAS process. They obtained particles 
Eudragit L100/ibuprofen and Eudragit L100/naproxen with mean size 

respectively in the range 0.08 - 0.51 µm and 0.08 – 0.31 µm. Because of the 

nanometric/sub-micrometric particle size that did not allow a massive 
coprecipitation polymer/drug, low loading efficiencies were achieved (0.94-

7.88 % for ibuprofen and 4.45-25.55 % for naproxen). Similar results were 

obtained in another study (Montes et al., 2016b), coprecipitating ellagic acid 

and Eudragit L100 at different polymer/drug ratios. It was observed that 
crystals precipitated working with Eudragit L100/ellagic acid ratios equal to 

1/1 and 2/1, whereas coalescent sub-microparticles precipitated using a 

polymer/drug ratio of 4/1It is clear that SAS coprecipitation using Eudragits 
as carriers is still not satisfactory, but Eudragit L100 seems to be 

processable. Similar to Eudragit L100, Eudragit L100-55 differs from the 

previous one only for the presence of a methyl group instead of an ethyl 
group, which influences the slightly different dissolution pH threshold of the 

two polymers. Eudragit L100-55 is soluble at 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. 

In the case of the coprecipitation, the polymer/drug ratio plays a crucial 

role in the attainment of composite particles. In addition to particles 
morphology, 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 (Ha et al., 2015b, Won et al., 2005, Patomchaiviwat 

et al., 2008, Jung et al., 2012, Montes et al., 2014a, Machmudah et al., 
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2020). 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. A high polymer 
content in the pharmaceutical formulations can be a limitation of the SAS 

coprecipitation when some carriers are employed. Alternatively, a high 

amount of carrier in the SAS coprecipitated powders seems to be avoided by 
selecting cyclodextrins (CDs), which are oligosaccharides (Lee et al., 2010, 

Nerome et al., 2013, Jia et al., 2018, Jun et al., 2007, Zhou et al., 2012, 

Huang et al., 2016, Sun et al., 2019). 

In general, 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. A limited number of papers has 
been focused on the application of the SAS technique to prepare inclusion 

complexes by using CDs as the carrier (Lee et al., 2010, Nerome et al., 2013, 

Jia et al., 2018, Jun et al., 2007, Zhou et al., 2012, Huang et al., 2016, Sun et 

al., 2019). The production of CDs-based inclusion complexes by SAS 
technique has been proposed mainly to mask the bitter taste and/or to 

increase the dissolution of various active compounds, such as antioxidants, 

antihistamine drugs, antibiotics, and others. Lee et al. (Lee et al., 2010) 
chose the β-CD to mask the bitter taste of an antihistamine drug; i.e., 

cetirizine dihydrochloride. They compared the large and irregular crystals 

produced by the freeze-drying method with the regular and spherical 
particles prepared by the SAS technique, at cetirizine/β-CD molar ratios 

equal to 1/3, 1/2 and 1/1. Nevertheless, the dissolution kinetics of the 

cetirizine released from all the obtained complexes, including the ones 

obtained using the SAS process, were similar to those of the unprocessed 
drug. Nerome et al. (Nerome et al., 2013) produced spherical 

nanoparticles/submicroparticles by coprecipitating lycopene and β-CD using 

scCO2 as antisolvent in the SEDS process. However, no dissolution studies 
were performed to highlight the eventual possible differences in the 

dissolution kinetics of lycopene when pure and when released from the β-

CD-based complexes. Jia et al. (Jia et al., 2018) used SEDS to obtain 
microparticles and nanoparticles of berberine/β-CD with improved 

dissolution properties. Crystals and big particles with holes (size up to about 

80 µm) were instead obtained by Sun et al. (Sun et al., 2019) by preparing 

tosufloxacin tosylate/hydroxypropyl-β-cyclodextrin (HP-β-CD) complexes 
with the supercritical antisolvent technique. Similarly, HP-β-CD was 

employed to prepare inclusion complexes by SAS also in other papers (Jun 

et al., 2007, Huang et al., 2016, Zhou et al., 2012), in order to increase the 
dissolution rate of the simvastatin (an anti-cholesterol agent), apigenin (a 

flavonoid), and resveratrol (a phenol). In all these cases, the results were not 

good in terms of morphology; indeed, aggregated or coalescent drug/HP-β-

CD particles were produced. However, in these studies, an improvement in 
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the dissolution rate was shown with respect to the unprocessed drugs. In 

general, in these papers, the formation of complexes was demonstrated by 

the shift, the total or the partial disappearance of the characteristic 
bands/peaks of the drug in the Fourier-transform infrared (FTIR) spectra 

(Jun et al., 2007, Lee et al., 2010, Zhou et al., 2012, Huang et al., 2016, Sun 

et al., 2019) or differential scanning calorimetry (DSC) thermograms (Jun et 
al., 2007, Zhou et al., 2012, Huang et al., 2016) of the composite powders 

drug/CDs. Any changes in the X-ray diffraction (XRD) patterns were also 

associated with the interactions between the active compound and the CD in 

the inclusion complexes (Lee et al., 2010). 
In summary, irregular and coalescent particles or even aggregates/crystals 

were obtained by coprecipitating an active compound with HP-β-CD as 

carrier via the SAS process. On the contrary, in the papers of Lee et al. (Lee 
et al., 2010), Nerome et al. (Nerome et al., 2013), and Jia et al. (Jia et al., 

2018), regular drug-loaded particles using β-CD as the carrier were 

produced. Therefore, although it is practically unexplored, the use of β-CD 

seems to be more promising to obtain a regular and spherical morphology. 
However, a marked improvement in the dissolution rate of the active 

compounds from β-CD was reported only in one of the papers published 

using β-CD as the carrier (Jia et al., 2018). Therefore, a key role of β-CD in 
increasing the dissolution of drugs from SAS complexes has only been 

sporadically proven; thus, its application as an effective carrier for SAS 

coprecipitation has to be validated. 
It is worth nothing that the use of cyclodextrine derivatives (HP-β-CD for 

instance) has been often proposed because β-CD can be toxic for the kidney 

and can show nephrotoxicity in case of parenteral administration or by nasal 

route (Stella and Rajewski, 1997, Mammucari et al., 2006). However, β-CD 
is considered safe, and therefore approved, for oral administration. 

 

II.2 State of the art of supercritical impregnation 

Among the different techniques employed to fabricate polymer/active 
compound composites, the impregnation using scCO2, also known as 

supercritical impregnation, is an innovative environmentally friendly 

technology. Briefly, the active compound is firstly dissolved in scCO2, then 
this mixture is put in contact with a polymeric support, which has to be 

impregnated. 

Conventional techniques used to incorporate drugs into matrices have 

some drawbacks, mainly related to the use of organic solvents and high 
process temperatures employed to remove them, leading to a possible 

thermal degradation of thermosensitive compounds. As a result, the 

functional properties of the active compounds can be compromised. 
Moreover, the partial volatilization of the active principle with the solvent 

used and the low penetration of the liquid solutions (organic solvent+drug) 
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in the polymeric substrate often lead to low loading efficiencies. These 

limitations can be overcome by solvent-free supercritical impregnation 

(Caputo et al., 2012, García-González and Smirnova, 2013). Indeed, scCO2 
features allow to operate at low temperatures, without altering the drug 

properties. In addition, its near-zero surface tension and high diffusivity 

enable its rapid penetration within polymeric matrices, avoiding pore 
collapse that geneally occurs using liquid solvents, due to the capillary stress 

caused by the liquid-vapour meniscus within each pore. In the supercritical 

impregnation, scCO2 acts as solvent for the solute to impregnate and as 

plasticizing and swelling agent for polymers (Kikic and Vecchione, 2003). 
These latter characteristics further favor the loading of the active compound 

in the polyemric matrix. Another interesting aspect in the use of scCO2 is its 

ability to foam some kinds of polymers under certain conditions (Reverchon 
and Cardea, 2007, Tsivintzelis et al., 2007, Tsivintzelis et al., 2016). The 

scCO2-assisted foaming promotes the formation of porosities in the 

polymeric support, favoring the loading of the active compound in the solid 

substrate and prompting the use of polymeric foams for drug controlled 
release formulations (Di Maio and Kiran, 2018). Dimensions and 

morphology of the produced pores depend on the gas concentration, the 

diffusivity of scCO2 in the polymer, the interfacial tension of the 
polymer/CO2 solutions in contact with scCO2, and how the transition 

temperatures of the polymer, its plasticization/vitrification or 

melting/crystallization processes and its rheological properties are affected 
both during the sorption and during the decompression step (Curia et al., 

2015). At a fixed temperature, a faster depressurization promotes the 

formation of smaller pore sizes or higher cell number densities. On the other 

hand, fixing a certain depressurization rate, higher temperatures generally 
lead to the formation of larger pores (Kiran, 2010). 

It is clear that the supercritical impregnation of a certain active principle 

into a polymeric matrix is strongly affected by the interaction between active 
compound/scCO2/polymeric substrate (Kikic and Vecchione, 2003). The 

first fundamental pre-requisite is obviously the drug solubility in scCO2, 

followed by the structure/morphology of the support and the polymeric 
materials it is made of. 

Different kinds of materials have been incorporated into various solid 

substrates, ensuring the effectiveness of the supercritical impregnation 

(Guney and Akgerman, 2002, Smirnova et al., 2003, Smirnova et al., 2005b, 
Yoda et al., 2011, Masmoudi et al., 2011, Caputo et al., 2012, Champeau et 

al., 2015, De Marco and Reverchon, 2017, Mir et al., 2017, Bastante et al., 

2017). Polymeric aerogels are among the best supports for the impregnation 
of active compounds, since the very high porosity and the high specific 

surface area allow high drug loadings. Unlike other drying techniques 

(Glenn and Irving, 1995, García-González et al., 2011, Cardea et al., 2013, 

De Marco et al., 2015a, Baldino et al., 2016), the gel drying using scCO2 
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stands out to produce aerogels that preserve the native porous structure, 

avoiding its collapse. Caputo et al. improved the dissolution rate of 

nimesulide (Caputo et al., 2012) and domperidone (Caputo, 2013), two 
poorly water soluble drugs, through their supercritical impregnation in silica 

aerogel, producing orodispersible tablets. Similarly, Smirnova et al. 

(Smirnova et al., 2003, Smirnova et al., 2005b) studied the supercritical 
impregnation of ketoprofen and griseofulvin in hydrophilic silica aerogels 

for the drug delivery by oral route. A rapid release of both the active 

principles was reached. In another study, Smirnova et al. (Smirnova et al., 

2005a) enhanced the dissolution rate of other active principles (i.e., 
miconazole, dithranol, flurbiprofen and ibuprofen) by loading them in 

hydrophilic silica aerogels. The impregnation of ketoprofen was investigated 

both in hydrophilic and in hydrophobic silica aerogels. When hydrophobic 
aerogels were used as supports, after an initial burst-like effect, due to the 

dissolution of the drug molecules on/near the aerogel surface, a slower 

release of the active principle located into the aerogel pores was observed. 

The slow drug dissolution was attribuited to the diffusion mechanism, 
which, in this case, is the controlling phenomenon due to the high stability of 

the hydrophobic aerogels in water. The release rate of an active compound 

from aerogel-based formulations seems to be influenced by the 
hydrophobicity of the aerogel, in addition to the dimensions of pores. 

Recently, the use of biocompatible materials that are also biodegradable, 

such as polysaccharides, is increasingly required. In this context, 
biodegradable aerogels were applied as matrices for the supercritical 

impregnation of active compounds in some studies (De Marco and 

Reverchon, 2017, Pantić et al., 2016). For example, the bioavailability of 

some fat-soluble vitamins, namely α-tocopherol (vitamin E) and menadione 
(vitamin K3), was enhanced by adsorbing them onto MSA (De Marco and 

Reverchon, 2017). In particular, the dissolution rate was increased up to 16 

times and 3.5 times for vitamin K3 and vitamin E, respectively and 16 times. 
In another study (Pantić et al., 2016), vitamin K3 and cholecalciferol 

(vitamin D3) were incorporated in alginate aerogels. The contact time 

between the drug dissolved in scCO2 and the polymeric support was 
indicated as one of the most critical and important parameters of the 

supercritical impregnation process. From the literature studies (Caputo et al., 

2012, De Marco and Reverchon, 2017, Smirnova et al., 2005a), it emerged 

that the loading of the active compound into the aerogels also depends on the 
support features, the drug concentration in the supercritical phase, the 

temperature and the pressure. In particular, these last two parameters have an 

influence on the solubility of the active principle in the scCO2, which is 
fundamental for an effective supercritical impregnation. Indeed, it has 

always to be considered that both the thermodynamics and the kinetics 

control the impregnation process. 
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In summary, the literature focused on the supercritical impregnation of 

active principles into biodegradable matrices, such as polysaccharide-based 

aerogels, for the oral drug delivery is still limited to a few papers. Moreover, 
the role of aerogels based on hydrophilic or hydrophobic polymers in 

modifying the drug release kinetics has to be further investigated. However, 

the drug impregnation into polysaccharide-based aerogels seems to be really 
interesting for the production of drug-loaded ODTs without solvent residues. 

For this purpose, among various polysaccharides, starch and alginate are 

promising. 

Another poorly explored aspect is the supercritical impregnation of active 
compounds into polymeric films. This topic was attempted in a few studies 

mainly for food packaging applications (Rojas et al., 2015, Medeiros et al., 

2017, Villegas et al., 2017, Cejudo Bastante et al., 2017, Belizón et al., 2018, 
Milovanovic et al., 2018), but sporadically in the pharmaceutical field; e.g., 

recently for the production of antibacterial films (Zizovic, 2020). 

However, the thin films have gained increasing interest as emerging 

support for the development of transdermal patches. Drug-loaded films 
allow a targeted release, which is often not possible with liquid formulations, 

tablets, or traditional oral administration (Mandeep et al., 2013, Karki et al., 

2016). Medicated patches are well-accepted by patients, due to their 
flexibility as well as the reduced thickness and encumbrance of the 

polymeric films. These non-invasive formulations offer numerous 

advantages, such as easy handling during manufacture and transportation 
and moderate costs in the development of the formulations. However, an 

ideal film has to possess some peculiar properties, such as sufficient drug 

loading capacity, formulation stability, and relatively long residence time in 

the site of administration. It has obviously to be non-toxic and 
biocompatible. Considering these premises, it would be worth combining the 

advantages of using the thin films and sthe upercritical impregnation to 

produce excellent and eco-friendly topical formulations, characterized by a 
controlled drug release and reduced side effects associated with the oral 

administration. 
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III.1 Field Emission Scanning Electron Microscopy 

The morphology of the composite systems was observed by a field 
emission-scanning electron microscope (FESEM, mod. LEO 1525, Carl 

Zeiss SMT AG). The samples were dispersed on a carbon tab, previously 

stuck on an aluminum stub (Agar Scientific, Stansted), and coated with gold 
(layer thickness 250Å) using a sputter coater (mod. B7341, Agar Scientific 

Stansted). PSDs of SAS-produced particles were determined by FESEM 

photomicrographs using Sigma Scan Pro Software (release 5.0 Aspire 
Software international, Ashburn, VA, USA). The diameters of about 1000 

particles were measured for each PSD. The obtained data were statistically 

analyzed by Microcal Origin Software (release 8.0, Microcal Software, Inc., 

Northampton, MA). FESEM photomicrographs, Sigma Scan Pro Software 
and Microcal Origin Software were also used to determine the pore size 

distributions of aerogels and foams, in terms of mean pore size and standard 

deviation. 
 

III.2 Determination of the specific surface area 

Brunauer, Emmett and Teller (BET) surface areas of the aerogels were 

calculated from dynamic N2 adsorption measurement at −196 °C by using a 

Costech Sorptometer 1042 (Costech International S.p.A., Milan, Italy); the 
samples (about 0.2 g) were previously degassed at 40 °C for 16 h. 

 

III.3 Fourier Transform Infrared (FTIR) Spectroscopy 

The FTIR spectra of the samples were obtained by a FTIR 
spectrophotometer (IR-Tracer100, Shimadzu). The samples (about 1 mg) 

were ground and mixed thoroughly with 100 mg of potassium bromide 

(KBr) and pressed through a manual press. The analyses were performed on 
previously prepared discs in a range of wavenumbers between 4000 and 450 
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cm-1, at a resolution of 1 cm-1; 32 scan signals were averaged to reduce the 

noise of the measurements. 

 

III.4 Differential Scanning Calorimetry 

The thermal behavior of the composite samples was studied by a 

Differential Scanning Calorimeter (DSC, model TC11, Mettler Toledo, Inc., 

Columbus, USA), using Mettler STARe system. Approximately 5 mg of 
each sample were crimped into an aluminum pan, then heated from 25°C to 

the desired temperature at 10°C/min, under a nitrogen purge (flow rate 50 

mL/min).  

 

III.5 X-Ray Diffraction 

Solid state analyses were performed on the samples using a X-ray 

diffractometer (XRD, mod. D8 Discover, Bruker AXS, Inc., Madison, WI) 

with a Cu sealed tube source. Samples were placed in the holder and 
flattened with a glass slide, to assure a good surface texture. The measuring 

conditions were as follows: Ni-filtered CuKα radiation, λ=1.54 A, with a 

scan rate of 0.5 s/step and a step size of 0.08°. 

 

III.6 UV-vis spectoscopy 

The drug loadings and the dissolution tests of the active compounds from 

composite systems were performed by a UV-vis spectrophotometer (model 

Cary 50, Varian, Palo Alto, CA). The absorbance was measured at the 
characteristic wavelength of each active compound, reported in Table III.1. 

 

Table III.1 Characteristic wavelenghts of the selected active compounds. 

Active compound Characteristic wavelenght 

Amoxicillin 224 nm 

Ampicillin sodium 220 nm 

Cetirizine dihydrochloride 230 nm 
Diclofenac sodium 276 nm 

Ketoprofen 262 nm 

Ketotifen fumarate 297 nm 

Mesoglycan 206 nm 
Nimesulide 245 nm 

Rutin 257 nm 

Theophylline 271 nm 

 

A calibration curve was previously determined to convert the absorbance 

into drug concentration. Dilute solutions, which consisted of the drug 
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dissolved into the selected dissolution medium, were used to determine the 

calibration curve, in order to be able to apply the Beer–Lambert law in the 

following form: 

A= ε l c (1) 

where A is the absorbance, ε is the characteristic molar attenuation 

coefficient for each substance, l is the optical path length (cm), c is the 

solution concentration. 
Consequently, the dissolution tests were also conducted using solutions at 

low concentrations of active compound, to determine the improvement in 

terms of the dissolution rate of the drug in pure form or released from 
composite systems produced by the supercritical techniques. 

Based on the specific pharmaceutical application and the active 

compound studied, the release tests were conducted in phosphate buffer 
solution (PBS) at pH 7.4 or hydrochloric acid (HCl) 0.1 M solution (pH 2.5), 

as dissolution media. The dissolution medium selected for each active 

compound was in agreement with the literature. Accurately weighted 

samples containing an equivalent amount of active compound (in the range 
5-20 mg) were suspended in 3 mL of PBS/HCl solution into a dialysis 

membrane (12-14000 Daltons) or placed in a filter paper, based on the size 

of the drug molecules. Then, the system containing the composite was 
immersed in 250-300 mL of the dissolution medium, continuously stirred at 

150 rpm and heated at 37°C. The specific amounts of active compound and 

dissolution medium for the drug release tests were chosen based on 

calibration curves previously determined for each system drug/dissolution 
medium. Each dissolution test was carried out in triplicate and the mean 

release profiles are reported in this work. The drug loadings were evaluated 

considering the absorbance measured at the end of the dissolution test; i.e., 
when all the active compound was released from the composites to the 

external dissolution medium. The absorbance was converted to the drug 

concentration using the calibration curve. In the specific case of SAS 
particles, the entrapment efficiency (EE%) was calculated as the ratio 

between the effective loading evaluated by UV-vis spectroscopy and the 

theoretical loading, namely the amount of active principle in the solution 

injected into the SAS plant, as follows: 

𝐸𝐸% =
mg 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑡ℎ𝑒 𝑆𝐴𝑆 𝑠𝑎𝑚𝑝𝑙𝑒

mg 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑡ℎ𝑒 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
 . 100 (2) 
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SAS coprecipitation 

carrier/active compound 

 

 

 

 
IV.1 Introduction 

Nowadays, the main challenge in the pharmaceutical field is to tune the 
release of an active compound depending on the specific medical 

application, improving the therapeutic efficacy and reducing the side effects. 

About 40% of the active compounds on the market is classified as 
“poorly water-soluble” (Jermain et al., 2018). Among the different 

approaches mentioned in the Introduction section, particle size reduction 

with the aid of hydrophilic polymeric carriers is a valid answer to enhance 
the dissolution rate and, consequently, the bioavailability of poorly water-

soluble compounds. 

Another current issue with many drugs that are taken orally is that they 

only work for a limited time or pass quickly through the body. In some 
cases, repeated doses are required for the drug to be effective, thus the 

difficulty is getting patients to take medication daily. It is well known that 

only about 50% of patients take their medication as prescribed; a trivial 
example is remembering to take medicine. Hence, one of the goals is also to 

make it easier. The strategy of producing composite microparticles is a 

useful tool to prolong the dissolution rate of frequently taken drugs, for 

which long-term therapies are generally prescribed.  
The aim of this part of work was to assert the role of some polymers as 

novel effective carrier for SAS coprecipitation. Firstly, some sets of 

experiments with the well-established PVP were also performed. Then, the 
applicability of zein, Eudragit L100-55 and β-cyclodextrin in the production 

of coprecipitates by SAS process was tested. The role of hydrophilic or 

hydrophobic carriers to accelerate or to prolong the drug release was also 
highlighted. In this context, the dissolution of antibiotics, such as amoxicillin 

and ampicillin, which generally require long-term therapies, was prolonged 

using hydrophobic carriers. Similarly, alternative extended-release 
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formulations containing bronchodilators (i.e., theophylline) or antihistamines 

(i.e., cetirizine and ketotifen) were also proposed. On the other hand, 

NSAIDs-based microparticles, both at fast and prolonged release, were 
produced to treat inflammations like headaches or toothache (e.g., using 

ketoprofen or nimesulide), or chronic rheumatoid arthritis or osteoarthritis 

(e.g., using diclofenac). In the framework of proposing alternative 
formulations, SAS coprecipitation was also attempted with a “natural drug” 

namely rutin, a flavonoid also defined as vitamin P. This natural compound 

offers numerous benefits for the human health, including antioxidant, anti-

inflammatory, antiviral, antidiabetic and anticancer activities, in addition to 
being useful in the treatment of cardiovascular disease, venous insufficiency 

and capillary impairment (Erlund et al., 2000, Yang et al., 2008a, Cazarolli 

et al., 2008, Ganeshpurkar and Saluja, 2017). Rutin is also widely exploited 
against the hair follicle degeneration (preventing the causes of baldness), for 

the promotion of the collagen synthesis and its anti-fatigue activity, as well 

as the sunscreen effect (Carelli et al., 2012, Ganeshpurkar and Saluja, 2017). 

With regards to the particles produced by SAS process, the classification 
of powders as nanoparticles for mean diameters less than 0.2 µm, sub-

microparticles for mean diameters ranging from 0.2 and 0.4 µm and 

microparticles for mean diameters larger than 0.4 µm was proposed. 
 

IV.1.1 Materials 

Ampicillin sodium salt (AMPI, average molecular weight 371.39 g/mol), 

cetirizine dihydrochloride (CTZ, purity ≥ 98%), diclofenac sodium salt 
(DIC, average molecular weight 318.13 g/mol), ketoprofen (KET, purity ≥ 

98%), ketotifen fumarate salt (KTF, purity ≥ 99%), nimesulide (NIM, purity 

98%), rutin hydrate (RUT, purity 95%), anhydrous theophylline (THEOP, 

average molecular weight 180.16 g/mol), polyvinylpyrrolidone (PVP, 
average molecular weight 10,000 g/mol), zein (CAS Number: 9010-66-6, 

water content < 8%), and dimethylsulfoxide (DMSO, purity 99.5 %) were 

supplied by Sigma-Aldrich (Italy). Amoxicillin trihydrate (AMOXI, average 
molecular weight 419.45 g/mol) was supplied by Virbac (Milan, Italy). 

Eudragit L100-55 (EUD) was generously donated by Degussa (Darmstadt, 

Germany). Hydrochloric acid (HCl, 37%) was purchased from Carlo Erba 
Reagents. Distilled water was obtained using a laboratory water distiller 

supplied by ISECO S.P.A. (St. Marcel, AO, Italy). Carbon dioxide (CO2, 

purity 99 %) was purchased from Morlando Group s.r.l. (Italy).  

 

IV.1.2 SAS apparatus and procedure 

The homemade SAS laboratory plant is sketched in Figure IV.1. It 

consists of two high pressure pumps to feed the CO2 and the liquid solution 

containing the solute/solutes to be micronized, respectively. The 
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precipitation chamber is a cylindrical vessel with an internal volume of 500 

cm3. The temperature control is assured by a proportional integral derivative 

(PID) controller connected with electrically thin bands, whereas the pressure 
in the vessel is measured using a test gauge manometer and regulated by a 

micrometering valve. The liquid solution is injected in the precipitator 

through a thin wall, 100 µm internal diameter stainless steel nozzle. The CO2 
is instead pre-cooled through a refrigerating bath and, after a preheating, it is 

delivered to the chamber through another port. A stainless steel filter with a 

pore diameter of 0.1 μm, located at the bottom of the precipitator, is used to 

collect the produced powder and allows the CO2-solvent mixture to pass 
through. The liquid solvent is then recovered in a second collection vessel, 

which is located downstream the precipitator at a lower pressure (about 2 

MPa) regulated by a backpressure valve. At the exit of the second vessel, the 
CO2 flow rate and the total quantity of antisolvent delivered are measured by 

a rotameter and a dry test meter, respectively. 

 
Figure IV.1 Schematic representation of SAS laboratory plant. S1: CO2 

supply; S2: liquid solution supply; RB: refrigerating bath; P1, P2: pumps; 
M: manometer; V: precipitation chamber; MV: micrometering valve; LS: 

liquid separator; R: rotameter; BPV: back pressure valve. 

A typical SAS test starts pressurizing the precipitator with CO2 until the 
desired pressure and temperature are reached. Then, the pure solvent is sent 

through the nozzle to obtain a quasi-steady state composition of solvent and 

antisolvent inside the chamber. Afterwards, the liquid solution is delivered to 
the precipitator, producing the precipitation of the solute/solutes. At the end 

of the solution injection, scCO2 continues to flow to completely remove the 

solvent residues. When the washing step is completed, CO2 flow is stopped, 
the precipitator is depressurized down to atmospheric pressure and the 

precipitated powder can be collected and characterized.   
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IV.2 The use of PVP as polymeric carrier 

To date, PVP is considered one of the best polymeric carriers for SAS 

coprecipitation, as highlighted in the ‘Introduction’ section. In the first part 

of this Ph.D. work, PVP was applied to increase the dissolution rate of a 
model NSAID and of a natural compound; i.e., KET and RUT, respectively.  

For all the following SAS tests focused on the use of PVP, DMSO was 

used as liquid solvent and temperature, liquid solution flow rate and CO2 
flow rate were fixed at 40°C, 1 mL/min and 30 g/min, respectively. As 

mentioned in the ‘State of the art’ section, these conditions were chosen 

according to previous studies conducted on PVP, in order to assure the 

supercritical mixture conditions working at molar fractions on the right of 
the MCP of the selected couple solvent-antisolvent (i.e., about 0.98). The 

effect of other parameters on the morphology and size of the particles 

produced was investigated. 
 

IV.2.1 PVP/ketoprofen coprecipitation 

The operating pressure (P), concentration of solutes in the liquid solution 

(Ctot) and polymer/drug (w/w) ratio were varied to investigate the influence 

of these parameters on morphology and size of PVP/KET coprecipitates. In 
Table IV.1, a summary of the most significant tests performed is reported, 

indicating the PVP/KET ratio, the pressure, the total concentration in 

DMSO, as well as the morphology (M), mean diameter (m.d.) and standard 
deviation (s.d.) of particles produced. 

 

Table IV.1 Summary of SAS experiments performed on PVP/KET 
(MP:microparticles; cSMP: coalescing sub-microparticles; C: crystals). 

# 
PVP/KET 

(w/w) 

P 

(MPa) 

Ctot 

(mg/mL) 
M 

m.d.±s.d. 

(μm) 

1 1/0 9 40 MP 4.05±2.67 

2 0/1 9 20 cSMP 0.30±0.12 

3 20/1 9 20 MP 3.60±1.99 

4 20/1 12 20 MP 2.97±1.65 

5 20/1 15 20 MP 2.41±1.29 

6 20/1 9 10 MP 3.09±1.38 

7 20/1 9 50 MP 3.81±2.01 

8 20/1 9 100 C - 

9 3/1 9 50 MP 3.10±1.51 

10 5/1 9 50 MP 3.21±1.77 

11 10/1 9 50 MP 3.44±1.88 
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Preliminary experiments (runs # 1 and #2 in Table IV.1) were performed 

precipitating the polymer and the drug separately, at 9 MPa and 40°C. In the 

case of the polymer, well-separated microparticles (Figure IV.2a) with a 
mean diameter equal to 4.05±2.67 μm were precipitated. In the case of KET, 

a small amount of powder in form of coalescing sub-microparticles (Figure 

IV.2b) was recovered from the filter at the bottom of the precipitation 
chamber, whereas the remaining part of the drug was extracted by the 

mixture formed by the scCO2/DMSO. 

  
(a) (b) 

Figure IV.2 FESEM images of SAS precipitated powders from DMSO at 9 

MPa and 40°C. (a) PVP microparticles; (b) KET coalescing sub-
microparticles. 

Then, PVP/KET coprecipitation was attempted in correspondence of 
different operating conditions of pressure, overall concentration and 

polymer/drug ratio, as follows. 

 

Effect of the operating pressure 

For the first set of coprecipitation experiments, PVP/KET ratio was fixed 

at 20/1 and the total concentration in DMSO at 20 mg/mL. Three values of 

pressure were investigated: 9, 12 and 15 MPa (runs #3, #4 and #5 in Table 

IV.1). At all the pressure values, spherical microparticles were obtained, as 

shown in Figure IV.3, where three exemplificative FESEM images are 

reported. From the comparison between the volumetric cumulative PSDs 
obtained at different pressures, it was possible to deduce that, increasing the 

pressure, the mean diameter decreased whereas the PSD shrank. 

A consideration can be immediately made observing these results: the 
attainment of microparticles at 9 MPa was expected, because this pressure 

value is in the proximity of the MCP of the binary system solvent-

antisolvent; in the range 12-15 MPa, nanoparticles would have been 

precipitated (De Marco and Reverchon, 2011). Indeed, the operating point 
should be located well above the MCP; consequently, the solutes were 

expected to precipitate for nucleation and growth, in analogy with the gas-to-

particle formation in form of nanoparticles. However, PVP tends to force the 
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overall coprecipitation and produces micrometric particles, even if the 

operating pressure is well above the binary mixture MCP (Prosapio et al., 

2018), as observed also when it was coprecipitated with other active 
compounds (De Marco et al., 2015b). 

 

  
(a) (b) 

 
(c) 

Figure IV.3 FESEM images of PVP/KET 20/1 microparticles coprecipitated 
from DMSO at 40°C and 20mg/mL. Effect of operating pressure: (a) 9 MPa; 

(b) 12 MPa; (c) 15 MPa. 

 

Effect of the overall concentration 

The effect of the total concentration of solutes dissolved in DMSO was 

evaluated, in this set of experiments; the PVP/KET ratio, as in the previous 
set of experiments, was fixed at 20/1, whereas the chosen pressure was 9 

MPa. The overall concentration was varied in the range 10-100 mg/mL (runs 

#6, #3, #7 and #8 in Table IV.1). At 10, 20 and 50 mg/mL, well-separated 
microparticles with mean diameters in the range 3.09-3.81 μm were 

produced, whereas irregular crystals were obtained at 100 mg/mL. FESEM 

images of PVP/KET system precipited from solutions at various 

concentrations are shown in Figure IV.4. 
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(a) (b) 

 
(c) 

Figure IV.4 FESEM images of PVP/KET 20/1 microparticles coprecipitated 

from DMSO at 9 MPa and 40°C. Effect of overall concentration: (a) 10 

mg/mL; (b) 50 mg/mL; (c) 100 mg/mL. 

The presence of crystals in correspondence of 100 mg/mL may be 

explained using thermodynamic considerations. The MCP of the binary 
system DMSO/CO2 is located at 8.6 MPa at 40°C (Andreatta et al., 2007a); 

thus, the operating point at 9 MPa was theorically above the MCP. However, 

the addition of one or more solutes can modify the high-pressure VLEs of 
the system; therefore, the MCP of the quaternary system 

PVP/KET/DMSO/scCO2 could shift towards higher pressures (Campardelli 

et al., 2017a, Campardelli et al., 2019b). This effect will be the more 

pronounced, the larger is the concentration of solutes into the liquid solution. 
Therefore, considering a shift of the VLEs curve at 100 mg/mL, in this case, 

the operating point at 9 MPa could lie in the biphasic region where crystals 

commonly precipitated (De Marco et al., 2015b). 
A comparison between the volumetric cumulative PSDs obtained at 

different concentration of solutes in DMSO is reported in Figure IV.5; it is 

possible to observe that, increasing the overall concentration, the mean 

diameter increased and the PSD enlarged. 
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Figure IV.5 Volumetric cumulative PSDs of PVP/KET particles precipitated 
at different pressures. 

Effect of PVP/KET ratio 

The effect of PVP/KET ratio was studied, setting again the pressure at 9 

MPa and using a total concentration of 50 mg/mL. The ratio was varied from 

3/1 to 20/1 (runs # 9, 10, 11 and 7 in Table IV.1). In correspondence of all 

PVP/KET ratios, well-separated microparticles were obtained. Increasing the 
polymer/drug ratio, the mean diameter increased and the PSDs enlarged, as it 

is possible to observe in Figure IV.6. 
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Figure IV.6 Volumetric cumulative PSDs of PVP/KET particles precipitated 
at different polymer/drug ratios. 
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Characterization of PVP/KET samples 

FTIR analyses were performed on different samples to identify the 

characteristic peaks of the drug and the carrier and any chemical interactions 
between the two materials in the coprecipitates. FTIR spectra of unprocessed 

drug and PVP were compared to the PVP/KET 10/1 physical mixture and to 

SAS processed PVP/KET 10/1 spectra. As it is possible to observe from 

Figure IV.7, the spectrum of the unprocessed drug shows: (a) in the range 

1600-1700 cm−1, the bands related to the stretching vibration of C=O 

carbonyl groups; (b) at 1440 and 1370 cm−1, two characteristic absorption 

bands due to the C-H group stretching vibration. The spectrum of the 
polymer shows: (a) an absorption band at 1653 cm−1, due to the stretching 

vibration of C=O groups; (b) C-H stretching vibration at 2873 cm−1; (c) -OH 

stretching vibration at 3469 cm−1. The characteristic bands of the polymer 
dominate the spectra of both the physical mixture and SAS powders, being 

the PVP present in larger quantities than the NSAID. The existence of an 

interaction between PVP and KET was not detected by FTIR analyses. 

4000 3500 3000 2500 2000 1500 1000 500

SAS PVP/KET 10/1

phys.mix. PVP/KET 10/1

pure PVP

 

Tr
an

sm
it

ta
n

ce
, a

.u
.

Wavenumber, cm
-1

pure KET

 
Figure IV.7 FTIR spectra of unprocessed PVP, unprocessed KET, PVP/KET 
physicalmixture and SAS processed PVP/KET. 

DSC thermograms of four samples (unprocessed drug, unprocessed 
polymer, PVP/KET coprecipitated at 3/1 and 10/1 w/w ratios) are compared 

in Figure IV.8. In the thermogram of the unprocessed KET, an endothermic 

peak in correspondence of about 93 °C is detectable, due to the drug melting. 
The thermogram of the unprocessed PVP is characterized by a broad 

endothermic peak ranging from 80 to 110 °C related to the loss of water. 

SAS processed PVP/KET coprecipitates, in correspondence of 3/1 and 10/1 

ratios, do not show the peak characteristic of the drug. This behavior can be 
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ascribed to the fact that the drug was hidden in the amorphous polymer 

matrix, which is present in greater quantities. 
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Figure IV.8 DSC thermograms of unprocessed PVP, unprocessed KET and 
SAS processed PVP/KET. 

In order to prove the coprecipitation of the drug and the polymer and to 
verify the increase of KET dissolution rate, UV–vis spectroscopy analyses 

were performed for the unprocessed KET, the physical mixture PVP/KET, 

SAS micronized KET and SAS coprecipitates 10/1 and 3/1 w/w (Figure 

IV.9). When KET is orally administered, it passes through the stomach 

where KET is largely absorbed; for this reason, the dissolution studies were 

performed in a HCl 0.1 M solution at pH 2.5 and 37°C, to simulate the 

gastric acidity. From Figure IV.9, it can be observed that unprocessed KET 
completely dissolved in the dissolution medium in about 8 h, while the 

physical mixture PVP/KET took about 6 h. All SAS coprecipitated 

PVP/KET powders took about 3 h, therefore KET released from PVP-based 
microparticles is almost 3 times faster than pure KET. It can be noted that 

SAS-micronized KET completely dissolved 1.7 times faster than the pure 

drug, demonstrating the drug dissolution was accelerated not only because of 

the particle size reduction, but also as a result of the effective coprecipitation 
of KET with the hydrophilic carrier in form of microspheres. 

For all the coprecipitated samples, encapsulation efficiency (EE%) was 

also calculated by UV/vis analysis. For the sample PVP/KET 3/1 (run #9), 
EE% is equal to 66.1%, which implies that part of the drug was extracted 

during SAS process. For all the other samples, the EE% ranged from 96.3 to 

99.6%, indicating that KET solubilized with PVP in the starting SAS 
solution was present in the recovered powder. 
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Figure IV.9 Drug dissolution profiles of KET in HCl solution (pH 2.5). 

Discussion 

As highlighted in the ‘State of the art’, PVP is an effective carrier to 
increase the drug bioavailability. It was demonstrated that KET dissolution 

can be enhanced coprecipitating it with PVP, up to be 3 times faster than the 

dissolution of the pure drug. This outcome allow to decrease the amount of 
drug supplied in patients, avoiding the side effects due to high dosages. 

 

IV.2.2 PVP/rutin coprecipitation 

SAS experiments were carried out at an operating temperature of 40°C 

and a pressure of 9 MPa. The operating pressure was chosen higher than the 
critical pressure of the binary system DMSO/CO2, which is approximately 

8.5 MPa (Andreatta et al., 2007a) at 40°C; i.e., above the MCP. The effect of 

the total concentration of solutes and the PVP/RUT weight ratio were 

investigated. In Table IV.2, a summary of some performed tests is reported, 
specifying the morphology of precipitated powders, the mean diameter and 

the standard deviation of the particles on a volumetric basis. 

As previously observed, well-separated microparticles precipitated by 
micronizing PVP alone (Figure IV.2a). A preliminary test was also 

performed by processing only RUT at 40°C, 9 MPa and a solute 

concentration in DMSO equal to 20 mg/mL (run #2 in Table IV.2). A small 

amount of powder was found in the precipitator at the end of the test, 
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because RUT was extracted by the scCO2/DMSO mixture. FESEM analysis 

revealed the presence of large and irregular RUT crystals. Therefore, rutin is 

not a good candidate for SAS micronization. Since PVP is an effective 
carrier for the SAS coprecipitation in form composite microspheres, the 

following experiments were performed with the system PVP/rutin. 

Table IV.2 Summary of SAS experiments performed on PVP/RUT 
(MP:microparticles; cMP: coalescing microparticles; C: crystals). 

# 
PVP/RUT 

(w/w) 

Ctot 

(mg/mL) 
Morphology 

m.d.±s.d. 

(μm) 

1 1/0 40 MP 4.05±2.67 

2 0/1 20 C - 

3 20/1 20 cMP 0.84 ± 0.26 

4 20/1 30 MP 1.15 ± 0.34 

5 20/1 40 MP 8.17 ± 2.29 

6 10/1 40 cMP 0.94 ± 0.25 
 

Effect of the overall concentration in DMSO 

The effect of the total concentration of solutes in the liquid solution was 

investigated at 9 MPa, 40 °C and a PVP/rutin ratio of 20/1 w/w, varying the 

overall concentration of solutes in DMSO from 20 mg/mL to 40 mg/mL 
(runs #3-#5 in Table IV.2).  

  
(a) (b) 

 
(c) 

Figure IV.10 FESEM images of PVP/RUT 20/1 particles precipitated from 

DMSO at 9 MPa, 40°C and (a) 20 mg/mL; (b) 30 mg/mL; (c) 40 mg/mL. 

 



SAS coprecipitation carrier/active compound 

35 

 

Coalescing microparticles (Figure IV.10a) were obtained operating with 

a total concentration of 20 mg/mL (run #12), whereas slightly coalescing 
microparticles were formed at 30 mg/mL (run #13), as shown in Figure 

IV.10b. On the other hand, increasing the total concentration of PVP/rutin at 

40 mg/mL (run #14), well-defined spherical microparticles were produced, 
as shown in Figure IV.10c. 

The comparison between the volumetric cumulative PSDs, reported in 

Figure IV.11, showed that the particle size increased and the PSD enlarged 
by increasing the overall concentration of PVP and rutin in DMSO. 
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Figure IV.11 Volumetric cumulative PSDs of PVP/RUT particles 20/1 w/w 

precipitated from DMSO at 9 MPa and 40°C at different overall 

concentrations. 

Effect of PVP/RUT ratio 

The decrease of the PVP/rutin ratio from 20/1 to 10/1 w/w was 

investigated by fixing the total concentration in DMSO at 40 mg/mL, which 
seemed to be the most suitable to obtain microparticles from the previous set 

of experiments. Slightly coalescing microparticles were produced with a 

PVP/rutin ratio equal to 10/1 w/w. Therefore, it was decided not to further 
reduce the PVP/RUT ratio, because aggregates of particles would surely 

have been obtained for weight ratios lower than 10/1. As it can be noted in 

Figure IV.12, where the volumetric cumulative PSDs at the two different 
PVP/RUT ratios are reported, a decrease in particle size was observed by 

reducing the polymer/RUT ratio. Indeed, the mean diameter ± standard 

deviation varied from 8.17 ± 2.29 µm in the case of the ratio 20/1 to 0.94 ± 

0.25 µm at ratio 10/1. 
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Figure IV.12 Volumetric cumulative PSDs of PVP/RUT particles 
precipitated from DMSO at 9 MPa, 40°C and 40 mg/mL; effect of PVP/RUT 

ratio. 

Characterization of PVP/RUT samples 

FTIR analyses were performed to identify the presence of possible 

interactions between rutin and PVP in the composite microparticles. FTIR 
spectra of unprocessed rutin and PVP, physical mixtures PVP/rutin, SAS 

processed PVP/rutin 20/1 and 10/1 w/w are reported in Figure IV.13. The 

spectrum of unprocessed rutin showed characteristic absorption bands at 

3425 cm-1 (–OH), 2930-2912 cm-1 (C–H), 1655 cm-1 (C=O), 1600 cm-1 
(aromatic structure), as well as a characteristic fingerprint in the region 

1500-400 cm-1 (Montes et al., 2016a). The PVP spectrum shows 

characteristic absorption bands at 1653 cm-1 (C=O), 2873 cm-1 (C–H) and 
3469 cm-1 (–OH) (Prosapio et al., 2017). Some of these characteristic bands 

were observed in the spectra of the physical mixtures PVP/RUT and of SAS 

composites PVP/RUT, indicating the presence of both the polymer and 
RUT. However, as expected, the spectra of SAS coprecipitates were more 

similar to the PVP spectrum, because of the high amount of polymer in the 

SAS powders. Moreover, no chemical interaction between PVP and RUT in 

the SAS powders was observed. 
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Figure IV.13 FTIR spectra of unprocessed PVP and RUT, physical mixtures 

and SAS processed PVP/RUT powders. 

DSC thermograms of unprocessed RUT and PVP, and SAS processed 

PVP/RUT 10/1 were reported in Figure IV.14. The curve of pure PVP 

showed a broad endothermic peak corresponding to the dehydration. The 
thermogram of pure RUT exhibited a peak at 174°C caused by its molecular 

rearrangement (Muthurajan et al., 2015); i.e., the melting point (Asfour and 

Mohsen, 2018). The subsequent peaks provide evidence of the phase 
transition of RUT. SAS composites PVP/rutin showed an amorphous 

structure similar to the one of the polymer. 
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Figure IV.14 DSC thermograms of unprocessed PVP and RUT, SAS 
processed PVP/RUT powders. 

 



Chapter IV 

38 

Dissolution tests in PBS at pH 7.4 were performed to verify that the 

coprecipitation occurred. The dissolution profiles of unprocessed rutin and 

SAS coprecipitated powders PVP/RUT 10/1 w/w were reported in Figure 

IV.15. Unprocessed RUT completely dissolved in about 73.7 h, whereas the 

active compound took about 22 h to be released from SAS PVP/RUT 10/1 

particles. Therefore, the RUT dissolution rate was about 3 times faster in the 
case of SAS powders PVP/RUT compared to unprocessed active compound. 
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Figure IV.15 Dissolution profiles for rutin in PBS at 37°C and pH 7.4. 

Encapsulation efficiency (EE%) was determined for all SAS samples by 
UV-vis analyses. The EE% was found to be equl to 35% when a overall 

concentration of 20 mg/mL was employed. In this case, the amount of 

polymer was probably not enough to trap all the rutin in the solution. The 
maximum EE% (in the range 90.1-99.8%) was obtained with PVP/rutin 20/1 

samples, both using an overall concentration of 30 mg/mL and 40 mg/mL, as 

well as PVP/rutin 10/1 at 40 mg/mL, indicating a successful coprecipitation. 

Discussion 

Although PVP is a well-established carrier for the SAS process, an 

effective coprecipitation in form of microspheres could be not be reached 

with some active compounds and/or under certain operating conditions. The 
experimentation conducted on the system rutin/PVP has revealed a possible 

limiting factor that could be found using this carrier: an effective 

coprecipitation in form of composite microparticles could be not possible 
with low polymer/drug ratios, as occurred with rutin. This means that large 

PVP amounts are sometimes required to ensure the desired morphology of 

the SAS coprecipitated powders. 
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IV.3 The use of zein as polymeric carrier 

To date, some previous attempts using zein in SAS coprecipitation were 

substantially unsuccessful, but zein alone seems to be processable, as 

highlighted in the Introduction section. Therefore, in order to ensure that 
zein was effectively a novel polymeric carrier processable by SAS, a 

preliminary study focused on zein micronization was firstly carried out. Zein 

morphologies obtainable by SAS technique were investigated in detail, at 
different process conditions. Then, DIC was used as model compound to 

study SAS coprecipitation using zein as carrier. An interpretation of the 

coprecipitation in correspondence of different morphologies was postulated 

by dissolution tests. Due to the zein ability to prolong the drug release, it was 
also used to control the release kinetics of two commonly prescribed 

antibiotics, namely AMOXI and AMPI, as well as of two anthistamine 

drugs, namely CTZ and KTF. 
 

IV.3.1 Zein micronization by SAS process 

A preliminary study about zein micronization was carried out using 

DMSO as the liquid solvent, a CO2 flow rate of 30 g/min and a solution flow 

rate of 1 mL/min, to assure the supercritical mixture conditions (Vega 
Gonzalez et al., 2002, Reverchon and De Marco, 2011). It should be 

specified that the same solvent, as well as CO2 and liquid solution flow rates, 

were also used for the coprecipitation tests with zein shown below. 
As regards the study of the zein micronization, the pressure, the zein 

concentration in DMSO and the temperature (T) were varied to investigate 

their influence on the morphology and size of particles. Table IV.3 reports a 
list of the tests, with the indication of the obtained morphology, mean 

diameter of particles and standard deviation on a volumetric basis. 

Table IV.3 SAS experiments performed on zein (NP: nanoparticles; SMP: 

sub-microparticles; MP: microparticles). 

# 
T 

(°C) 

P 

(MPa) 

Ctot 

(mg/mL) 
Morphology 

m.d.±s.d. 

(μm) 

1 40 9 5 NP 0.109±0.041 

2 40 15 5 NP 0.105±0.048 

3 40 9 10 NP 0.154±0.080 

4 40 9 20 SMP 0.238±0.094 

5 40 9 50 MP 0.419±0.264 

6 35 9 50 SMP 0.398±1.776 

7 50 9 50 MP 2.953±1.776 

8 60 9 50 - - 
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Effect of the operating pressure 

The first set of experiments was performed to investigate the effect of 

operating pressure, fixing the temperature at 40°C and the zein concentration 
into the liquid solution at 5 mg/mL. The pressure was increased from 9 MPa 

to 15 MPa (runs #1 and #2 in Table IV.3). Nanoparticles with mean size of 

around 100 nm precipitated at both pressure conditions. 

Effect of the zein concentration 

Aiming at obtaining microparticles, for the reasons explained in depth in 

‘the state of the art’ section, zein concentration was varied in the range 5-50 

mg/mL (runs #1, #3, #4 and #5 in Table IV.3). The highest value of 
concentration to operate with was chosen considering the maximum 

solubility of zein in DMSO, which was experimentally determined, and it is 

about 60 mg/mL at room temperature. For this set of experiments related to 
the influence of zein concentration on morphology and particle size, the 

pressure and the temperature were set at 9 MPa and 40°C, respectively. 

When zein concentration was increased from 5 mg/mL to 20 mg/mL sub-

microparticles were produced, whereas microparticles were observed at 50 
mg/mL. A FESEM image of zein nanoparticles precipitated at 9 MPa, 40°C 

and 5 mg/mL is reported in Figure IV.16a. Zein microparticles produced at 

at 9 MPa, 40 °C and 50 mg/mL were instead shown in Figure IV.16b. The 
comparison of the volumetric PSDs at different concentrations of liquid 

solution (Figure IV.17) revealed that mean particle size increased and PSDs 

enlarged, especially at the largest concentration used (50 mg/mL). 

  
(a) (b) 

Figure IV.16 FESEM images of zein precipitated from DMSO at 9 MPa and 

40°C; (a) nanoparticles at 5 mg/mL; (b) microparticles at 50 mg/mL. 
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Figure IV.17 Effect of zein concentration in DMSO at 40°C and 9 MPa. 

 

Effect of the operating temperature 

Setting the pressure at 9 MPa and the polymer concentration in DMSO at 

50 mg/mL, the effect of temperature was investigated (runs #5-#8 in Table 

IV.3). In Figure IV.18, the comparison of volumetric PSDs reveals that, 
increasing the temperature from 35°C to 50°C, a large increase of mean 

particle size and an enlargement of PSDs occurred. In detail, the mean 

diameter of microparticles at 50°C was around 2.95 µm.  
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Figure IV.18 Effect of the operating temperature of zein precipitated from 

DMSO at 9 MPa and 50 mg/mL. 
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However, when the temperature was set at 60°C, liquid was found in the 

precipitation chamber at the end of the experiment. The failure of this last 

test was due to the non-complete miscibility of DMSO and CO2 at these 
process conditions: the corresponding SAS operating point should be located 

inside the miscibility hole for the system DMSO-CO2. Therefore, no further 

experiments were performed at this temperature. 

Discussion 

An interpretation of the experimental results obtained micronizing zein 

needs to recall the general explanation of SAS precipitation. As also 

discussed in the state of the art of SAS process, it was demonstrated that the 
evolution of the liquid jet is controlled by the competition between the jet 

break-up and the surface tension vanishing. When tJB is the shortest 

characteristic time of the process, droplets are formed, which are dried by 
scCO2, producing microparticles. If tSTV is lower than tJB, nanoparticles are 

obtained by gas-to-particles nucleation and growth. When zein alone was 

used as the solute, at all the pressures (even very close to the MCP) and at 

low concentrations in DMSO, nanoparticles were obtained. It can be 
assumed that, in all these cases, the time necessary for the complete 

vanishing of the surface tension between the injected solution and the 

surrounding gas is lower than the time of jet break-up. Consequently, gas 
mixing prevails, no droplets are formed and the precipitation is obtained by 

gas-to-particles nucleation and growth. Increasing the zein concentration, 

higher concentration gradients between the scCO2 and the liquid solution are 
formed during mixing, because of a larger quantity of solute molecules. In 

addition, the viscosity of the solution increases as the concentration of the 

solution increases. Therefore, tSTV increases and can be larger than tJB; as a 

consequence, sub-microparticles and microparticles are obtained. 
 

IV.3.2 Zein/diclofenac coprecipitation 

Once identified the operating conditions to produce preferably zein 

microparticles, coprecipitation experiments were carried out. The first 
coprecipitation study using zein as a carrier was performed by selecting DIC 

as the model drug. For these experiments, it was decided to work at a fixed 

temperature of 40°C and a pressure of 9 MPa. Indeed, from the preliminary 
tests processing zein alone, it emerged that this pressure value allows to 

produce microparticles when associated with a total concentration in DMSO 

greater than 20 mg/mL. Table IV.4 reports a list of the experiments 

performed on the system zein/DIC, with the indication of the process 
parameters, namely the total concentration of solutes in DMSO and the 

polymer/drug w/w ratio, and the obtained morphology, mean diameter and 

standard deviation of particles produced, on a volumetric basis. 
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Table IV.4 SAS experiments performed on zein/diclofenac system (NP: 

nanoparticles; SMP: sub-microparticles; MP: microparticles). 

# 
Zein/DIC 

(w/w) 

Ctot 

(mg/mL) 
Morphology 

m.d.±s.d. 

(μm) 

1 0/1 20 NP 0.138±0.051 

2 20/1 30 SMP 0.309±0.205 

3 20/1 40 MP 0.476±0.343 

4 20/1 50 MP 0.848±0.703 

5 5/1 50 MP 0.416±0.228 

6 10/1 50 MP 0.458±0.240 

7 15/1 50 MP 0.547±0.468 

8 25/1 50 MP 0.850±0.703 

9 30/1 50 MP 1.308±0.762 

 
A preliminar experiment was performed processing DIC alone at an 

operating pressure of 9 MPa and a drug concentration in DMSO equal to 20 

mg/mL (run #1 in Table IV.4). The FESEM analysis of SAS processed DIC 
showed that the drug precipitated in form of nanoparticles with a mean 

diameter of about 130 nm. 

Effect of the overall concentration in DMSO 

The effect of the total concentration of solutes in the solution was studied 
at 9 MPa and 40 °C, fixing a polymer/drug ratio equal to 20/1 w/w. The 

overall concentration in DMSO was varied from 30 mg/mL to 50 mg/mL 

(runs #2-#4 in Table IV.4). At the lower concentration of 30 mg/mL, sub-
microparticles with a mean size of 0.309 µm were observed. Increasing the 

concentration to 40 mg/mL and then 50 mg/mL, microparticles (as shown in 

Figure IV.19 for 50 mg/mL) with a mean diameter of 0.476 µm and 0.848 

µm were produced, respectively. Hence, increasing the overall concentration 
of the solution, the mean particle size enhanced, as evident in Figure IV.20. 

 

Figure IV.19 FESEM image of zein/DIC 20/1 microparticles obtained at 9 

MPa, 40°C, 50 mg/mL. 
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Figure IV.20 Volumetric cumulative PSDs of zein/DIC particles 20/1 

precipitated from DMSO at 9 MPa, 40°C and different total concentrations. 

Effect of zein/DIC ratio 

Aiming at obtaining preferentially micrometric size, the total 

concentration in DMSO of 50 mg/mL was selected to study the effect of 
polymer/drug ratio, varying it from 5/1 to 30/1 w/w (runs #4-#9 in Table 

IV.4). Microparticles were obtained for all the tests, with mean size in the 

range 0.42-1.31 µm. By increasing zein/DIC ratio, the mean particle 

diameter increased and the PSD enlarged, as shown by volumetric 
cumulative PSDs reported in Figure IV.21. 
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Figure IV.21 Volumetric cumulative PSDs of zein/DIC particles precipitated 
from DMSO at 9 MPa, 40°C and 50 mg/mL; effect of the polymer/drug ratio. 
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Characterization of zein/DIC samples 

FTIR spectra of unprocessed and SAS processed zein and DIC, physical 

mixture zein/DIC 5/1 and SAS processed zein/DIC 5/1 w/w are reported in 

Figure IV.22. FTIR spectrum of pure DIC exhibited characteristic bands at 

3385 cm-1 (N–H stretching of the secondary amine), 1574 cm-1 (-C=O 

stretching of the carboxyl ion), 1557 cm-1 (C=C ring stretching), 1445 cm-1 
(C–H bend), 1087 cm-1 (C-N stretching) and at 774 and 746 cm-1 (C-Cl 

stretching) (Kebebe et al., 2010, Edavalath et al., 2011). SAS processed DIC 

spectrum showed the same peaks, indicating that neither the presence of 

DMSO nor the one of scCO2 altered the drug structure. Both the unprocessed 
and SAS processed zein spectrum showed distinctive bands at around 1645 

cm−1, 1541 cm−1, and 1236 cm−1 corresponding to amide I, II, and III, 

respectively (Karthikeyan et al., 2012), evidencing the absence of the protein 
denaturation due to the presence of DMSO or scCO2 during the SAS 

process. Zein peaks, with a minor contribution of the DIC bands, dominated 

the spectra of the physical mixtures and of SAS processed zein/DIC. The 

spectrum of SAS coprecipitate zein/DIC showed some of the characteristic 
peak of the drug; specifically, the peak at 1574 cm−1, corresponding to the 

C=O stretching of the carboxyl ion, the peak at 1445 cm-1 corresponding to 

the C–H bend, and the two peaks at 774 and 746 cm-1 corresponding to the 
C–Cl stretching revealed the presence of DIC in the coprecipitates. 
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Figure IV.22 FTIR spectra for unprocessed and SAS processed DIC and 
zein, physical mixture ZEIN/DIC 5/1 and SAS processed ZEIN/DIC 5/1. 

 



Chapter IV 

46 

XRD analyses were performed on unprocessed zein and diclofenac, SAS 

processed zein/diclofenac 5/1 and 20/1, to evaluate the crystallization 

behavior of the different samples. XRD spectra are reported in Figure 

IV.23. XRD analyses showed that unprocessed diclofenac was characterized 

by a crystalline structure; whereas, unprocessed zein and coprecipitates 

showed an amorphous structure. Therefore, the coprecipitated powder seems 
to be amorphous like zein.  
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Figure IV.23 XRD spectra for unprocessed DIC and ZEIN, SAS processed 

ZEIN/DIC 5/1 and 20/1 w/w. 

Considering that the crystalline structure of the drug might be hidden by 

the zein amorphous form, DSC analyses (Figure IV.24) were performed for 

unprocessed DIC and zein, and SAS processed zein/DIC 5/1 w/w. The DSC 
curve of pure crystalline DIC showed two endothermic peaks, the first 

related to the dehydration and the other (at about 288 °C) corresponding to 

the melting point (Tita et al., 2011, Killedar and Nale, 2014). Zein 
thermogram exhibited a broad endothermic peak ranging from 50 to 150°C, 

attributed to the loss of volatile components, whereas the glass transition 

temperature (Tg) was at around 170 °C, in agreement with the literature 

(Müller et al., 2011). The thermogram of the SAS process powder zein/DIC 
5/1 showed a trend similar to the one of the zein curve, without the 

endothermic melting peak of crystalline DIC. Therefore, DSC analyses 

confirmed the amorphous form of zein/DIC SAS coprecipitated powders. 
Dissolution tests in PBS at pH 7.4 (Figure IV.25) were performed for 

unprocessed drug and SAS processed zein/DIC at different weight ratio, also 

to understand the coprecipitation mechanisms in correspondence of various 

particle morphologies. 



SAS coprecipitation carrier/active compound 

47 

50 100 150 200 250 300

SAS zein/DIC 5/1

pure zein

pure DIC

 

H
ea

t 
Fl

o
w

, a
.u

.

Temperature, °C
 

Figure IV.24 DSC thermograms of unprocessed DIC, unprocessed zein, and 
SAS processed zein/DIC 5/1. 
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Figure IV.25 Dissolution profiles of DIC in PBS at 37°C and pH 7.4. 

It was observed that pure DIC and the physical mixture zein/DIC 

achieved 90% of the dissolution in about 1.2 and 2.4 h, respectively. The 
systems zein/DIC 5/1, 15/1, and 30/1 w/w reached 90% of drug release in 

about 14.9, 31.8 and 85 h, respectively. Therefore, the higher the 

polymer/drug ratio, the slower is the release. Looking at Figure IV.25, it is 
possible to state that drug release rate depends also on particles 
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morphology/diameter. In the case of 5/1 ratio, at which particles with mean 

size of about 0.4 µm precipitated, a large part of dissolution (about 60%) is 

characterized by a burst-like effect. This result means that a sort of nano-
physical mixture was prevalently obtained and the polymer and the drug, at 

least in part, precipitated separately. As the particle size increases, the 

percentage of drug located on/near the particle surface decreases and the 
burst-like effect reduced, as proved by the coprecipitated powder zein/DIC 

30/1, consisting of microparticles (mean size: 1.3 µm). Indeed, at the highest 

polymer/drug ratio investigated, which corresponds to micrometric particles, 

the physiological burst is about 10%, calculated on surface exposed DIC, 
whereas the drug complete dissolution is further delayed. 

 

Discussion 

For a correct interpretation of the results obtained by coprecipitating zein 
and DIC, the competition of the jet break-up phenomenon and the surface 

tension vanishing has to be considered (Reverchon and De Marco, 2011, 

Marra et al., 2012). If tJB is the shorter characteristic time of the process, 
composite zein/DIC microparticles can be produced, since the two 

compounds are entrapped in the same droplet that behaves like an isolated 

reactor. It should be noted that also sub-microparticles are formed by the 
drying of sub-micrometric droplets obtained as a result of jet break-up. On 

the othe hand, when tSTV is the shorter characteristic time of the process, the 

liquid jet disappears before the jet break-up; a gaseous system is formed. In 

this case, the polymer and the drug precipitate separately by homogeneous 
nucleation and coprecipitation fails at least partly (Reverchon and De Marco, 

2011). Indeed, in the latter case, a portion of the precipitated powder is 

constituted by polymer nanoparticles, a portion by drug nanoparticles, and 
the residual powder amount can be formed by nanoparticles of the materials 

precipitated together, with an irregular distribution of the drug into the 

polymer. 
In case of zein/DIC ratios 5/1, 10/1 and 15/1 w/w, coprecipitation is only 

in some measure achieved, since a large aliquot of drug dissolution is 

characterized by a burst effect: the active compound is somewhat freely 

soluble. In particular, the dissolution tests show the presence of an initial 
burst-like effect that decreases as the polymer/drug ratio increases, up to an 

approximately constant value (about 10 %), probably corresponding to drug 

molecules/particles located near/on composite microparticles surface. As the 
particle size increases, a larger amount of drug is captured and dispersed 

within the polymeric matrix formed after droplets drying. Furthermore, the 

drug release is slower as zein/diclofenac ratio increases. 

In conclusion, zein/DIC coprecipitates were obtained, but the process 
parameters have to be accurately selected to produce microspheres, which 

can assure a massive coprecipitation of the two compounds. In particular, at 

the process conditions employed (40°C/9 MPa), also the polymer/drug ratio 
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needs to be accurately selected to produce microparticles. Indeed, in 

correspondence of zein/DIC 30/1 weight ratio, a successful coprecipitation 

with a prolonged drug release can be achieved. Therefore, it was proved that 
the use of zein allowed to control the drug release, thus reducing the 

frequency of administration ad adverse effects caused by drug overuse. This 

result is relevant from a pharmaceutical point of view, since high dosages 
and chronic use of diclofenac sodium is often prescribed to treat a large 

number of connective tissue disorders, resulting in many side effects. 

 

IV.3.3 Zein/antibiotic coprecipitation 

SAS coprecipitation using zein as polymeric carrier was also studied with 
two model antibiotics, namely AMOXI and AMPI. Based on the previous 

obtained results, in order to produce preferentially microspheres, the 

pressure and the overall concentration in DMSO were fixed at 9 MPa and 50 
mg/mL for all the tests performed on both the zein/antibiotic systems. 

However, in this part of the work, the attention was focused on the effect of 

the operating temperature on morphology/size of zein-based coprecipitates, 

at different zein/antibiotic mass ratio. A summary of the experiments 
performed on zein/AMOXI and zein/AMPI systems is shown in Table IV.5, 

where the particle morphology (M), mean diameter and standard deviation 

on a volumetric basis were indicated. 

Table IV.5 SAS experiments performed on zein/antibiotic systems (SMP: 

sub-microparticles; MP: microparticles; liq: liquid). 

# Antibiotic 
zein/antibiotic 

(w/w) 

T 

(°C) 
M 

m.d.±s.d. 

(μm) 

1 

AMOXI 

0/1 40 SMP 0.26±0.15 

2 20/1 40 MP 0.65±0.51 

3 20/1 50 MP+liq 12.0±8.20 

4 30/1 40 MP 0.85±0.53 

5 

AMPI 

0/1 40 SMP 0.23±0.15 

6 20/1 40 SMP 0.36±0.30 

7 20/1 50 MP 19.47±9.07 

8 10/1 50 MP 11.32±6.17 

9 5/1 50 MP 9.05±5.71 
 

Some preliminary tests were carried out, processing the antibiotics alone 

at 40°C, 9 MPa and an antibiotic concentration in DMSO equal to 20 mg/mL 
(runs #1 and #5 in Table IV.5). In both cases, operating under these 

conditions, sub-microparticles with a mean diameter of 0.26 μm and 0.23 μm 

precipitated in the case of AMOXI and AMPI, respectively. With the aim of 
verifying if the zein capability of producing composite microspheres is also 

applicable to the selected antibiotics, SAS experiments with the systems 

zein/AMOXI and zein/AMPI were performed. 
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Effect of the operating temperature 

Fixing the polymer/drug ratio at 20/1 w/w, the effect of temperature on 

particle morphology, particle mean size and PSD was studied for each 
antibiotic at 40°C and 50°C. 

As concerns the system zein/AMOXI, working at the temperature of 

40°C (run #2 in Table IV.5) spherical microparticles with a mean diameter 
of 0.65 µm were obtained, as shown in the Figure IV.26a. Increasing the 

temperature at 50 °C (run #3 in Table IV.5), a certain amount of liquid was 

found at the end of the experiment inside the precipitation chamber, whereas 

an exiguous amount of powder was recovered from the filter. When 
analyzed by FESEM, this powder was constituted by very large 

microparticles (Figure IV.26b) with a mean size of 12 µm. The formation of 

a liquid phase may be considered a failure of the experiment, which can be 
ascribed to the possible modification of the high-pressure VLEs of the binary 

system CO2/DMSO (Andreatta et al., 2007a), due to the presence of zein and 

AMOXI. If the binary region of the VLEs is enlarged, the SAS operating 

point should be located inside this two-phase region. For this reason, no 
further experiments were performed at 50°C and the temperature of 40°C 

was selected for the following experiments with the system zein/AMOXI. 

  
(a) (b) 

Figure IV.26 FESEM images of zein/AMOXI 20/1 microparticles obtained 
at 9 MPa, 50 mg/mL and (a) 40°C (run #2); (b) 50°C (run #4). 

Regarding the system zein/AMPI, slightly coalescent sub-microparticles 
(Figure IV.27a) were obtained at 40°C (run #6 in Table IV.5), whereas 

well-defined microparticles were produced at 50°C (run #7 in Table IV.5), 

as shown in the FESEM image reported in Figure IV.27b. The remarkable 
increase of particle size by increasing the temperature can be noted from the 

comparison of the volumetric cumulative PSDs reported in Figure IV.28. 

For this reason, the subsequent tests on the influence of zein/AMPI ratio 

(w/w) were performed setting the temperature at 50°C to produce 
preferentially well-separated microspheres. 
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(a) (b) 

Figure IV.27 FESEM images of zein/AMPI 20/1 precipitated at 9 MPa, 50 

mg/mL; (a) submicroparticles at 40°C (run #6); (b) microparticles at 50°C 

(run #7). 
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Figure IV.28 Volumetric cumulative PSDs of zein/AMPI 20/1 particles 
precipitated from DMSO at 9 MPa, 50 mg/mL; effect of the temperature. 

Effect of zein/antibiotic ratio 

As explained above, the effect of polymer/drug ratio (w/w) for the system 
zein/AMOXI was studied at 40 °C (runs #2 and #4 in Table IV.5). 

According to the previous results and the literature study reported in the 

‘State of the art of SAS process’, the mean size of SAS produced particles 
often decreases by increasing the polymer/drug ratio. Taking into accout this 

consideration and the fact that particles with mean size of 0.65 µm 

precipitated at 40°C and a zein/AMOXI ratio of 20/1 (run #2), it was decided 
to increase the polymer/drug ratio at 30/1 (run #4) to study the influence of 

this last parameter. Comparing the volumetric cumulative PSDs reported in 

Figure IV.29, an increase of the mean particle size was observed. 
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Figure IV.29 Volumetric cumulative PSDs of zein/AMOXI particles 
precipitated from DMSO at 40°C, 9 MPa, 50 mg/mL; effect of the 

polymer/drug ratio. 

Regarding the system zein/AMPI, the polymer/drug ratio was gradually 
decreased from 20/1 to 5/1 (runs #7-#9 in Table IV.5), at the optimized 

temperature of 50°C. In all cases, well separated microparticles were 

produced, as can be observed in the FESEM images reported in Figure 

IV.30. Moreover, it was observed that, decreasing the polymer/drug ratio, 

the mean particle size decreased, as demonstrated in Figure IV.31, where 

the volumetric cumulative PSDs are compared. 

  
(a) (b) 

Figure IV.30 FESEM images of zein/AMPI microparticles obtained at 50 

°C, 9 MPa, 50 mg/mL. Effect of the polymer/drug ratio: (a) 10/1 w/w (run 

#8); (b) 5/1 w/w (run #9). 
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Figure IV.31 Volumetric cumulative PSDs of zein/AMPI particles 
precipitated from DMSO at 50°C, 9 MPa, 50 mg/mL; effect of the 

polymer/drug ratio. 

Characterization of zein/antibiotic samples 

FTIR spectra of pure antibiotics and zein, physical mixtures and SAS 

processed zein/antibiotic 20/1 w/w are shown in Figure IV.32 and Figure 

IV.33 for AMOXI and AMPI, respectively. The spectrum of zein showed 
characteristic bands at about 1645 cm-1, 1541 cm-1 and 1236 cm-1 assigned to 

amide I, II and III, respectively (Karthikeyan et al., 2012). The spectrum of 

pure AMOXI (in Figure IV.32) exhibited bands at 3463 cm-1 related the N-
H stretching of primary amine, at 1777 cm-1 and 1687 cm-1 attributed to the 

C=O stretching of carbonyl and carboxylic group, respectively; moreover, a 

peak at 1590 cm-1, assigned to the C-C stretching of the thiazole ring, was 

also observed (Chullasat et al., 2018). The spectrum of pure AMPI (in 
Figure IV.33) showed the characteristic band of the -OH stretching at 

around 3400 cm-1, two peaks at 2969 e 2930 cm-1 assigned to the asymmetric 

stretching vibrations of C-H, an absorption band at 1774 cm-1 corresponding 
to carbonyl vibrations, whereas the bands in the range 1625-1530 cm-1 were 

related to the C-C stretching vibrations of the aromatic ring (Gunasekaran et 

al., 1996). A peak at about 1320 cm-1 was related to the C-O stretching of 
carboxylic group and the band at 697 cm-1 was assigned to heterocyclic S-C 

stretching vibration. For both the zein/antibiotic systems, the zein peak 

dominated the spectra of the physical mixtures and of SAS processed 

composites, with a minor contribution of those of antibiotics, probably due 
to the greater amount of polymer than drug. In particular, the spectrum of 

coprecipitates zein/AMOXI showed a shoulder at 1777 cm-1 related to the 

respective peak of AMOXI as well as the peak at 1236 cm-1. In the spectrum 
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of SAS processed zein/AMPI, instead, the presence of the peaks at 697 cm-1 

and 1320 cm-1, attributed to the antibiotic, was evident. In any case, no 

interactions occurred between the carrier and the drug after SAS process. 
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Figure IV.32 FTIR spectra of unprocessed zein and AMOXI, physical 

mixture zein/AMOXI and SAS processed powders. 
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Figure IV.33 FTIR spectra of unprocessed zein and AMPI, physical mixture 
zein/AMPI and SAS processed powders. 
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DSC thermograms of pure antibiotics, pure zein and SAS processed 

zein/antibiotics at different temperature and polymer/drug ratio are reported 

in Figure IV.34 and Figure IV.35 for AMOXI and AMPI, respectively. A 
broad endothermic peak ranging from 50 to 150°C related to the loss of 

volatile components was observed in zein thermogram, whereas the glass 

transition temperature (Tg) was at about 170°C (Müller et al., 2011). DSC 
thermogram of pure AMOXI (Figure IV.34) showed two endothermic 

peaks, the first at around 120 °C due to the loss of water and the last at 

195°C indicating the melting point (Marciniec et al., 2002). The exothermic 

peak at about 178°C, instead, showed the re-crystallization from trihydrate to 
anhydrate. DSC thermogram of pure AMPI (Figure IV.35) showed an 

endothermic curve due to the dehydratation and an endothermic peak at 

about 233°C corresponding to the melting point (Marciniec et al., 2002). 
Both antibiotics micronized by SAS technique seemed to have an amorphous 

structure, because the precipitation process occurs so fast that the drug 

molecules do not have time to organize into an ordered structure. Composite 

systems zein/antibiotic showed thermograms similar to the one of zein, 
except for the coprecipitate zein/AMPI 5/1, slightly different, probably 

because of the higher amount of the antibiotic. In any case, SAS 

coprecipitates are amorphous as well as the polymeric carrier. 
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Figure IV.34 DSC thermograms of unprocessed zein, unprocessed and SAS 

processed AMOXI, SAS processed zein/AMOXI powders. 
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Figure IV.35 DSC thermograms of unprocessed zein, unprocessed and SAS 

processed AMPI, SAS processed zein/AMPI powders. 

Dissolution tests were performed for both the pure antibiotics and SAS 
processed powders to compare the drug dissolution rate in PBS and to verify 

the occurred coprecipitation. In Figure IV.36, it can be observed that pure 

AMOXI reached 90% of the dissolution in about 3 h, while the physical 
mixture zein/AMOXI took about twice the time. The AMOXI dissolution 

rate was slower for all the composite systems obtained by SAS. As an 

example, the sample zein/AMOXI 20/1 w/w processed at 40°C achieved 
90% of drug release in about 49 h. Therefore, zein/AMOXI coprecipitates 

showed a dissolution rate about 16 times slower than pure antibiotic. 

Moreover, an initial burst effect (around 33%) was observed, due to the 

percentage of AMOXI located on/near the particles surface. The dissolution 
profiles of AMPI samples are instead reported in Figure IV.37. Pure 

ampicillin and the physical mixture zein/ampicillin achieved 90% of the 

dissolution in about 3 h and 4 h, respectively. The antibiotic dissolution was 
significantly delayed for all SAS coprecipitates zein/AMPI. As an example, 

the system zein/AMPI 5/1 w/w obtained at 50 °C achieved 90% of drug 

release in about 14 h. Hence, the dissolution rate was about 5 times slower 
than unprocessed antibiotic, whereas the burst-like effect was about 10%. 

Regarding the antibiotic entrapment efficiency, it was 99.5-99.8% for all 

the SAS samples. 
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Figure IV.36 Dissolution profiles of AMOXI in PBS at 37°C and pH 7.4. 
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Figure IV.37 Dissolution profiles ofAMPI in PBS at 37°C and pH 7.4. 

 

Discussion 

The difficulty of obtaining composite microspheres by SAS technique 
using zein as carrier was successfully overcome, since, as desired, well 

separated microparticles were produced, accurately selecting the process 

conditions to ensure a massive coprecipitation. The coprecipitation was also 
confirmed by means of in vitro dissolution tests, since both the systems 

zein/AMOXI and zein/AMPI showed a significant increase in the time 

necessary for the complete drug dissolution with respect to the pure 
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antibiotics. This change in the dissolution rate of the antibiotic is due to the 

fact that AMOXI and AMPI were entrapped in the zein matrix.  

Considering the results achieved, two different antibiotic delivery 
applications can be proposed: 

 zein/AMOXI systems, whose complete dissolution was achieved in 

almost 3 days, can be used for a “long-term antibiotic therapy” 

against severe infections, such as Lyme disease, some urinary tract 
infections, possible complications after surgery, etc.; 

 zein/AMPI systems, whose complete release was achieved in almost 

one day, can be used for a “short-term antibiotic therapy"; i.e., 

common infections of respiratory, gastrointestinal and urinary tracts. 

 

IV.3.4 Zein/antihistamine coprecipitation 

Zein was also employed as polymeric carrier with the aim of prolonging 

the release of two model antihistamine drugs, namely CTZ and KTF. 

For all the tests related to zein/antihistamine coprecipitation, the pressure 
and the overall concentration in DMSO were fixed at 9 MPa and 50 mg/mL, 

since it was proved that micrometric particles generally tend to precipitate at 

these conditions, both in the case of zein micronization and zein/drug 

coprecipitation. From the previous study on zein/antibiotic coprecipitation, it 
emerged that the variation of the temperature could favor the attainment of 

microspheres in the case of some zein/drug systems. Since the temperature 

seemed to play a key role on morphology/size of particles produced using 
zein, the effect of temperature was further studied with zein/antihistamine 

systems; its influence on the drug dissolution was also investigated. The 

polymer/drug ratio was also varied with the aim of reducing the amount of 
zein in coprecipitates, while maintaining the microparticle morphology. 

A summary of the experiments performed on zein/CTZ and zein/KTF 

systems is shown in Table IV.6, where the particle morphology, mean 

diameter and standard deviation on a volumetric basis were indicated. 

Some preliminary tests were carried out, processing the two antihistamine 

drugs separately, at 40°C, 9 MPa and a drug concentration in DMSO equal 

to 20 mg/mL (runs #1 and #9 in Table IV.6). In both cases, at the end of the 
experiment, no powder was found in the precipitation chamber, because the 

drug was probably extracted by the mixture DMSO/scCO2. Therefore, it 

could be asserted that the the two antihistamine drugs are not good 
candidates for the SAS micronization. The following SAS coprecipitation 

tests were also conducted to verify if zein could force the processability and 

the morphology of the two active principles. 
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Table IV.6 SAS tests performed on zein/antihistamine systems (C: crystals; 

MP: microparticles; cMP: coalescent microparticles; AGG: aggregates). 

# Antihistamine 
zein/drug 

(w/w) 

T 

(°C) 
Morphology 

m.d.±s.d. 

(μm) 

1 

CTZ 

0/1 40 - - 

2 20/1 40 MP 2.75±0.85 

3 20/1 45 MP 2.92±0.91 

4 20/1 50 MP 3.84±1.08 

5 10/1 40 cMP - 

6 10/1 45 cMP+MP* *4.02±1.24 

7 10/1 50 MP 8.77±2.72 

8 5/1 50 C - 

9 

KTF 

0/1 40 - - 

10 20/1 40 cMP 0.72±0.20 

11 20/1 45 MP 1.93±0.57 

12 20/1 50 AGG - 

13 10/1 45 MP 2.23±0.65 

14 5/1 45 MP 1.85±0.54 

 

Effect of the operating temperature 

Fixing the zein/antihistamine ratio at 20/1 w/w, the effect of temperature 
was studied by gradually increasing it from 40°C to 50°C. 

As concerns the system zein/CTZ, spherical microparticles were 

produced in all the conditions investigated (run #2-#4 in Table IV.6), 
namely 40°C, 45°C and 50°C, as observable in Figure IV.38a, Figure 

IV.38b and Figure IV.38c, respectively. However, as can be noted from the 

FESEM images, the microparticles produced at 50°C seemed to have a better 

morphology, in terms of sphericity and regularity, than the particles obtained 
under the other temperature conditions. From the comparison of the 

volumetric cumulative PSDs at different temperatures as reported in Figure 

IV.39, it was possible to deduce that the mean diameter increased by 
increasing the temperature up to 50°C, whereas the PSD widened. 

  
(a) (b) 
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(c) 

Figure IV.38 FESEM images of zein/CTZ 20/1 particles obtained at 9 MPa, 

50 mg/mL and (a) 40°C (run #2); (b) 45°C (run #3); (c) 50°C (run #4). 
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Figure IV.39 Volumetric cumulative PSDs of zein/CTZ 20/1 particles 

precipitated from DMSO at 9 MPa, 50 mg/mL; effect of the temperature. 

Regarding the system zein/KTF, coalescent microparticles (Figure 

IV.40a) were obtained at 40°C (run #10 in Table IV.6), whereas well-

defined microparticles were produced at 50°C (run #11 in Table IV.6), as 

shown in the FESEM image reported in Figure IV.40b. It should be noted 
that, in addition to the disappearance of coalescence, increasing the 

temperature from 40 to 45°C, an increase in the mean particle size was also 

observed, as evident in Table IV.6. However, by further increasing the 
temperature to 50°C (run #12 in Table IV.6), aggregates precipitated, as 

shown in Figure IV.40c. For this reason, the subsequent experiments on the 

influence of zein/KTF ratio (w/w) were performed by setting the temperature 

at 45°C in order to produce preferentially well-separated microspheres. 
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(a) (b) 

 
(c) 

Figure IV.40 FESEM images of zein/KTF 20/1 precipitated at 9 MPa, 50 

mg/mL; (a) coalescent particles at 40 °C (run #10); (b) microparticles at 45 

°C (run #11); (c) aggregates at 50 °C (run #12). 

Effect of zein/antihistamine ratio 

Since roughly zein/CTZ micrometric particles were obtained at all 
temperatures previously investigated, it was decided to conduct a first set of 

experiments by reducing the polymer/drug ratio from 20/1 to 10/1 w/w at all 

the three different temperatures (runs #5, #6 and #7 in Table IV.6). 
The first test was carried out operating at 40°C for a zein/CTZ ratio equal 

to 10/1 w/w; however, highly coalescing particles (Figure IV.41a) were 

obtained. From the second test conducted at 45°C and zein/CTZ ratio 10/1 

w, coalescing particles along with spherical microparticles with mean size 
4.02 μm were produced (Figure IV.41b). On the other hand, the third 

experiment, conducted at 50°C and 10/1 w/w, led to the attainment of very 

well-defined microspheres (Figure IV.41c) with an average diameter of 8.77 
μm. This result confirmed that the temperature of 50°C is the optimum one 

for the system zein/CTZ. 
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(a) (b) 

  
(c) (d) 

Figure IV.41 FESEM images of zein/CTZ precipitated at 9 MPa, 50 mg/mL, 

(a) 40°C and 10/1 w/w (run #5); (b) 45°C and 10/1 w/w (run #6); (b) 50°C 

and 10/1 w/w (run #7); (d) 40°C and 10/1 w/w (run #8). 

Comparing the volumetric cumulative PSDs obtained at the fixed 

temperature of 50°C and polymer/drug ratios of 20/1 and 10/1 w/w (runs #4 

and #7 in Table IV.6), for which only distinct microparticles precipitated, an 
increase in the mean particle size was observed as the polymer/drug ratio 

decreased. Based on most of the literature studies mentioned in the ‘State of 

the art’ section, an opposite trend in terms of size was generally observed as 
the polymer/drug ratio increases. The increase in particle size with the 

increase of zein/CTZ ratio; i.e., decreasing the amount of polymer that 

generally forces the morphology of the composite system, can be explained 
by considering some thermodynamic aspects of the SAS process. Under the 

process conditions 50°C/9 MPa, SAS operating point of the system is 

located above the MCP of the binary system DMSO/CO2 (Andreatta et al., 

2007a). However, the presence of one or more solutes can modify the high 
pressure VLEs of the system. In the specific case studied, cetirizine seems to 

have a greater influence on phase equilibria comparedto zein. Hence by 

increasing the CTZ amount, the MCP of the quaternary system 
zein/CTZ/DMSO/CO2 may have moved to higher pressures compared to the 

MCP of the binary system solvent/antisolvent. In general, the shift of the 

MCP towards higher pressure values is more evident the higher the 
concentration of the solute that affects VLEs, namely cetirizine (Campardelli 

et al., 2017b, Campardelli et al., 2019b). Therefore, when the test was 
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conducted at zein/CTZ 10/1 w/w (50°C/9 MPa), the operating point was 

located closer to the MPC with respect to the operating point at a ratio 20/1 

w/w (50°C/9 MPa). As a consequence, larger particles precipitated working 
at a zein/CTZ ratio equal to 10/1 w/w, since it is well known that the particle 

size generally increases or decreases by approaching or moving away from 

the MCP, respectively (Reverchon et al., 2007, Reverchon et al., 2008b). 
The hypothesis of the influence of cetirizine on the high pressure VLEs was 

confirmed by conducting another test at 50°C and 9 MPa, further increasing 

the polymer/drug ratio to 5/1 w/w (run #8 in Table IV.6). Under these 

conditions, large crystals with very few particles precipitated, as shown in 
Figure IV.41d. The further increase in the quantity of antihistamine drug in 

the liquid solution has considerably altered the VLEs of the quaternary 

system zein/CTZ/DMSO/CO2, so the operating point was in proximity or 
even below the MCP (i.e., inside the miscibility gap), condition that 

generally leads to the precipitation of crystals. 

Regarding the system zein/KTF, the polymer/drug ratio was gradually 

decreased from 20/1 to 5/1 (runs #11, #13 and #14 in Table IV.6), at the 
optimized temperature of 45°C. In all cases, well-separated microparticles 

were produced, as can be observed in Figure IV.42. By comparing the 

cumulative volumetric PSDs at the different zein/KTF ratios (Figure IV.43), 
it was possible to observe that the variation of this parameter did not have a 

significant influence on the average size of the zein/KTF microspheres. 

  
(a) (b) 

Figure IV.42 FESEM images of zein/KTF microparticles obtained at 45 °C, 

9 MPa, 50 mg/mL and different polymer/drug ratios: (a) 10/1 w/w (run #13); 

(b) 5/1 w/w (run #14). 
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Figure IV.43 Volumetric cumulative PSDs of zein/KTF particles 

precipitated at 45°C, 9 MPa, 50 mg/mL; effect of polymer/drug ratio. 

Characterization of zein/antihistamine samples 

FTIR analyses were performed on unprocessed antihistamine drugs and 

zein, SAS processed powders at different zein/antihistamine w/w ratios. The 

FTIR spectra of samples were shown in Figure IV.44 and Figure IV.45 for 
CTZ and KTF, respectively. The spectrum of zein showed characteristic 

peaks at about 1645 cm-1, 1541 cm-1 and 1236 cm-1 assigned to amide I, II 

and III, respectively (Karthikeyan et al., 2012). The spectrum of pure CTZ 
(Figure IV.44) exhibited many absorption bands, including that at 3044-

3023 cm−1 due to C-H stretching of the aromatic ring, bands at 2984-2949 

cm−1 attributed to CH2 stretching, a strong band at 1740 cm−1 about the C=O 
stretching related to the carboxylic group, the band at 1602 cm−1 caused by 

the substitution at the para position on the benzene ring. The C–Cl stretching 

also appeared at 1457 cm−1, in addition to bands at 1435 and 1319 cm−1 

attributed to the C–O carboxylic bond, three different absorption bands at 
1496, 1077 and 758 cm−1 related to the monosubstitution on the benzene 

ring, and bands at 846–809 cm−1 again associated to benzene rings (Hasan et 

al., 2012). The characteristic bands of zein predominated in the spectra of 
zein/CTZ coprecipitates, although the presence of some CTZ peaks 

(highlighted by thin vertical lines) confirmed the presence of drug in SAS 

powders, such as those associated with the CO stretching or benzene rings. 

The spectrum of KTF (Figure IV.45) showed bands at about 3425 cm−1 due 
to the N-H stretching vibration, at 16450 cm−1 because of the C=C aromatic 

stretching vibration, at 1477 cm−1 associated to the CH3 bending vibration, at 

1397 cm−1 due to the phenolic OH bending vibration, at 754 cm-1 for CH 
bending vibrations in -C=CH- group (Soltani et al., 2016). Many 
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characteristic bands of the drug can be noted in the spectra of SAS 

coprecipitated zein/KTF powders at different ratios. Furthermore, for both 

the systems zein/antihistamine, new bands or band shifts were not detected, 
thus no interaction between drug and polymer occurred after SAS process. 
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Figure IV.44 FTIR spectra of unprocessed CTZ and zein, and SAS 
processed zein/CTZ powders at different w/w ratios. 
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Figure IV.45 FTIR spectra of unprocessed KTF and zein, and SAS 

processed zein/CTZ powders at different w/w ratios. 
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Dissolution tests were performed in PBS for the pure antihistamine drugs 

and SAS processed powders. For each zein/antihistamine system, both the 

influence of the polymer/drug ratio and of the operatig temperature on the 
drug release rate from SAS composites was investigated. 

In Figure IV.46, the dissolution profiles of CTZ from particles obtained 

at the same polymer/drug ratio of 20/1 w/w and different temperature were 
compared (runs #2-#4 in Table IV.6). Pure CTZ dissolved fairly quickly in 

PBS, in about 5 h. In the case of SAS processed powders, the CTZ release 

was prolonged about 5-6 times compared to pure drug, taking about a day. 

The complete dissolution of the antihistamine was reached in about 24-25 h 
in the case of the zein/CTZ 20/1 particles obtained at 40 and 45°C, whereas 

CTZ was completely released in about 30 h from SAS composites produced 

at 50°C. The presence of a burst effect of about 20%, caused by the fast 
dissolution of CTZ located near/on the particle surface, is evident in the case 

of composites produced at 40°C and 45°C. The burst-like effect is almost 

negligible (<5%) in the case of zein/CTZ microparticles produced at 50°C, 

probably due to the more regularmorphology and larger size of these 
particles, which allow to trap a greater quantity of drug in the zein matrix, 

with respect to particles obtained at 40°C and 45°C. 
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Figure IV.46 Dissolution profiles of CTZ in PBS at 37°C and pH 7.4; CTZ 
released from SAS particles produced at different operating temperatures. 

In Figure IV.47, the dissolution profiles of CTZ from particles obtained 

at a temperature of 50°C and at different zein/CTZ ratios, namely 20/1 and 
10/1, were compared (runs #4 and #7 in Table IV.6). The antihistamin drug 

was completely released in about 30 h both from zein-based microparticles 
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at 20/1 and 10/1 w/w ratio. However, in this last case, the burst effect (about 

35%) was more pronounced compared to that observed in the case of 

microparticles zein/CTZ 20/1 w/w. 
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Figure IV.47 Dissolution profiles of CTZ in PBS at 37°C and pH 7.4; CTZ 

released from SAS particles at different polymer/drug ratios. 

In Figure IV.48, the dissolution profiles of KTF from particles obtained 

at polymer/drug ratio 20/1 w/w and different operating temperatures (i.e.; 

40°C and 45°C) were compared (runs #10 and #11 in Table IV.6). The 
samples obtained at the temperature of 50°C were excluded from the study, 

sice only large aggregates precipitated. Pure KTF completely dissolved in 

PBS in just 30 minutes; whereas the antihistamine was released after about 5 

h and 42 h from SAS powders obtained at 40°C and at 45°C, respectively. 
This difference in the dissolution kinetics can be explained taking into 

account the different morphology of composites. Indeed, coalescing particles 

of small dimensions (about 0.7 µm) were obtained at 40°C, consequently the 
coprecipitation failed at least in part; i.e., part of KTF could not be entrapped 

in the zein matrix. Spherical microparticles with mean size of about 2 µm 

were produced at 45°C; in this case it was possible to reach a more 
prolonged release, thanks to an effective coprecipitation that allowed to trap 

all KTF into the microspheres. In this case, the presence of the burst effect is 

less than 10%. In Figure IV.49, the dissolution profiles of KTF from 

particles obtained at 45°C and at different zein/KTF ratios, namely 20/1 and 
5/1, were compared (runs #12 and #14 in Table IV.6). The antihistamin was 

completely released in about 36 h from microparticles at zein/KTF ratio 

equal to 5/1 w/w, whereas the burst effect was about 22%. 
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Figure IV.48 Dissolution profiles of KTF in PBS at 37 °C and pH 7.4; KTF 
released from SAS particles produced at different operating temperatures. 
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Figure IV.49 Dissolution profiles of KTF in PBS at 37 °C and pH 7.4; KTF 

released from SAS particles at different polymer/drug ratios. 

Discussion 

SAS coprecipitation with zein is an effective route to prolong the release 
rate of antihistamine drugs. The results achieved with zein/antihistamine 
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systems are very relevant because, nowadays, the attention of many 

pharmaceutical companies is focused on the production of next generation 

formulations, which extends the antihistamine release at least within a day. 
As required, SAS coprecipitates zein/CTZ and zein/KTF allow to reduce the 

administration frequencyand, consequently, side effects associated to 

antistamine overdose. In the case of the allergy treatment, a low burst effect 
in the drug release kinetics is also a valid option, as an immediate response 

against allergens. Indeed, in the context of new prolonged-release 

formulations, a novel goal is to achieve a bimodal release of the 

antihistamine: an immediate release of a small amount of the drug, to 
quickly relieve symptoms associated with allergy, followed by a prolonged 

release of the remaining drug dose, to avoid repeated administration 

throughout the day. SAS-produced powders zein/CTZ and zein/KTF satisfy 
these prerequisites. Bimodal release formulations as those obtained in this 

part of the work are recently coveted by pharmaceutical companies for the 

allergy treatment. 

 
IV.4 The use of Eudragit as polymeric carrier 

Given the presence on the market of different types of Eudragits, an 
initial screening by processing some of them was carried out, namely 

Eudragit RSPO, Eudragit RLPO, Eudragit EPO and Eudragit L100-55. All 

preliminary tests were performed using DMSO as solvent, at 40°C, 12 MPa 
and a polymer concentration of 20 mg/mL. Eudragit RSPO and Eudragit 

RLPO were completely extracted from the solvent/antisolvent mixture 

formed into the precipitation chamber, not allowing the powder recovery. 

Few crystals precipitated by processing Eudragit EPO, which was mostly 
extracted, whereas, a particle morphology was observed only by micronizing 

Eudragit L100-55. Based on the preliminary results obtained and the 

considerations emerged from the literature studies as mentioned in the ‘State 
of the art of the SAS process’, Eudragit L100-55 (EUD) was selected as the 

most promising Eudragit for SAS process. 

Firstly, EUD micronization was studied to know in detail the morphology 
obtainable by SAS technique, at different process conditions. Then, 

coprecipitation tests were performed to assert that EUD is a novel carrier for 

a controlled drug delivery. An antibiotic, a NSAID and a bronchodilatator 

drug were selected as model compounds for SAS coprecipitation with EUD, 
namely DIC, AMPI and THEOP, respectively. 

 

IV.4.1 SAS micronization of Eudragit L100-55 

A preliminary study was carried out by micronizing EUD alone. For this 
set of experiments, DMSO was used as the liquid solvent, the temperature 

was fixed at 40°C, as well as a CO2 flow rate of 30 g/min and a solution flow 
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rate of 1 mL/min, in order to ensure the supercritical mixture conditions. 

These conditions were also employed for the subsequent coprecipitation tests 

performed on the different EUD/drug systems. Table IV.7 reports a list of 
some experiments performed by micronizing EUD alone, at different 

pressure and EUD concentration in DMSO; the morphology and the 

dimensions of particles on a volumetric basis were indicated. 

Table IV.7 A list of SAS experiments performed on Eudragit L100-55 (MP: 

microparticles; cMP: coalescent microparticles). 

# 
P 

(MPa) 

Ctot 

(mg/mL) 
Morphology 

m.d.±s.d. 

(μm) 

1 9 20 MP 1.99±0.49 

2 10 20 MP 1.69±0.51 

3 12 20 cMP 1.64±0.72 

4 10 40 MP 1.95±0.54 
 

Effect of the operating pressure 

The effect of the operating pressure was investigated setting a polymer 

concentration in DMSO equal to 20 mg/mL and gradually increasing the 

pressure from 9 to 12 MPa (runs #1-#3 in Table IV.7). 

  
(a) (b) 

 
(c) 

Figure IV.50 FESEM images of Eudragit particles precipitated from DMSO 
at 40°C, 20 mg/mL and (a) 9 MPa; (b) 10 MPa; (c) 12 MPa. 
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FESEM analyses revealed that well-separated spherical microparticles 

were obtained working at 9 and 10 MPa (Figure IV.50a and Figure IV.50b, 

respectively), whereas coalescing and more irregular in shape and 
dimensions microparticles were formed at 12 MPa (Figure IV.50c). 

Moreover, a slight increase of the particle dimensions was observed by 

decreasing the pressure, as shown in the last column of Table IV.7. 
 

Effect of the polymer concentration 

Fixing the pressure at 10 MPa, which seemed to allow the production of 

microparticles with the best morphology, the polymer concentration in 
DMSO was increased at 40 mg/mL (run #4 in Table IV.7). This 

concentration value was chosen considering the maximum EUD solubility in 

DMSO equal to about 55 mg/mL, experimentally determined at room 
temperature. Spherical microparticles of EUD were produced at 40 mg/mL; 

the comparison of the volumetric cumulative PSDs in Figure IV.51 (related 

to runs #2 and #4 in Table IV.7) demonstrated that the mean particle size 

increased and PSD widened by increasing the EUD concentration in DMSO. 
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Figure IV.51 Volumetric cumulative PSDs of EUD precipitated from DMSO 

at 40°C and 10 MPa; effect of the polymer concentration in DMSO. 

IV.4.2 Eudragit/ampicillin coprecipitation 

After optimizing the EUD micronization, SAS coprecipitation was firstly 

attempted using AMPI as model drug. Based on the previous results, 9 and 
10 MPa were selected as optimum pressures to perform the following 

coprecipitation tests, at a temperature of 40°C. The effect of the overall 

concentration in DMSO and polymer/drug ratio w/w on composites were 
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also investigated. In Table IV.8, the morphology, mean diameter and 

standard deviation of particles are indicated for each test. 

 
Table IV.8 SAS experiments performed on Eudragit/ampicillin system 

(SMP: sub-microparticles; MP: microparticles; cMP: coalescent 

microparticles). 

# 
EUD/AMPI 

(w/w) 

P 

(MPa) 

Ctot 

(mg/mL) 
M 

m.d.±s.d. 

(μm) 

1 0/1 9 20 SMP 0.23±0.15 

2 20/1 9 40 MP*+cMP *2.82±0.94 

3 20/1 10 40 MP 1.99±0.57 

4 20/1 10 20 cMP - 

5 20/1 10 50 MP 2.52±0.73 

6 10/1 10 50 MP 1.53±0.47 

 

Effect of the operating pressure 

Fixing the overall concentration in DMSO at 40 mg/mL and the 
polymer/drug ratio at 20/1 w/w, the effect of the pressure on Eudragit/AMPI 

system was investigated varying it from at 9 and 10 MPa (runs #2 and #3 in 

Table IV.8). A high degree of coalescence was observed in particles 

obtained at 9 MPa (Figure IV.52a) than that produced at 10 MPa (Figure 

IV.52b). In particular, more-defined EUD/AMPI microparticles with a mean 

diameter of about 2 µm were produced working at 10 MPa. 

  
(a) (b) 

Figure IV.52 FESEM images of EUD/AMPI 20/1 particles precipitated from 

DMSO at 40°C and 40 mg/mL. Effect of the operating pressure: (a) 9 MPa 
(run #2); (b) 10 MPa(run #3). 

Effect of the overall concentration in DMSO 

Since the pressure of 10 MPa led to obtaining microparticles, this value 

was set to study the influence of the overall concentration in DMSO on 

EUD/AMPI composites, at a polymer/drug ratio of 20/1 w/w. Very 

coalescing particles (Figure IV.53a) precipitated at 20 mg/mL (run #4 in 
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Table IV.8); whereas, microparticles were produced by increasing the total 

concentration at 40 and 50 mg/mL (runs #2 and #5 in Table IV.8), as shown 

in Figure IV.53b and Figure IV.53c, respectively. 

  
(a) (b) 

Figure IV.53 FESEM images of EUD/AMPI 20/1 particles precipitated at 

40°C, 10 MPa and (a) 20 mg/mL (run #4); (b) 50 mg/mL (run #5). 

Effect of EUD/AMPI ratio 

The optimized pressure and overall concentration; i.e., 100 MPa and 50 
mg/mL, were selected to investigate the effect of the EUD/AMPI ratio. 

Decreasing the polymer/drug ratio at 10/1 w/w (run #6 in Table IV.8), 

microparticles were produced; a reduction of mean particle size was noted 

with respect to 20/1 ratio, as highlighted by the comparison of PSDs in 
Figure IV.54. Since a worsening the particle morphology slightly was 

observed by varying the ratio from 20/1 to 10/1, it was decided not to further 

reduce the EUD/AMPI ratio. 
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Figure IV.54 Volumetric cumulative PSDs of EUD/AMPI particles 

produced at 40°C, 10 MPa and 50 mg/mL; effect of the polymer/drug ratio. 
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Characterization of EUD/AMPI samples 

FTIR spectra of unprocessed AMPI and Eudragit L100-55, physical 

mixture EUD/AMPI 10/1 w/w and SAS processed EUD/AMPI 10/1 are 
reported in Figure IV.55. FTIR spectrum of pure EUD was characterized by 

absorption bands at around 1157 cm-1, 1184 cm-1 e 1261 cm-1 due to the ester 

vibrations, peaks at about 1701 cm-1 and at 1736 cm-1 attributed to the C=O 
stretching of the carboxylic acid and the vibrations of the esterified carboxyl 

groups, respectively; moreover, the presence of peaks at 1387 cm-1, 1479 cm-

1 e 2979 cm-1 corresponded to CHX vibrations (Majeed et al., 2017). The 

spectra of physical mixture and SAS coprecipited powders EUD/AMPI 
exhibited all the bands related to the polymer, due to its higher amount, and 

some characteristic peaks of the drug, such as peaks at about 646 e 697 cm-1 

attributed to the stretching of S-C bond (Gunasekaran et al., 1996). 
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Figure IV.55 FTIR spectra for unprocessed AMPI and EUD, physical 

mixture polymer/drug 10/1 and SAS processed powders EUD/AMPI 10/1. 

Thermal analyses (Figure IV.56) were performed on unprocessed AMPI 

and Eudragit L100-55 and SAS processed EUD/AMPI 10/1 w/w. EUD has a 

glass transition temperature (Tg) at around 110°C; two endothermic peaks 
appeared in its DSC thermogram, the first due to the dehydration and the 

second peak at about 200 °C, related to the melting of the crystalline portion 

of the polymer (Ceballos et al., 2005). DSC thermogram of pure AMPI 
showed a first endothermic peak due to the loss of volatile compounds and 

another at about 233°C corresponding to the melting point (Marciniec et al., 

2002). The SAS coprecipitated powders had a thermal behavior similar to 
the polymer one, with a slightly higher degree of amorphism, probably due 

to the particle size reduction after SAS process. 



SAS coprecipitation carrier/active compound 

75 

25 50 75 100 125 150 175 200 225 250

 

H
e

at
 F

lo
w

, a
.u

.

Temperature, °C

pure AMPI

pure EUD

SAS EUD/AMPI 10/1

 
Figure IV.56 DSC thermograms of unprocessed AMPI and Eudragit L100-

55, SAS processed EUD/AMPI composites 10/1. 

The dissolution profiles of AMPI in pure form and released from SAS 
EUD/AMPI 20/1 and 10/1 w/w were compared in Figure IV.57. 
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Figure IV.57 Dissolution profiles in PBS at 37°C and pH 7.4. 

Unprocessed AMPI completely dissolved in about 6.5 h, whereas SAS 

processed EUD/AMPI 20/1 and 10/1 took about 26 and 22 h, respectively, 

therefore their complete dissolution was respectively 4 and 3 times slower 
than that of the pure drug. Unfortunately, a very high burst effect was 

observed, equal to about 65% and 80% in the case of 20/1 and 10/1 particles, 
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respectively. This result means that only a small part of AMPI is 

incorporated in the internal area of the composite particles. 

 

IV.4.3 Eudragit/diclofenac coprecipitation 

The influence of pressure, overall concentration of solutes in DMSO and 

polymer/drug ratio was also studied on EUD/DIC systems. A summary of 

some experiments performed at the different process conditions is reported 
in Table IV.9, indicating the obtained morphology, the mean diameter and 

the standard deviation on a volumetric basis. In particular, some results 

reported. 

Table IV.9 SAS experiments performed on Eudragit/diclofenac system (NP: 
nanoparticles; MP: microparticles; cMP: coalescing microparticles). 

# 
EUD/DIC 

(w/w) 

P 

(MPa) 

Ctot 

(mg/mL) 
M 

m.d.±s.d. 

(μm) 

1 0/1 9 20 NP 0.14±0.05 

2 20/1 9 40 MP*+cMP *2.16±0.69 

3 20/1 10 40 MP 2.47±0.71 

4 20/1 10 20 cMP - 

5 20/1 10 50 MP 2.92±0.81 

6 10/1 10 50 MP 1.53±0.45 

 

Effect of the operating pressure 

Firstly, the effect of the pressure was investigated for the system 

EUD/DIC by selecting 9 and 10 MPa as pressures, according to the previous 
results obtained by studying EUD micronization. An overall concentration in 

DMSO of 40 mg/mL and a polymer/drug ratio of 20/1 w/w were also fixed. 

  
(a) (b) 

Figure IV.58 FESEM images of EUD/DIC 20/1 particles precipitated from 

DMSO at 40°C and 40 mg/mL. Effect of the operating pressure: (a) 9 MPa 
(run #2); (b) 10 MPa (run #3). 
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Similarly to EUD/AMPI system, a less degree of coalescence of 

EUD/DIC particles was observed operating at 10 MPa (run #3 in Table 

IV.9) with respect to 9 MPa (run #2 in Table IV.9), as observable from the 
FESEM images reported in Figure IV.58. 

Effect of the overall concentration in DMSO 

Since the pressure of 10 MPa allows the attainment of more-defined 
EUD/DIC particles, the influence of the overall concentration in DMSO at a 

polymer/drug ratio of 20/1 w/w was evaluated in correspondence of that 

pressure. Very coalescing particles precipitated at 20 mg/mL (run #4 in 

Table IV.9), whereas an improvement in morphology was observed by 
increasing the total concentration up to 50 mg/mL (run #5 in Table IV.9). 

Moreover, an increase in particle size was determined by the increase of the 

total concentration; indeed, the mean diameter of microparticles obtained at 
50 mg/mL (about 2.9 µm) was higher than that of particles formed at 40 

mg/mL (about 2.5 µm). 

Effect of EUD/DIC ratio 

The EUD/DIC ratio was decreased from 20/1 to 10/1 w/w (runs #5 and 
#6 in Table IV.9), at the selected conditions of pressure and overall 

concentration of 10 MPa and 50 mg/mL. Slightly irregular and coalescing 

microparticles were produced working at 10/1 w/w; a decrease of the mean 
particle size was also observed by decreasing the polymer/drug ratio. 

 

Characterization of EUD/DIC samples 

FTIR spectra of pure DIC, unprocessed and processed EUD, physical 

mixture EUD/DIC 10/1 w/w and SAS processed EUD/DIC 20/1 and 10/1 are 

reported in Figure IV.59. The spectra of pure and unprocessed EUD showed 

absorption bands at around 1157 cm-1, 1184 cm-1 e 1261 cm-1 due to the ester 
vibrations, peaks at about 1701 cm-1 and at 1736 cm-1 attributed to the C=O 

stretching of the carboxylic acid and the vibrations of the esterified carboxyl 

groups, respectively; moreover, the presence of peaks at 1387 cm-1, 1479 cm-

1 e 2979 cm-1 corresponded to CHX vibrations (Majeed et al., 2017). No 

changes were observed in the polymer at the level of the functional group 

after SAS processing. FTIR spectra of the physical mixture and SAS 
processed EUD/DIC powders clearly showed the characteristic bands of the 

polymer since it is present in more quantity, and few peaks related to DIC as 

the stretching of C-Cl bond at about 720 cm-1 (Edavalath et al., 2011).  
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Figure IV.59 FTIR spectra for unprocessed and SAS processed EUD, 

unprocessed DIC, physical mixture and SAS processed EUD/DIC powders. 

DSC thermograms of unprocessed DIC, unprocessed and processed EUD 

and SAS processed EUD/drug 20/1 and 10/1 w/w are reported in Figure 

IV.60. The DSC curve of pure DIC showed two endothermic peaks, the first 
one related to the dehydration and the second one at about 288°C 

corresponding to the melting point (Tiţa et al., 2011). The thermogram of 

unprocessed EUD had two endothermic peaks, the first one due to the loss of 
water and the other one at about 200°C related to the melting of the 

crystalline portion of the polymer (Ceballos et al., 2005). Moreover, in 

agreement with the literature (Jadhav et al., 2014), unprocessed EUD is 
characterized by a glass transition temperature (Tg) at around 119°C, slightly 

shifted at lower temperature (around 112°C) for SAS processed EUD due to 

the scCO2 plasticizing effect in presence of semicrystalline polymers (Lian et 

al., 2006, Campardelli et al., 2019a). The thermal behavior of SAS 
coprecipitated powders is similar to the polymer one. The absence of the 

melting point of the drug in the thermograms of the coprecipitated powders 

can be ascribed to the amorphization. Moreover, because of the particle size 
reduction, a slightly higher degree of amorphism is detected both in SAS 

processed polymer and SAS coprecipitated powders with respect to 

unprocessed EUD, as observable from the less pronounced melting peak 
linked to the crystalline portion of the polymer. 
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Figure IV.60 DSC thermograms of unprocessed and SAS processed EUD, 

unprocessed drugs, and SAS processed EUD/drug powders. 

XRD patterns of pure DIC, unprocessed EUD and SAS processed 

EUD/drug 10/1 w/w are reported in Figure IV.61. XRD analyses confirmed 

the outcomes deduced by DSC thermograms; i.e., the pure drugs were in a 
crystalline state, the pure EUD showed a semi-crystalline pattern, whereas 

the coprecipitated powders were characterized by an amorphous behavior. 
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Figure IV.61 XRD patterns of unprocessed EUD and DIC, and SAS 
processed EUD/DIC powders. 

Dissolution tests were performed using UV-vis spectroscopy to compare 

the dissolution rate of unprocessed drug with the drug coprecipitated with 
EUD. The dissolution profiles in PBS of the unprocessed DIC, physical 
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mixture EUD/DIC 10/1 w/w and SAS processed EUD/DIC 20/1 and 10/1 are 

reported in Figure IV.62. Pure DIC and DIC present in the physical mixture 

were completely released in about 4 h and 10 h, respectively. The delayed 
effect of the drug release due to the coprecipitation with the polymer is 

evident since the complete dissolution is achieved for both SAS 

coprecipitated powders 20/1 and 10/1 in about 100 h with a similar burst 
effect (about 45%), which is ascribable to the drug portion located near/on 

the surface of the particles. In summary, the dissolution of DIC 

coprecipitated with EUD was about 28 times slower with respect to the 

unprocessed NSAID.  
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Figure IV.62 Dissolution profiles in PBS at 37 °C and pH 7.4. 

Discussion 

Summarizing the results related to the use of Eudragit L100-55 as carrier 

for AMPI and DIC, namely the first two active principles selected, it can be 

asserted that the coprecipitation was achieved only in part, since small and 
sometimes irregular microparticles generally precipitated. The UV-vis 

dissolution tests highlighted that a very high burst effect in the range 65-80% 

was obtained in the case of EUD/AMPI particles (size in the range 1.5-2.5 
µm), indicating that the coprecipitation failed at least to some extent. The 

burst-like effect slightly decreased in the case of EUD/DIC composites 

(about 45%), which were characterized by larger particle size (in the range 
1.5-2.9 µm) with respect to those obtained with the other system. Once again 

it is possible to correlate the particle size to the percentage of drug that can 

actually be trapped in the polymeric matrix, as verified in the previous 

paragraph using zein as carrier. 
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IV.4.4 Eudragit/theophylline coprecipitation 

In order to achieve a control of the chronic bronchial asthma, THEOP 

was selected as model bronchodilatator drug to be coprecipitated with EUD. 

A summary of several experiments performed at different process conditions 
is reported in Table IV.10, indicating the obtained morphology, the mean 

diameter and the standard deviation on a volumetric basis. 

Table IV.10 SAS experiments performed on Eudragit/theophylline system 
(C: crystals; MP: microparticles; cMP: coalescing microparticles; EMP: 

expanded microparticles). 

# 
EUD/THEOP 

(w/w) 

P 

(MPa) 

Ctot 

(mg/mL) 
M 

m.d.±s.d. 

(μm) 

1 0/1 9 20 C - 

2 20/1 10 40 C - 

3 20/1 10 20 C+MP* *6.79±1.84 

4 20/1 12 20 MP 5.93±1.62 

5 20/1 15 20 cMP 1.64±0.32 

6 20/1 12 40 MP 5.65±1.66 

7 10/1 12 40 MP*+EMP *3.75±1.08 
 

A preliminary test was performed by processing THEOP alone at 40°C, 9 

MPa and a drug concentration in DMSO equal to 20 mg/mL (run #1 in 

Table IV.10). At the end of SAS test, no powder was found in the 
precipitation chamber, because it was probably extracted by the mixture 

formed by the organic solvent and scCO2. Long crystals of THEOP were 

observed by analyzing at FESEM the very few granules that were recovered. 
It was possible to conclude that THEOP is not a good candidate for SAS 

micronization. In order to successfully coprecipitate the model 

bronchodilator drug with EUD, the effect of the pressure, the overall 
concentration of EUD/THEOP in DMSO and the polymer/drug ratio on the 

morphology and size of the produced composite particles was investigated. 
 

Effect of the operating pressure 

Considering that the pressure of 10 MPa gave the best results in terms of 

sphericity and mean diameter of the powders both in the case of EUD/AMPI 

and EUD/DIC coprecipitation, preliminary tests with the system 

EUD/THEOP 20/1 w/w at 40 mg/mL (run #2 in Table IV.10) and 20 
mg/mL (run #3 in Table IV.10) were performed in correspondence of this 

pressure. Using this system, crystals and crystals precipitated with 

coalescing microparticles (as shown in Figure IV.63a and Figure IV.63b 
for run #3) were obtained at 40 mg/mL and 20 mg/mL, respectively. This 

outcome may be explained taking into account the thermodynamic aspects. 

Considering the temperature of 40°C, the MCP of the binary system 
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DMSO/CO2 is located at 8.61 MPa (Andreatta et al., 2007b); it means that 

the operating point at 10 MPa is above the MCP. However, the presence of 

the solutes can modify the high-pressure VLEs of the system, and the MCP 
of the quaternary system EUD/THEOP/DMSO/scCO2 could shift towards 

higher pressures with respect to the one of the binary system solvent-

antisolvent. This shift of the MCP towards higher pressures is generally 
more evident by increasing the concentration of the solutes in the liquid 

solution (Campardelli et al., 2017b, Campardelli et al., 2019b). In this 

specific case, the presence of THEOP probably modified the high-pressure 

VLEs, thus the operating point at 10 MPa could be below the MCP and lie in 
the biphasic region, from which a split of the precipitated solute in two 

morphologies may occur; i.e., crystals and microparticles as in case of run 

#3. In the following set of experiments, with the aim of shifting the operating 
point above the MCP, the total concentration in DMSO was fixed at 20 

mg/mL, and the effect of pressure in the range 10-15 MPa (runs #3-5 in 

Table IV.10) was evaluated. Well-defined spherical microparticles (Figure 

IV.63c) were obtained in correspondence of a pressure of 12 MPa, whereas 
slightly coalescing microparticles precipitated at 15 MPa (Figure IV.63d). 

Moreover, it was observed that the particles mean diameter decreased by 

increasing the pressure, as shown by the comparison of the volumetric 
cumulative PSDs reported in Figure IV.64. 

  
(a) (b) 

  
(c) (d) 

Figure IV.63 FESEM images of EUD/THEOP 20/1 powders precipitated 
from DMSO at 40°C, 20 mg/mL and (a) 10 MPa (run #3) filter; (b) 10 MPa 

(run #3) precipitating chamber; (c) 12 MPa (run #4); (d) 15 MPa (run #5). 
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Figure IV.64 Volumetric cumulative PSDs of EUD/THEOP 20/1 particles 

precipitated from DMSO at 40°C and 20 mg/mL; the effect of pressure. 

Effect of the overall concentration in DMSO 

For the system EUD/THEOP 20/1 w/w, the effect of the overall 
concentration in DMSO was evaluated at the optimized pressure of 12 MPa 

in the range 20-40 mg/mL (runs #4 and #6 in Table IV.10). Well-defined 

microparticles were obtained at 40 mg/mL as well as at 20 mg/mL, and no 
significant changes in terms of particle size occurred. 

 

Effect of EUD/THEOP ratio 

EUD/THEOP ratio was decreased from 20/1 to 10/1 w/w, fixing the 

pressure at 12 MPa and the total concentration at 40 mg/mL. Well-defined 
microparticles (Figure IV.65a) were obtained at 10/1 w/w (run # 7 in Table 

IV.10), with lower average size than the particles produced at 20/1, as shown 

from the comparison of the volumetric cumulative PSDs in Figure IV.66.  

  
(a) (b) 

Figure IV.65 FESEM images of EUD/THEOP 10/1 w/w precipitated from 

DMSO at 40°C, 12 MPa and 40 mg/mL (run #7): (a) microparticles and (b) 

expanded microparticles. 
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The presence of few larger particles (Figure IV.65b) with an internal 

structure characterized by holes was also noted working at 10/1 w/w. This 

outcome can be ascribed to the higher influence of theophylline on the 
VLEs, since a higher concentration in the liquid solution can cause the MCP 

shift at higher pressures. 
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Figure IV.66 Volumetric cumulative PSDs of EUD/THEOP particles 

precipitated from DMSO at 40°C, 12 MPa and 40 mg/mL; effect of the 
polymer/drug ratio. 

Characterization of EUD/DIC samples 

FTIR spectra of unprocessed THEOP, unprocessed and processed EUD, 

physical mixture EUD/ THEOP 10/1 w/w and SAS processed EUD/ THEOP 

20/1 and 10/1 are reported in Figure IV.67. FTIR spectra of pure and 
unprocessed EUD is characterized by absorption bands at around 1157 cm-1, 

1184 cm-1 e 1261 cm-1 due to the ester vibrations, peaks at about 1701 cm-1 

and at 1736 cm-1 attributed to the C=O stretching of the carboxylic acid and 

the vibrations of the esterified carboxyl groups, respectively; moreover, the 
presence of peaks at 1387 cm-1, 1479 cm-1 e 2979 cm-1 corresponded to CHX 

vibrations (Majeed et al., 2017). No changes were observed in the polymer at 

the level of the functional group after SAS processing. In addition to EUD 
characteristic peaks, FTIR spectra of physical mixture and SAS processed 

EUD/THEOP powders exhibited several absorption bands attributed to 

THEOP, such as at 3120 cm-1 assigned to the N-H stretching, at 3060 and 
2989 cm-1 related to the C-H stretching, at about 1718 and 1667 cm-1 

assigned to the carbonyl stretching and at 1307 cm−1 due to the C–O 

stretching (Kesavan and Peck, 1996, Kumar Singh Yadav and Shivakumar, 

2012, Lin et al., 2013). 
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Figure IV.67 FTIR spectra for unprocessed and SAS processed EUD, 

unprocessed THEOP, physical mixture polymer/drug and SAS processed 
EUD/THEOP coprecipitated powders. 

DSC thermograms of unprocessed THEOP, unprocessed and processed 

EUD and SAS processed EUD/ THEOP 20/1 and 10/1 w/w are reported in 
Figure IV.68. The DSC thermogram of pure THEOP showed an 

endothermic peak at around 272°C, which is its melting point (Ochoa et al., 

2005). The thermogram of unprocessed EUD had two endothermic peaks, 
the first one due to the loss of water and the other one at about 200°C related 

to the melting of the crystalline portion of the polymer (Ceballos et al., 

2005). Moreover, in agreement with the literature (Jadhav et al., 2014), 
unprocessed EUD is characterized by a glass transition temperature (Tg) at 

around 119°C, slightly shifted at lower temperature (around 112°C) for SAS 

processed EUD due to the scCO2 plasticizing effect in presence of 

semicrystalline polymers (Lian et al., 2006, Campardelli et al., 2019a). The 
thermal behavior of SAS coprecipitated powders is similar to the polymer 

one. The absence of the melting point of the drug in the thermograms of the 

coprecipitated powders can be ascribed to the amorphization. Moreover, 
because of the particle size reduction, a slightly higher degree of amorphism 

is detected both in SAS processed polymer and SAS coprecipitated powders 

with respect to unprocessed EUD, as observable from the less pronounced 
melting peak linked to the crystalline portion of the polymer. 
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Figure IV.68 DSC thermograms of unprocessed and SAS processed EUD, 

unprocessed THEOP, and SAS processed EUD/THEOP powders. 

XRD patterns of pure THEOP and EUD, and SAS processed 

EUD/THEOP 10/1 w/w are reported in Figure IV.69. XRD analyses 

confirmed the outcomes deduced by DSC ones; i.e., the pure drugs were in a 
crystalline state, the pure EUD showed a semi-crystalline pattern, whereas 

the coprecipitated powders were characterized by an amorphous behavior. 
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Figure IV.69 XRD patterns of unprocessed EUD and THEOP, and SAS 

processed EUD/THEOP powders. 

Dissolution tests in PBS of pure THEOP, physical mixture EUD/THEOP 

10/1 w/w and SAS processed EUD/ THEOP 20/1 and 10/1 are reported in 
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Figure IV.70. As for pure THEOP e and the physical mixture, the time 

taken for the complete release is practically the same (about 2.3 e 2.6 h, 

respectively). Differently, SAS coprecipitated EUD/ THEOP 10/1 and 20/1 
w/w powders require for the complete drug dissolution about 118 h and 130 

h, respectively; therefore, also in this case, the release was considerably 

prolonged using EUD, up to about 57 times. Moreover, by increasing the 
polymer/drug ratio from 10/1 to 20/1 w/w, the drug release burst decreased 

from 60% to 20%. The difference in the release of EUD/THEOP 10/1 and 

20/1 w/w can be explained, according to the literature (Brzeziński et al., 

2019), to the size of the microparticles. Indeed, increasing the powders’ 
diameter, the portion of the drug finely dispersed in the polymer 

microparticle increased and, correspondingly, the portion of drug disposed 

on the polymer surface decreased. This corresponds to a reduction of the 
initial drug release burst observed in the case of EUD/THEOP 20/1 w/w. 
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Figure IV.70 Dissolution profiles in PBS at 37°C and pH 7.4. 

Discussion 

Unlike the two previous systems investigated using Eudragit L100-55 as 

carrier, well-defined microspheres were produced for EUD/THEOP system, 

assuring a massive coprecipitation with a burst effect that reduced up to a 

value of 20% for EUD/THEOP 20/1 w/w. It was also proved that EUD can 
have a great influence on the morphology of coprecipitates, making the 

coprecipitation possible even with active compounds that are bad candidates 

for SAS micronization, as occurred with THEOP. The whole 
experimentation conducted on Eudragit L100-55 showed that different 

results can be reached with different drugs even using the same carrrier, 

proving once again that the interactions between polymer, active principle, 
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scCO2, and liquid solvent can affect the high-pressure VLEs and modify the 

processability of materials. Accurately selecting the process conditions based 

on the couple EUD-drug, composite microspheres can be produced. It can be 
asserted that Eudragit L100-55 is an effective carrier for SAS coprecipitation 

to formulate controlled drug delivery systems.  

 
 

IV.5 The use of cyclodextrin as polymeric carrier 

SAS micronization of cyclodextrins was fully investigated in a previous 

work, by changing the operating pressure, the temperature and the CD 

concentration in DMSO (De Marco and Reverchon, 2008). However, the 
preparation of inclusion complexes coprecipitating the active compound 

with these oligosaccharides by SAS has to be further explored, as mentioned 

in the ‘State of the art’ section. Among various, β-cyclodextrin emerged as 
the most promising one for SAS process, due to its tendency to precipitate in 

the form of spherical particles. However, its use is limited to very few SAS 

works, in which a remarkable enhancement of the dissolution rate of the 

drug incorporated in the β-CD cavity did not emerge (Lee et al., 2010, 
Nerome et al., 2013, Jia et al., 2018). Therefore, aiming at ensuring that β-

CD was an effective carrier to obtain inclusion complexes by SAS 

technique, its coprecipitation was studied firstly with two NSAIDs, namely 
NIM and KET, and then RUT as natural active compound. 

In agreement with the literature studies focused on guest/host inclusion 

complexes, the nomenclature drug/β-CD was used in this part of the work, as 

well as the mol/mol ratio was specified. Inclusion complexes were often 
obtained at guest/β-CD ratios equal to 1/2 mol/mol and 1/1 mol/mol, and 

even, although in few cases, 2/1 mol/mol; other ratios like 1/3 mol/mol were 

also proposed in the literature, as mentioned in the ‘State of the art’. For all 
SAS experiments performed on guest/β-CD systems, DMSO as the liquid 

solvent, a temperature of 40°C, CO2 flow rates of 30 g/min and liquid 

solution equal to 1 mL/min were employed to ensure that the operating point 
lies in the supercritical mixture region (Andreatta et al., 2007b). 

 

IV.5.1 Preparation of NSAID/β-CD complexes 

Firstly, two model NSAIDs, namely NIM and KET, were coprecipitated 

with β-CD, to obtain inclusion complexes. The effect of the pressure, the 
concentration of solutes in DMSO and the drug/carrier mol/mol ratio was 

investigated on the morphology/size of composite particles produced. A list 

of the tests performed at different conditions is reported in Table IV.11, 
specifying the morphology of the obtained particles, along with the mean 

diameter and standard deviation on a volumetric basis. It is worth noting that 

the NSAID/β-CD molar ratios studied, gradually incrased from 1/3 or 1/2 to 
2/1 mol/mol, approximately correspond to 1/10, 1/5 and 1/2 w/w. 
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Table IV.11 SAS experiments performed on NSAID/β-CD systems (NP: 

nanoparticles; cSMP: coalescent sub-microparticles; MP: microparticles; 

cMP: coalescent microparticles; liq: liquid). 

# NSAID 
NSAID/CD 

(mol/mol) 

P 

(MPa) 

Ctot 

(mg/mL) 
M 

m.d.±s.d. 

(μm) 

1 - 0/1 9 100 MP 1.91±0.54 

2 

NIM 

1/0 9 20 - - 

3 1/3 9 100 MP 0.59±0.28 

4 1/3 12 100 MP 0.59±0.20 

5 1/3 15 100 MP+NP - 

6 1/3 9 150 MP 3.39±1.05 

7 1/3 9 200 cMP - 

8 1/1 9 150 MP 2.14±0.60 

9 1/1 9 200 MP 2.31±1.02 

10 2/1 9 200 MP 1.90±0.55 

11 

KET 

1/0 9 20 cSMP 0.30±0.12 

12 1/2 9 100 MP 3.26±0.93 

13 1/2 12 100 cMP 0.55±0.20 

14 1/2 15 100 NP - 

15 1/2 9 200 MP 4.76±1.44 

16 1/1 9 200 liq+cMP - 

17 1/1 12 200 MP 2.47±0.72 

18 2/1 12 200 MP 0.65±0.20 
 

A preliminary test performed by micronizing NIM alone at 40°C, 9 MPa 

and a drug concentration in DMSO of 20 mg/mL (run #2 in Table IV.11) 

revealed that NIM was completely extracted by the mixture scCO2/DMSO. 

Conversely, as reported in the paragraph IV.2.1, a part of KET precipitated 
in form of coalescing sub-microparticles (Figure IV.2b), whereas the 

remaining part was extracted. On the other hand, when it is micronized by 

SAS, β-CD has the tendency to precipitate in form of microparticles at 
various process conditions (De Marco and Reverchon, 2008); for example, 

in Figure IV.71, β-CD microparticles obtained at 40°C, 9 MPa and a 

oligosaccharide concentration in DMSO of 100 mg/mL (run #1) are shown. 

 
Figure IV.71 FESEM image of β-CD precipitated from DMSO at 9 MPa, 

40°C and 100 mg/mL (run #1). 
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Effect of the operating pressure 

Firstly, the influence of the pressure was evaluated by gradually 

increasing it from 9 MPa up to 15 MPa. The total concentration of solutes in 
DMSO was fixed at 100 mg/mL. 

Regarding the system NIM/β-CD, by selecting a NSAID/carrier molar 

ratio of 1/3, well-defined microparticles were produced at 9 MPa (Figure 

IV.72a) and 12 MPa (Figure IV.72b); whereas, working at 15 MPa, slightly 

coalescent nanoparticles (Figure IV.72c) precipitated. 

  
(a) (b) 

 
(c) 

Figure IV.72 FESEM images of particles NIM/β-CD 1/3 mol/mol 

precipitated from DMSO at 40°C and 100 mg/mL. Effect of the operating 

pressure: (a) 9 MPa (run # 3); (b) 12 MPa (run # 4); (c) 15 MPa (run #5). 

 

 

Concerning the system KET/β-CD at a molar ratio 1/2, microparticles 

(Figure IV.73a) and coalescent microparticles (Figure IV.73b) were 

produced at 9 MPa and 12 MPa, respectively; whereas, nanoparticles 
precipitated at 15 MPa, as observable in Figure IV.73c. 

For both the NSAIDs, a decrease of the particles’ dimensions was noted 

by increasing the operating pressure. 
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(a) (b) 

 
(c) 

Figure IV.73 FESEM images of particles KET/β-CD 1/2 mol/mol 

precipitated at 40°C and 100 mg/mL. Effect of the operating pressure: (a) 9 

MPa (run # 12); (b) 12 MPa (run # 13); (c) 15 MPa (run #14). 

Effect of the overall concentration in DMSO 

The pressure of 9 MPa, which led to regular microparticles at 100 
mg/mL, was fixed to study the effect of the overall concentration in DMSO 

for both the NSAIDs. For the system NIM/β-CD 1/3 mol/mol, well-defined 

microparticles (Figure IV.74a) precipitated at 150 mg/mL (run #6 in Table 

IV.11), characterized by larger size than the particles obtained at 100 

mg/mL. By increasing the total concentration up to 200 mg/mL (run #7 in 

Table IV.11), coalescent and irregular microparticles were instead obtained. 

The effect of the overall concentration on the morphology of the obtained 
powders was different when KET is used as the active principle. Indeed, in 

correspondence of an overall concentration of solutes in DMSO equal to 200 

mg/mL (run #15 in Table IV.11), well-separated microparticles KET/β-CD 
1/2 mol/mol were produced (Figure IV.74b). 
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(a) (b) 

Figure IV.74 FESEM images of particles precipitated from DMSO at 40°C 

and 9 MPa: (a) NIM/β-CD 1/3 mol/mol at 150 mg/mL (run # 6); (b) KET/β-

CD 1/2 mol/mol at 200 mg/mL (run # 15). 

The mean diameter of the NSAID/β-CD particles increased and the PSD 

enlarged by increasing the overall concentration of solutes in DMSO, as 
shown, for example, in Figure IV.75 through the comparison of the 

volumetric cumulative PSDs at different KET+CD concentration in DMSO. 
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Figure IV.75 Volumetric cumulative PSDs of KET/β-CD 1/2 mol/mol 
precipitated from DMSO at 40°C and 9 MPa; effect of the overall 

concentration in DMSO. 

Effect of NSAID/β-CD molar ratio 

Since the drug/β-CD molar ratio can strongly affect the complex 

inclusion formation, the effect of this parameter on the morphology, and the 

dimensions of the particles was evaluated. 
Regarding the system NIM/β-CD, two tests at a molar ratio equal to 1/1 

were performed by setting the pressure at 9 MPa, but fixing the total 
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concentration in DMSO at 150 mg/mL (run #8 in Table IV.11) and 200 

mg/mL (run #9 in Table IV.11). NIM/β-CD 1/1 mol/mol microparticles 

were obtained in both cases, but they were well-defined by working with the 
higher value of concentration (Figure IV.76a). Therefore, the NIM/β-CD 

ratio was further increased up to 2/1 mol/mol by fixing 200 mg/mL as the 

concentration (run #10 in Table IV.11), again producing microparticles 
(Figure IV.76b). Comparing the volumetric cumulative PSDs obtained at 

different NIM/β-CD molar ratios (Figure IV.76c), it can be observed that 

the particle size increased by reducing the NIM/β-CD molar ratio. 
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Figure IV.76 FESEM images of NIM/β-CD particles precipitated from 
DMSO at 40°C, 9 MPa, 200 mg/mL and a NSAID/CD ratio (a) 1/1 mol/mol 

(run # 9) and (b) 2/1 mol/mol (run # 10); (c) volumetric cumulative PSDs of 

NIM/β-CD particles at different NIM/β-CD molar ratios. 

Considering the system KET/β-CD, the molar ratio was fixed at 1/1, 

working at a pressure of 9 MPa and a concentration in DMSO equal to 200 

mg/mL (run #16 in Table IV.11). At the end of this test, some liquid was 
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found in the precipitator; very little powder was recovered and analyzed by 

FESEM, revealing the attainment of very coalescent microparticles. The 

presence of liquid into the precipitation chamber can be explained, taking 
into account thermodynamic aspects. At the operating conditions of 40°C/9 

MPa, the working point is theoretically above the MCP of the binary system 

DMSO/scCO2 (i.e; 40°C/8.6 MPa). However, the presence of a high KET 
content could have modified the high-pressure VLEs of the system; as a 

consequence, the MCP of the quaternary system DMSO/KET/β-CD/scCO2 

would have shifted towards higher pressures compared to the MCP of the 

binary system DMSO/scCO2. Therefore, the operating point could be below 
the MCP and lie in the biphasic region in case of run #16. 

According to this consideration, the following tests about the influence of 

the KET/β-CD ratio (runs #17 and #18 in Table IV.11) were conducted at 
200 mg/mL and 12 MPa, to assure that the operating point is above the MCP 

of the quaternary system. Indeed, spherical microparticles were produced 

both at a KET/β-CD molar ratio of 1/1 (Figure IV.77a) and 2/1 (Figure 

IV.77b), with particle size that decreased by increasing the NSAID amount. 

  
(a) (b) 

Figure IV.77 FESEM images of KET/β-CD particles precipitated from 

DMSO at 40°C, 12 MPa, 200 mg/mL and a NSAID/CD ratio (a) 1/1 mol/mol 

(run # 17) and (b) 2/1 mol/mol (run # 18). 

Characterization of NSAID/β-CD samples 

The samples produced by SAS were characterized by different analytic 

techniques in order to prove the successful complexation. 
Firstly, FTIR analyses were conducted. FTIR spectra of unprocessed and 

processed NSAIDs and β-CD, physical mixtures NSAID+β-CD (1/1 

mol/mol), and SAS processed NSAID/β-CD at different molar ratios were 

reported in Figure IV.78 and Figure IV.79 for NIM and KET, respectively. 
The spectrum of unprocessed β-CD exhibited the characteristic bands 

attributed to the C-O stretching vibrations of glycosidic bond, primary 

alcohol, and cyclic alcohol at 1022 cm-1, 1638 cm-1 and 1156 cm-1, 
respectively (Mahmood et al., 2016). FTIR spectra of unprocessed and 

processed β-CD are similar, therefore the material did not undergo chemical 

changes in presence of the supercritical CO2, such as carbonation reactions. 
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Figure IV.78 FTIR spectra of pure NIM, unprocessed and SAS processed β-
CD, physical mixture and SAS NIM/β-CD complexes at various molar ratios. 
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Figure IV.79 FTIR spectra of unprocessed and SAS processed KET and β-

CD, physical mixture and SAS KET/β-CD complexes at various molar ratios. 

The FTIR spectrum of pure NIM showed different characteristic bands 

such as the peaks at 3283 cm-1 and 2928 cm-1 due to the N-H vibrations and 

the aliphatic C-H stretching, respectively; bands at about 1590 cm-1 and 1250 

cm-1 indicating the asymmetric and symmetric stretching of NO2; peaks at 
about 1150 cm-1 attributed to SO2 stretching and the C-O-C ether linkage at 

about 1210 cm-1 (Begum et al., 2015). The spectrum of pure KET was 
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characterized by absorption bands at 1598 cm−1, 1580 cm−1 and 1455 cm−1 

due to the C=C stretching of the aromatic ring; at 1440 cm−1 and 1370 cm−1 

attributed to the C–H asymmetric and symmetric deformation of CH3; at 
1693 cm−1 and 1650 cm−1, also observed in the spectrum of the physical 

mixture KET + β-CD, indicating the C=O stretching of acid and ketone, 

respectively (Yadav et al., 2013). No substantial changes occurred after SAS 
processing the KET, since the FTIR spectra of unprocessed and processed 

KET are similar. Some of these characteristic bands of each NSAID were 

observed in the spectra of the physical mixtures NSAID+β-CD. Instead, the 

NSAID absorption bands were not detected in the spectra of NDAID/β-CD 
complexes precipitated by SAS, whose spectra were similar to the 

oligosaccharide one. In many papers (Jun et al., 2007, Cannavà et al., 2008, 

Al-Marzouqi et al., 2009, Lee et al., 2010, Zhou et al., 2012, Mohan et al., 
2012, Huang et al., 2016, Chen et al., 2017, Sun et al., 2019), any changes in 

the FTIR spectra, such as the shift or the disappearance of absorption bands 

or the reduction in peak intensity, were attributed to the formation of 

inclusion complexes due to weak intermolecular interactions. Therefore, the 
disappearance of the peaks of NSAIDs into inclusion complexes obtained by 

SAS, even at high molar ratio NSAID/β-CD equal to 2/1, demonstrated that 

the NSAID was incorporated into the β-CD cavity, by forming the guest/host 
inclusion complex. Moreover, it was noted that the characteristic NIM band 

at 2928 cm-1 shifted/stretched towards lower wavenumbers in the case of the 

inclusion complexes. This modification was probably due to the formation of 
hydrogen bonds with the primary and secondary hydroxyl groups of β-CD 

(Attoui-Yahia et al., 2015, Moyers-Montoya et al., 2016, Di Capua et al., 

2017a). Further analyzes, reported below, were carried out to assert the 

effective complexation (DSC, XRD, UV-vis), but also the presence of the 
drug in the SAS-processed powders (UV-vis). 

DSC thermograms of unprocessed NSAIDs and β-CD and SAS processed 

NSAID/β-CD at different molar ratios were reported in Figure IV.80 and 
Figure IV.81 for NIM and KET, respectively. The thermograms of 

unprocessed NSAIDs are characterized by an endothermic peak related to 

the melting point at about 150°C and 96°C for pure NIM and KET, 
respectively. The curve of the pure β-CD showed a broad peak in the range 

75-115°C, corresponding to the loss of water molecules. It is possible to note 

a reduction in the peak intensity related to the dehydration in the case of all 

SAS coprecipitated powders compared to those of unprocessed β-CD. 
According to the literature (Olaru et al., 2009), the water molecules located 

in the β-CD cavity were replaced by the hydrophobic “guest” (the NSAID), 

to reach a lower and more stable energy state with the formation of the 
inclusion complex. Additionally, the partial or complete disappearance of the 

NSAID melting peak in the thermograms of the SAS powders also indicated 

that the complexation occurred (Jun et al., 2007, Zhou et al., 2012, Huang et 

al., 2016); i.e., the NSAID is hidden into the cavity of the amorphous β-CD. 
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Figure IV.80 DSC thermograms of unprocessed NIM and β-CD, and SAS-

processed NIM/β-CD complexes at different molar ratios. 
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Figure IV.81 DSC thermograms of unprocessed KET and β-CD, and SAS-

processed KET/β-CD complexes at different molar ratios. 

XRD analysis was also carried out to validate the results obtained from 

the previous analyses about the complexes formation. The XRD patterns of 

unprocessed NSAIDs and β-CD, and SAS processed NSAID/β-CD at 
different molar ratios were reported in Figure IV.82 and Figure IV.83 for 

NIM and KET samples, respectively. The diffractograms of unprocessed 

NIM, KET, and β-CD showed the strong sharp peaks characteristic of each 
material, proving their crystalline nature. However, the CD micronization 

therefore led to a loss of the oligosaccharide crystallinity. Indeed, the 
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patterns of SAS NIM/β-CD and KET/β-CD powders at all the molar ratios 

indicated an amorphous state of the structure. In the literature, this change in 

the solid phase was also attributed to an interaction between the drug and β-
CD when inclusion complexes are formed (Jun et al., 2007). In detail, the 

characteristic peaks of the drugs disappeared in the patterns of SAS 

complexes, since the NSAID molecules were incorporated and hidden in the 
cavity of the amorphous micronized CDs. 
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Figure IV.82 XRD patterns of unprocessed NIM and β-CD, and SAS-

processed NIM/β-CD complexes at different molar ratios. 
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Figure IV.83 XRD patterns of unprocessed KET and β-CD, and SAS-

processed KET/β-CD complexes at different molar ratios. 
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Dissolution tests, performed to compare the dissolution rate of each 

NSAID in pure form and from SAS particles at different NSAID/β-CD 

molar ratios, are reported in Figure IV.84 and Figure IV.85 for NIM and 
KET, respectively. In agreement with the literature, the dissolution tests of 

NIM samples were achieved in PBS at pH 7.4 (Prosapio et al., 2016b); a HCl 

0.1 M solution (pH 2.5) was instead chosen as dissolution medium for KET 
samples to simulate the gastrointestinal stomach acidity (Yang et al., 2008b, 

Sultanova et al., 2016), because it is a more acidic drug than NIM. Thus, a 

large part of KET is already absorbed in the gastric tract (Singh et al., 1999). 
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Figure IV.84 Dissolution profiles in PBS at pH 7.4 and 37°C. 
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Figure IV.85 Dissolution profiles in HCl solution at pH 2.5 and 37°C. 
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As can be observed in Figure IV.84, the complete dissolution of NIM in 

PBS was reached in about 67 h and 30 h as unprocessed drug and from 

physical mixture NIM+CD, respectively. NIM from SAS particles produced 
at a molar ratio equal to 1/2 completely dissolved in about 20 h. The 

dissolution profiles of SAS NIM/β-CD 1/1 and 2/1 mol/mol are similar, 

achieving the complete dissolution in 3.8 h and 3.2 h, respectively. The time 
of NIM dissolution was decreased in the case of NIM/β-CD inclusion 

complexes, up to approximately 21 times for NIM/β-CD 2/1 mol/mol 

compared to pure NIM. Unprocessed KET completely dissolved in HCl 

solution in almost 8 h, whereas the drug from the physical mixture KET+CD 
dissolved in about 6 h. KET released from inclusion complexes took about 

5.2 h, 2 h, and 1.1 h for KET/β-CD molar ratio of 1/2, 1/1 and 2/1, 

respectively. KET dissolution rate was enhanced because of the formation of 
inclusion complexes, up to be about 7 times faster in the case of KET/β-CD 

2/1 mol/mol with respect to the unprocessed KET. In the case of the 

complexes containing both NIM and KET, the NSAID dissolution rate 

enhanced as the NSAID/β-CD ratio increased. This trend may seem unusual 
if compared with the results obtained in other papers focused on the 

production of composite particles by SAS technique or other processes, in 

which the drug dissolution kinetics are more strongly influenced by 
increasing the amount of the carrier (Ha et al., 2015b, Won et al., 2005, 

Patomchaiviwat et al., 2008, Jung et al., 2012, Montes et al., 2014a, 

Machmudah et al., 2020). However, the trend obtained in the case of the 
NSAID/β-CD complexes was already observed, for example, in the study of 

Di Capua et al. (Di Capua et al., 2017a). In this paper, the observed trend in 

release kinetics was affected by the formation of weak intermolecular 

interactions, which positively influence the dissolution rate, as occurs in the 
case of the formation of drug/β-CD complexes. This outcome is, therefore, a 

further demonstration that the formation of NIM/β-CD and KET/β-CD 

inclusion complexes occurred. Moreover, unlike KET, from Figure IV.84 it 
can be noted that the dissolution profiles of NIM/β-CD 1/1 and 2/1 mol/mol 

are very similar, probably indicating an incomplete inclusion in the case of 

NIM/β-CD ratio 2/1 mol/mol (Lu et al., 2009). This result can be also 
confirmed by considering the outcomes of DSC analyses (Figure IV.80). In 

particular, in the thermogram of complexes NIM/β-CD 2/1 mol/mol, the 

characteristic melting peak of NIM can be noted at least in a small part, 

meaning that part of NIM molecule was not incorporated in the CD cavity. 
Therefore, by increasing the NIM/β-CD molar ratio from 1/1 to 2/1, a partial 

inclusion complex probably begins to occur; thus, the 1/1 molar ratio can be 

considered as a limit for a complete complexation NIM/β-CD. On the 
contrary, the inclusion complexation is total in the case of KET even at 

NSAID/β-CD ratio 2/1 mol/mol, since the KET melting peak completely 

disappeared (Figure IV.81), as a symptom that KET was wholly 

incorporated and hidden into the CD cavity. As a consequence, the 
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dissolution of KET was further accelerated with the formation of KET/β-CD 

2/1 inclusion complex. This explanation can be also asserted by the size of 

NIM molecule (308 Da), which is larger than KET (254 Da). 

Discussion 

The preparation of inclusion complexes containing NSAIDs, namely 

NIM and KET, was achieved by SAS coprecipitation using β-CD as the 
carrier. The attainment of well-defined composite microparticles is possible 

by optimizing the process condition for each couple NSAID/β-CD. The 

FTIR and DSC analyses proved the formation of NSAID/β-CD inclusion 

complexes at all the studied molar ratios. Indeed, the characteristic 
bands/peaks of each drug disappeared in the FTIR spectra/DSC thermograms 

of inclusion complexes. The attainment of inclusion complexes was also 

confirmed by changes in the solid-state emerged from XRD analyses, 
comparing the inclusion complexes and the unprocessed materials. It was 

also demonstrated that β-CD is an effective carrier to be used for SAS 

coprecipitation, in order to improve the dissolution and, consequently, the 

bioavailability of active principles. Indeed, SAS inclusion complexes 
increased the NSAIDs' dissolution rate up to about 21 and 7 times compared 

to the unprocessed NIM and KET, respectively. Besides, the formation of 

cyclodextrin-based inclusion complexes allowed to reduce the amount of 
carrier significantly, down to a NSAID/β-CD molar ratio equal to 2/1. The 

outcomes of UV-vis analyses also highlighted the probable formation of 

non-covalent interactions characteristic of the inclusion complexes. The 
results obtained by using β-CD as carrier are relevant, since a higher amount 

of carrier is often necessary to coprecipitate active compounds by SAS 

process when other polymers are employed. On the other hand, the 

formation of inclusion complexes allowed to reduce the amount of the 
carrier into the coprecipitated powders with respect to the composite 

microspheres usually obtained by SAS coprecipitation. A strinking example 

is provided by the comparison of SAS KET/PVP coprecipitates (reported in 
the Paragraph IV.2.1) and SAS KET/β-CD complexes. Specifically, well-

defined microparticles were obtained for KET/PVP system and KET/β-CD 

system at ratio equal to 1/3 w/w and 1/2 w/w (2/1 mol/mol), respectively. 
Moreover, the formation of complexes KET/β-CD allowed to further 

increase the drug dissolution rate with respect to the KET/PVP 

coprecipitation. Indeed, KET was released completely in 1 h and 3 h from 

SAS KET/β-CD and KET/PVP powders, respectively. 
 

IV.5.2 Preparation of RUT/β-CD complexes 

Since the preparation of CD-based inclusion complexes seemed to allow 

the reduction of the carrier amount in the coprecipitated powders, tests about 

RUT/β-CD were also performed. Unfortunately, the coprecipitation of RUT 
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and PVP (reported at the paragraph 2.2) did not allow to increase the active 

compound/polymer ratio above 1/10 w/w, which revealed to be the limit 

ratio for the production of RUT/PVP particles. Moreover, RUT is extracted 
by the mixture DMSO/scCO2 when it is processed alone; instead, β-CD 

tends to precipitate in the form of microparticles when SAS micronized, as 

well as it can force the morphology of composite particles produced by SAS 
coprecipitation. Taking into account all these considerations, the RUT/β-CD 

coprecitation was studied. A list of the tests performed at various conditions 

is reported Table IV.12, indicating the particles’ morphology, mean size and 

standard deviation on a volumetric basis. It is specified that different RUT/β-
CD ratios were studied: 1/2 mol/mol (1/4 w/w), 1/1 mol/mol (1/2 w/w) and 

1/1 mol/mol (2/1 w/w). 

Table IV.12 SAS experiments performed on RUT/β-CD system (MP= 
microparticles; cMP= coalescent microparticles; C= crystals). 

# 
RUT/CD 

(mol/mol) 

P 

(MPa) 

Ctot 

(mg/mL) 
M 

m.d.±s.d. 

(μm) 

1 1/0 9 20 C - 

2 1/2 9 100 MP 2.88±0.88 

3 1/2 9 150 MP 6.72±1.74 

4 1/2 9 200 MP 7.94±2.12 

5 1/2 12 200 MP 4.12±1.14 

6 1/2 15 200 MP 3.63±1.09 

7 1/1 9 200 - - 

8 1/1 12 200 MP 1.45±0.88 

9 2/1 12 200 MP+C - 

 

Effect of the overall concentration in DMSO 

The effect of the concentration of solutes in DMSO was studied at a fixed 

pressure of 9 MPa and a RUT/β-CD ratio equal to 1/2 mol/mol (runs #2-#4 
in Table IV.12). Increasing the concentration from 100 to 200 mg/mL, 

spherical microparticles were produced in all cases (Figure IV.86). The 

influence of the total concentration in the solution is highlighted by the 

comparison of the PSDs reported in Figure IV.87: the microparticles size 
increased by increasing the total concentration in DMSO. 

  
(a) (b) 
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(c) 

Figure IV.86 FESEM images of microparticles RUT/β-CD 1/2 mol/mol 
precipitated from DMSO at 40°C, 9 MPa and (a) 100 mg/mL (run #2); (b) 

150 mg/mL (run #3); (c) 200 mg/mL (run #4). 
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Figure IV.87 Volumetric PSDs of RUT/β-CD microparticles 1/2 mol/mol; 

effect of total concentration in DMSO. 

Effect of the operating pressure 

Total concentration of 200 mg/mL and RUT/β-CD ratio equal to 1/2 
mol/mol were fixed to study the influence of pressure on particle size. The 

pressure was gradually increased from 9 MPa to 15 MPa (runs #4-#6 in 

Table IV.12). Well-separated microparticles were obtained in 
correspondence of all the tested pressure; exemplificative FESEM images of 

particles obtained at 9 MPa and 12 MPa are reported in Figure IV.86c and 

Figure IV.88, respectively. 
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Figure IV.88 FESEM image of microparticles RUT/β-CD 1/2 mol/mol 

precipitated from DMSO at 40°C, 200 mg/mL and 12 MPa (run #5). 

The volumetric cumulative PSDs of particles precipitated at 40°C and 

200 mg/mL are compared in Figure IV.89 to highlight the effect of the 
operating pressure. It was noted that, by decreasing it, the mean particle size 

increased and the PSD enlarged. 
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Figure IV.89 Volumetric PSDs of RUT/β-CD microparticles 1/2 mol/mol; 
effect of operating pressure. 

 

Effect of RUT/β-CD molar ratio 

The influence of RUT/β-CD molar ratio was also studied, because it 

seems to mostly affect the complexation process (Davis and Brewster, 
2004). In order to further reduce the amount of carrier in the composites, the 

RUT/β-CD ratio was gradually increased from 1/2 to 2/1 mol/mol. Since 

working under the conditions of the previous test #5 (9 MPa, 40°C, 200 
mg/mL) well-defined microparticles rutin/β-CD 1/2 mol/mol were obtained, 

firstly the reduction of the guest/host molar ratio at 1/1 was attempted 

keeping the other parameters unchanged (run #7 in Table IV.12). However, 
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operating under these conditions, liquid was found in the precipitator at the 

end of the experiment. This outcame could be explained considering the 

high-pressure VLEs. At the selected temperature of 40°C, the MCP of the 
binary system DMSO/scCO2 is located at 8.61 MPa; therefore, the operating 

point at 9 MPa was theoretically above the MCP of the binary system 

solvent/antisolvent. However, the presence of a high quantity of rutin could 
have altered the high-pressure VLEs of the system, meaning that the MCP of 

the quaternary system rutin/β-CD/DMSO/scCO2 could shift towards higher 

pressures compared to the MCP of the binary system solvent/antisolvent. 

Consequently, in case of run #7, the operating point at 9 MPa/ 40°C could be 
below the MCP and located in the biphasic region. For this reason, the 

following test performed with a RUT/β-CD ratio 1/1 mol/mol was conducted 

at 12 MPa (run #8 in Table IV.12), with the aim to shift the operating point 
above the MCP of the quaternary system. Microparticles (Figure IV.90a) at 

molar ratio guest/host 1/1 were finally produced at 12 MPa. Given the 

positive result, it was attempted to further increase the RUT/β-CD ratio at 

2/1 mol/mol, working at 12 MPa and 200 mg/mL (run #9 in Table IV.12). 
However, under these condition, large crystals and microparticles 

precipitated from DMSO (Figure IV.90b). This outcome means that the 

coprecipitation was not effective at RUT/β-CD ratio 2/1 mol/mol, since the 
operating point was near/below the MCP due to the influence of a high 

amount of RUT on VLEs. 

  
(a) (b) 

Figure IV.90 FESEM images of (a) microparticles RUT/β-CD 1/1 mol/mol 

(run #9), (b) microparticles and crystals at rutin/β-CD 2/1 mol/mol (run 

#10), precipitated from DMSO at 40°C, 200 mg/mL and 12 MPa. 

 

Characterization of RUT/β-CD samples 

In order to verify the formation of inclusion complexes, SAS powders 

were characterized by different analytical techniques. 

The FTIR spectra of unprocessed rutin and β-CD, physical mixture 
RUT+β-CD (1/1 mol/mol) and SAS processed RUT/β-CD at different molar 

ratios were reported in Figure IV.91.  
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(b) 

Figure IV.91 FTIR spectra of unprocessed RUT and β-CD, physical mixture 

NSAID+ β-CD and SAS processed RUT/β-CD powders at different molar 

ratios: a) entire spectra; b) enlargement of the spectra. 

The spectrum of pure RUT showed various characteristic bands, 

including the stretching carbonyl group at 1654 e 1600 cm-1, that of the ether 

group at 1362 e 1169 cm-1 and the characteristic absorption band of Ar at 
1507 cm-1 (Montes et al., 2016a). The FTIR spectrum of pure β-CD showed 

the absorption bands attributed to the C=O stretching vibrations of the 

glycosidic bond, the primary alcohol and the cyclic alcohol at 1022 cm-1, 
1638 cm-1 and 1156 cm-1, respectively (Mahmood et al., 2016). The 

characteristic bands of RUT are evident in the spectrum of the physical 



SAS coprecipitation carrier/active compound 

107 

mixture, unlike the spectra of SAS processed powders RUT/β-CD both at 

1/2 mol/mol and 1/1 mol/mol. The disappearance of the RUT absorption 

bands or the reduction in peak intensity in the FTIR spectra of RUT/β-CD 
samples was attributed to the formation of inclusion complexes (Jun et al., 

2007, Cannavà et al., 2008, Al-Marzouqi et al., 2009, Lee et al., 2010, Zhou 

et al., 2012, Mohan et al., 2012, Huang et al., 2016, Chen et al., 2017, Sun et 
al., 2019), since the active compound (guest) was incorporated into the β-CD 

cavity (host). In addition to the partial or complete disappearance of RUT 

bands, like those at 1169, 1362, 1654 cm-1, a shift of the RUT characteristic 

band at 1600 cm-1 towards slightly higher wavenumbers was also noted, as 
observable in the enlargement of FTIR spectra reported in Figure IV.91b. 

According to the literature (Di Capua et al., 2017b, Moyers-Montoya et al., 

2016), this shift was due to the formation of hydrogen bonds between the 
carbonyl group and the hydroxyl group of RUT and β-CD, proving again the 

attainment of inclusion complexes. 

DSC thermograms of pure RUT and β-CD and SAS processed RUT/β-

CD at different ratios (1/2 and 1/1 mol/mol) were reported in Figure IV.92. 
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Figure IV.92 DSC thermograms of unprocessed RUT and β-CD, and SAS 
processed RUT/β-CD powders at different molar ratios. 

The DSC thermogram of pure RUTexhibited an endothermic peak in the 
range 143°C-190°C, which is related to the RUT melting point. It is possible 

to note that this characteristic peak of RUT disappeared in the thermograms 

of SAS processed RUT/β-CD powders, because RUT was encapsulated in 

the β-CD cavity due to the formation of weak interactions between the host 
and the guest (Jun et al., 2007, Zhou et al., 2012, Huang et al., 2016). 

Moreover, the thermogram of the pure β-CD showed a broad endothermic 

peak in the range 75°C-115°C because of the dehydration. The intensity of 
this β-CD peak reduced in the case of all SAS RUT/β-CD powders, due to 

the loss of water molecules in the β-CD cavity replaced by the hydrophobic 
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RUT (Olaru et al., 2009). Indeed, this replacement allowed to reach a lower 

and more stable energy state with the formation of inclusion complexes. 

Dissolution tests (Figure IV.93) were performed to compare the 
dissolution rate of unprocessed RUT and the release of the active compound 

from SAS complexes at different molar ratios RUT/β-CD (1/2 mol/mol and 

1/1 mol/mol). It was observed that 90% of pure RUT dissolved in PBS in 
about 30.4 h, whereas it took about 7.7 and 12.7 h in the case of SAS 

complexes RUT/β-CD 1/2 and 1/1 mol/mol, respectively. Therefore, the 

dissolution rate of rutin was increased up to about 3.9 and 2.4 times with the 

formation of icomplexes RUT/β-CD 1/2 and 1/1 mol/mol, respectively. 
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Figure IV.93 Dissolution profiles in PBS at pH 7.4 and 37°C. 

Discussion 

SAS coprecipitation revealed to be suitable to prepare inclusion 

complexes RUT/β-CD. Indeed, the FTIR and DSC analyses proved the 
formation of guest/host inclusion complexes at RUT/β-CD ratios equal to 

1/2 and 1/1 mol/mol, due to the formation of non-covalent interactions 

during SAS precipitation. This led to a significant increase in the dissolution 
rate of RUT, which was about 3.9 and 2.4 times faster compared to pure 

rutin in the case of the inclusion complexes RUT/β-CD 1/2 and 1/1 mol/mol, 

respectively.  
The obtained results are very satisfactory, since the coprecipitation of 

RUT with β-CD allows to successfully process the RUT that is otherwise 

extracted by the CO2/DMSO mixture; a significant improvement of the RUT 

dissolution was also achieved at very low active compound/β-CD ratios. In 
the Paragraph 2.2, composite microparticles RUT/PVP were produced by at 

ratios 1/20 e 1/10 w/w; therefore, the main drawback previously encountered 
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by coprecipitating RUT with PVP is releated to the impossibility of reducing 

the PVP amount with respect to the active compound in composite 

microspheres. On the contrary, RUT/β-CD microparticles 1/4 w/w (1/2 
mol/mol) and 1/2 w/w (1/1 mol/mol) were produced in case of inclusion 

complexation. This means that the formation of inclusion complexes with β-

CD allowed to reduce significantly the amount of the carrier into the 
coprecipitated powders, with respect to the composite microspheres often 

obtained by SAS coprecipitation with other generic polymers. The use of β-

CD revealed to be even better than PVP, which is considered one of the best 

carriers for SAS coprecipitation. 
 

IV.6 Conclusions 

The application of the SAS technique in the pharmaceutical field is 

strategic to produce composite particles in a controlled manner, with a 
narrow PSD, which are toxic for human health. In this part of the work, SAS 

coprecipitation has been proposed for several purposes. The main goal of 

identifying new polymeric carriers suitable for SAS coprecipitation has been 

successfully achieved. Indeed, the experimental studies proved that, in 
addition to the well-known PVP, PLA and PLLA, other polymers can be 

defined as valid for a successful SAS coprecipitation in the form of 

microspheres, namely zein, Eudragit L100-55 and β-CD. Based on the 
couple polymer/active principle, the process conditions must be carefully 

selected to obtain preferentially composite microparticles. The key role of 

the selected polymeric carrier in modifying the dissolution kinetics of an 
active compound, according to the the polymer’s properties, emerged. The 

opportunity of modulating the drug release by choosing a specific carrier 

based on the required therapy is particularly impressive. In this way, it is 

possible to release the active principle at the desired dissolution rate, 
therefore reducing the side effects caused by drug overdoses and improving 

the patient’s compliance. In particular, it is advisable to use zein and 

Eudragit L100-55 when a prolonged release of the active compound 
embedded in the composite particles is desired. Antibiotics and NSAIDs 

prescribed for chronic inflamations belong to this category of drugs. The use 

of these hydrophobic carriers is also promising to produce particles 
containing antihistamine or bronchodilator drugs, to propose alternative 

formulations that allow to achieve the disease control. In these latter cases, a 

bimodal drug release kinetics with a burst-like effect can also be a valid 

answer to immediately relieve the symptoms of the disease, in addition to 
reduce the frequency of administration thanks to the prolonged release of the 

remaining drug dose. Although lactic acid-based polymers (i.e., PLA and 

PLLA) proposed so far for SAS coprecipitation allow to prolong the drug 
release, it has to be considerd that they are more expensive with respect to 

the hydrophobic carriers proposed in this work; i.e., zein and Eudragit, 
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which are considered low cost polymers (Ki and Park, 2001, Vert et al., 

1995, Gough et al., 2020, Gazi and Krishnasailaja, 2019). On the contrary, β-

CD allows to increase the dissolution rate and, consequently, the 
bioavalability of poorly-water soluble active compounds, such as rutin or 

NSAIDs prescribed for minor inflammations. Moreover, the production of 

CDs-based inclusion complexes revealed to be a useful tool to reduce the 
amount of the carrier into SAS coprecipitated powders. As observed for 

RUT and KET, in some cases, β-CD makes it possible to produce composite 

particles at very low carrier/drug ratios, even lower than those employed 

with PVP, one of the best SAS carriers. The formation of CD-based 
complexes has also further accelerated the dissolution of the poorly-water 

soluble drugs with respect to PVP-based coprecipitates.  

Generally speaking, the composite systems produced using the SAS 
technique can give an answer to the main issues still existing in the medical 

field. The results achieved in this part of the work encourage an industrial-

scale production of SAS pharmaceutical composites. 
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V.1 Introduction 

Nowadays, different drug delivery systems are manufactured, also to give 
the patients the possibility to choose the formulation that suit them the best. 

In this part of the work, orally disintegrating tablets (ODTs) containing 

various NSAIDs (namely nimesulide, ketoprofen and diclofenac sodium) 
were prepared by the supercritical impregnation. The challenge was to 

produce ODTs that promoted a rapid or prolonged drug release depending on 

the desired effect. For this purpose, two different aerogels were selected as 
polymeric supports, namely Maize Starch Aerogel (MSA) and Calcium 

Alginate Aerogel (CAA), because of the high porosity and high specific 

surface areas of these matrices. The aerogels used for the experiments were 

prepared by supercritical gel drying to preserve the native porous structure, 
as mentioned in the Introduction section. The role of the different polymer 

used for the production of the aerogels on the drug release kinetics was 

investigated. The controlling steps involved in the impregnation process 
were also identified, as well as a modeling of the drug release kinetics in 

aqueous environment was proposed. 

Given the advantages highlighted in the Introduction section about the 

topical drug delivery, the supercritical impregnation of a heparin-based drug, 
namely mesoglycan (MSG), was attempted into thin polycaprolactone films, 

to produce medicated patches for the wound healing. In this case, the 

foaming of polycaprolactone in contact with the scCO2 was exploited to 
favor the drug loading into the films. Therefore, a single step “polymer 

foaming + drug impregnation” using scCO2 was proposed to develop 

medicated patches for the wound care. In this context, it was proved that 
mesoglycan favors re-epithelialization process, but long-term therapies and, 

consequently, repeated dosages are needed, inducing many side effects on 

patient’s health. Thus, in the recent years, new pharmaceutical approaches 
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were searched for a proper epithelium repair, including the development of 

innovative topical devices. The production of new wound dressings with a 

drug controlled release, to be applied on wounds, lesions and chronic skin 
ulcers, is still a challenge. These medical patches often represent a protective 

barrier that assures a favorable environment for the wound healing and, at 

the same time, the tissue formation is favored by a direct action of the drug. 
 

V.1.1 Materials 

Nimesulide (NIM, purity 98%), ketoprofen (KET, purity ≥98%), 

diclofenac sodium salt (DIC, average molecular weight 318.13 g/mol), 

calcium chloride (CaCl2, purity ≥ 96 %), sodium alginate, and high 
molecular weight polycaprolactone (PCL, average Mn ~ 80,000 by GPC) 

were supplied by Sigma-Aldrich (Italy). Ethanol (EtOH, purity 99.9 %) was 

bought from Carlo Erba. Maize starch 85652 was supplied by Fluka (Italy). 
Mesoglycan (MSG) was supplied by Laboratori Derivati Organici SpA, 

(Italy). Carbon dioxide (CO2, purity 99 %) was purchased from Morlando 

Group s.r.l. (Italy). All materials were used as received. Distilled water was 

produced using a water distiller supplied by ISECO S.P.A. (St. Marcel, AO, 
Italy). PCL films (thickness of 100 µm) used for a set of impregnation 

experiments were produced by Compression Molding in a laboratory of the 

Industrial Engineering Department of the University of Salerno. 
 

V.1.2 Apparatuses for drying and impregnation by scCO2 

Aerogels were prepared in a homemade laboratory plant (sketched in 

FigureV.1a), which consists of a 316 stainless steel cylindrical high-
pressure vessel with an internal volume of 500 cm3, equipped with a high-

pressure pump (Milton Roy, mod. Milroyal B, France) used to feed CO2. 

Pressure in the vessel was measured by a test gauge (Salmoiraghi, model 

SC-3200, Italy) and regulated by a micrometering valve (Hoke, mod. 
1315G4Y, Spartanburg, SC), whereas temperature was set by a proportional-

integral-derivative (PID) controller (Watlow, mod. 93, USA) connected with 

electrically controlled thin bands. The liquid solvent was recovered in a 
second collection vessel located downstream the micrometering valve, 

whose pressure was regulated by a backpressure valve (Tescom, model 26-

1723-44, Italy). At the exit of the second vessel, a rotameter was used to 
measure the CO2 flow rate, while a dry test meter allowed to estimate the 

total quantity of carbon dioxide. 

Impregnation experiments were performed in an autoclave (sketched in 

FigureV.1b), consisting of a stainless steel high-pressure cylinder (NWA 
GmbH, Germany) with an internal volume of 100 cm3, closed on the bottom 

and on the top with two finger tight clamps. CO2 was delivered by a 

diaphragm piston pump (Milton Roy, mod. Milroyal B, France) and a 
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cooling bath connected to the pump head allowed the cooling of CO2 before 

compression. Mixing was provided by an impeller mounted on the top cap 

and driven by a variable velocity electric motor. The autoclave was heated 
by thin band heaters, whose thermal control was assured by a PID controller 

(Watlow, mod. 93, USA). The temperature inside the cylinder was measured 

by a K-type thermocouple with an accuracy of ±0.1 °C. Pressure was 
measured by a digital gauge manometer (Parker, Minneapolis, MN). At the 

exit of the autoclave, CO2 flow rate was measured by a rotameter. 

Depressurization was obtained through a micrometering valve (Hoke, mod. 

1315G4Y, Spartanburg, SC). 

 
Figure V.1 Sketches of the plants for (a) drying; (b) impregnation. CO2: 

carbon dioxide supply; RB: refrigerating bath; P: pump; TC: thermocouple; 

M: manometer; MV: micrometering valve; LS: liquid separator; BPV: back 
pressure valve and R: rotameter. 

V.1.3 Procedures for aerogels preparation 

The experimental procedure to obtain aerogels in the case of MSA and 

CAA substantially differs only for the achievement of the hydrogel. 
Briefly, the production of maize starch aerogel, optimized in a previous 

work (De Marco et al., 2015a), started with the preparation of a hydrogel 

through the starch gelation, which involved two steps: gelatinization and 
retrogradation. The gelatinization step consisted of the preparation of a 

solution at 15 % w/w in distilled water, stirring for about 24 h and heating up 

to 110 °C; afterwards, this mixture was poured into cylindrical moulds. The 
retrogradation step, necessary for the rearrangement of the structure, was 

reached by placing the samples in a refrigerator at 4°C for three days. 

The production of calcium alginate aerogels, optimized in a previous 

work (Baldino et al., 2016), started with the attainment of an hydrogel 
through the preparation of a solution at 5 % w/w of sodium alginate in 

distilled water, stirring for about 24 h at 200 rpm and afterwards pouring into 
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cylindrical moulds. The gelation was promoted by immersing the samples in 

a coagulation bath of CaCl2 (5 % w/w in distilled water) for about 24h. 

During this step, sodium alginate was converted to calcium alginate. Then 
the hydrogels were washed with distilled water to eliminate Ca2+ residues. 

The second step for the aerogel preparation is the attainment of an 

alcogel, by a gradual replacement of the water filling the pores of the gel 
structure by batch equilibration with a series of ethanol baths at increasing 

concentration (30%, 70%, 90% and two times 100% v/v) at room 

temperature, 24 h each (De Marco et al., 2015a, Baldino et al., 2016). 

Then, the alcogels have to be dried to obtain the aerogels using scCO2. In 
detail, the samples were placed in the vessel sketched in FigureV.1a, which 

was then filled with scCO2 to achieve the operating pressure (20 MPa) and 

temperature (45°C or 35°C for MSA and CAA, respectively) (2015a, 
Baldino et al., 2016). Drying was performed for 5 h, using a scCO2 flow rate 

of about 1 kg/h. A slow depressurization was used to bring back the system 

at atmospheric pressure and recover the aerogels from the vessel. 

 

V.1.4 Procedures for drug solubility measurements and 

impregnation tests into polymeric supports 

The MSG solubility in scCO2 was experimentally determined according 

to a procedure set in previous papers (Smirnova et al., 2003, Caputo et al., 

2012). A small stainless steel cylinder containing a weighed amount of drug 

was wrapped with paper filter to avoid the drug entrainment and, then, 
placed on the bottom of the autoclave described for the impregnation tests. 

Once the autoclave was closed, it was heated up to the desired temperature, 

whereas CO2 was delivered to reach the desired pressure. In order to ensure 
the equilibrium conditions, the system was stored for 24 h under mechanical 

stirring. At the end of the experiment, CO2 was slowly vented out (about 1 

MPa/min); the not-dissolved MSG contained in the cylinder was weighed, so 

obtaining the amount of the dissolved drug by the weight difference.  
Impregnation experiments were performed using a static method 

(Smirnova et al., 2003, Zhang et al., 2005). A weighed amount of polymeric 

support (i.e., aerogel, granules or film) was wrapped in filter paper to avoid 
its contact with the solid drug. Then, the sample was placed on the bottom of 

the autoclave. In order to allow contact with scCO2, a weighed amount of 

drug was placed in a small container opened on the top mounted axially on 
the impeller. Finally, the autoclave was closed, heated to the fixed 

temperature (in the range 35-60°C) and CO2 was slowly fed to the system. 

When the working pressure (in the range 17-18 MPa) was reached, the 

system was stored for a fixed time (in the range 2-72 h). The amount of CO2 
in the autoclave was determined from the density value, calculated at the 

operating temperature and pressure through the Bender equation (Bender, 

1970). Then, CO2 was vented out at flow rate of about 1 MPa/min. When the 
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atmospheric conditions were reached, the impregnated support was 

recovered and weighed. The weight increase of the sample was related to the 

amount of loaded drug, which was checked by UV/vis spectrophotometer. 
 

V.2 Supercritical impregnation of drugs into aerogels 

The supercritical impregnation of various NSAIDs was studied in 
different aerogels (i.e., MSA and CAA) to formulate ODTs with a rapid or 

controlled drug release, for the treatment of both minor and chronic 

inflammations. In particular, NIM, KET and DIC were selected as model 

NSAIDs. The experimental results can be divided into three parts: 
1. the thermodynamics of impregnation was studied through the 

isotherms, which correlate the concentration of each NSAID in the scCO2 

phase with the concentration of the drug in the aerogel at equilibrium; 
2. the impregnation kinetics of each NSAID in MSA and CAA were 

studied to know the time required for the drug to reach the equilibrium 

concentration under certain operating conditions; 
3. NSAID/aerogel systems were analyzed by different techniques. 
 

V.2.1 Isotherms of impregnation of NSAIDs into aerogels 

The impregnation isotherms of each NSAID in MSA and CAA were 

determined at 40°C/18 MPa and 60°C/18 MPa, for a fixed time of 24 h in 

order to ensure equilibrium. The isotherm curves obtained are shown in 

FigureV.2, FigureV.3 and FigureV.4, respectively for NIM, KET and DIC. 
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Figure V.2 Impregnation isotherms at 18 MPa and 40/60°C for 

NIM/aerogels. 
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Figure V.3 Impregnation isotherms at 18 MPa and 40 and 60°C for 

KET/aerogel systems. 
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Figure V.4 Impregnation isotherms at 18 MPa and 40 and 60°C for 

DIC/aerogel systems. 

In all the systems studied, it can be noted that the amount of NSAID 

impregnated in the aerogel increased by increasing the drug concentration in 
scCO2 and is higher at the highest studied temperature. Working at 60°C, the 

maximum amount of impregnated NIM was approximately 0.02 and 0.05 

mgNIM/mgaerogel in MSA and CAA, respectively; while KET was impregnated 
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in MSA and CAA up to a maximum value of 0.13 and 0.29 mgKET/mgaerogel, 

respectively. The highest loadings were achieved for DIC, since the 

maximum amount of DIC loaded in MSA and CAA at 60°C was 
approximately 0.63 e 1.06 mgDIC/mgaerogel, respectively. For each NSAID, it 

can be noted that the amount of drug impregnated in CAA is generally 

higher than that loaded in MSA. 
On the basis of the Brunauer classification (Brunauer et al., 1940), the 

isotherms showing an upward convexity are defined “favorable” (type I) to 

solute uptake; while, they are classified as “unfavorable” (type III) when 

concave upwards to solute uptake. According to this classification, the 
isotherms obtained for NIM/MSA at both temperatures, NIM/CAA at 40 °C, 

KET/MSA and KET/CAA at both temperatures, and DIC/CAA at 40 °C are 

favorable; while the isotherms for DIC/MSA at both temperatures are 
“unfavorable”. Instead, the isotherms obtained for NIM/CAA and DIC/CAA 

at 60°C appear to be linear. 

 

V.2.2 Kinetics of impregnation of NSAIDs into aerogels 

The impregnation kinetics was determined to know the time required for 
the complete impregnation of each NSAID in MSA and CAA. Uptake was 

expressed as qt; i.e., mmol of NSAID per gram of aerogel. Kinetic data were 

obtained by loading a constant weighted quantity of drug, which was then 
dissolved in scCO2 and kept in contact with each aerogel for various times 

(from 2 to 72 h) at a fixed pressure of 18 MPa. The impregnation kinetics 

obtained at temperatures of 40 and 60°C for MSA and CAA are reported in 
FigureV.5, FigureV.6 and FigureV.7 respectively for NIM, KET and DIC, 

in order to study the effect of temperature and the possible difference in 

terms of NSAIDs impregnation between the two aerogels studied.  

For all the composite systems examined, it was shown that the quantity of 
impregnated NSAID increased by increasing the operating temperature, also 

due to the higher solubility at the pressure of 18 MPa (Macnaughton et al., 

1996). Furthermore, the comparison of kinetic curves for both temperatures 
suggested that the amount of drug loaded into the CAA was higher than that 

into the MSA. The best impregnation of all NSAIDs in CAA is probably due 

to its higher specific surface area compared to MSA. Indeed, the specific 
surface areas, determined experimentally, were equal to 80 and 277 m2/g for 

MSA and CAA, respectively. It is also possible to note that the maximum 

amount of drug is impregnated between 24 h and 48 h for all NSAID/aerogel 

systems, except in the case of KET impregnated in CAA (between 60 and 72 
h). Furthermore, the amount of drug impregnated in both aerogels is higher 

in the case of DIC, also thanks to its greater solubility in scCO2 at a pressure 

of 18 MPa (Bettini et al., 2004), followed by KET (Macnaughton et al., 
1996); instead, NIM showed the lowest impregnation values, since it has the 

lowest solubility in scCO2 (Macnaughton et al., 1996, Caputo et al., 2012). 
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Summing up, in terms of aerogel/NSAID weight ratio, the maximum 

amount of drug loaded into CAA at 60°C was about 0.04, 0.42 and 1.09 

mgdrug/mgaerogel for NIM, KET and DIC, respectively. The amount of drug 
impregnated in the aerogels in the case of KET and especially of DIC is 

remarkable. This confirms the potential of supercritical impregnation to 

overcome the main drawbacks of conventional impregnation techniques 
based on the use of liquid solvents; i.e., low loadings of active principle 

on/in polymeric matrices (Kikic and Vecchione, 2003). Indeed, the 

penetration of a liquid (used as a carrier) in porous materials is limited both 

by the liquid molecular/bulk properties (e.g., surface tension of the liquid) 
and by the geometry and surface properties of the polymeric matrices (e.g., 

pore size) (Ahuja and Pathak, 2009). 
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Figure V.5 Kinetic curves at 18 MPa and 40 and 60°C for the impregnation 

of NIM into aerogels. 
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Figure V.6 Kinetic curves at 18 MPa and 40 and 60°C for the impregnation 

of KET into aerogels. 
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Figure V.7 Kinetic curves at 18 MPa and 40 and 60°C for the impregnation 

of DIC into aerogels. 

In order to verify if the experimental and theoretical loadings are in good 

agreement and to study the specific rate constants of each support/drug 

system, the kinetic data were fitted with pseudo-first-order and pseudo-
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second-order equations, which were obtained by integrating the following 

equation (Ho, 2006): 

𝑑 (1 −
𝑞𝑡
𝑞𝑒

)

𝑑𝑡
= −𝑘 (1 −

𝑞𝑡

𝑞𝑒
)

𝑛

 (3) 

where qt is the quantity of drug loaded into the polymeric support after 
the contact time “t” (mmol/g) and qe is the adsorption capacity at equilibrium 

(mmol/g); i.e., the maximum amount of drug loaded in the support. 

The impregnation rate constants obtained from the pseudo-first-order and 

pseudo-second-order models are reported in Table V.1 and in Table V.2, 

respectively. In all the cases studied, it can be observed in Table V.2 that the 
pseudo-second-order kinetics fitted better the experimental data with respect 

to the pseudo-first-order kinetics, since the values of R2 are closer to unity. 

According to the literature (Ho, 2006), the pseudo-second-order model is 

related to a possible chemisorption involving valency forces or weak 
interactions between the two materials.  

The pseudo-second-order equation (Ho, 2006) was expressed as: 

𝑡

𝑞𝑡
=

𝑡

𝑞𝑒
+

1

𝑘2𝑞𝑒
2
 (4) 

where k2 is the pseudo-second-order rate constant (g/mmol h). 

Plotting t/qt vs t, qe and k2 were determined by the slope and the intercept 

of the fitting, as in Figure V.8, Figure V.9 and Figure V.10 for NIM, KET 

and DIC, respectively. 

Table V.1 Impregnation rate constants obtained from the pseudo-first-order 

kinetics for NSAID/aerogel systems. 

Sample 
T 

°C 

Pseudo-first-order kinetics 

qe 

mmol/g 

k1 

1/h 
R

2
 

NIM/MSA 
40 0.048 0.261 0.9207 

60 0.068 0.181 0.9207 

NIM/CAA 
40 0.107 0.313 0.9121 
60 0.129 0.253 0.9539 

KET/MSA 
40 0.388 0.173 0.9782 

60 0.490 0.162 0.7675 

KET/CAA 
40 1.579 0.099 0.9392 

60 1.644 0.077 0.9611 

DIC/MSA 
40 1.621 0.196 0.9885 

60 1.989 0.207 0.9814 

DIC/CAA 
40 3.328 0.120 0.9615 

60 3.425 0.145 0.9587 
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Table V.2 Impregnation rate constants obtained from the pseudo-second-

order kinetics for NSAID/aerogel systems. 

Sample 
T 

°C 

Pseudo-second-order kinetics 

qe 

mmol/g 

k2 

g/mmol h 
R

2
 

NIM/MSA 
40 0.051 7.920 0.9988 

60 0.073 5.058 0.9984 

NIM/CAA 
40 0.111 6.487 0.9985 

60 0.135 3.903 0.9995 

KET/MSA 
40 0.411 0.956 0.9992 

60 0.517 0.834 0.9986 

KET/CAA 
40 1.772 0.061 0.9903 

60 1.833 0.060 0.9888 

DIC/MSA 
40 1.813 0.125 0.9908 

60 2.110 0.201 0.9988 

DIC/CAA 
40 4.352 0.018 0.9686 

60 3.677 0.081 0.9987 
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Figure V.8 Pseudo-second-order kinetics for the impregnation of NIM into 

aerogels, at 18 MPa and 40 and 60°C. 
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Figure V.9 Pseudo-second-order kinetics for the impregnation of NIM into 

aerogels, at 18 MPa and 40 and 60°C. 
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Figure V.10 Pseudo-second-order kinetics for the impregnation of NIM into 

aerogels, at 18 MPa and 40 and 60°C. 

V.2.3 Mechanism of NSAID impregnation into aerogels 

Once the impregnation kinetics were determined, the impregnation 

mechanisms were studied by identifying the controlling steps of the process 
among the following ones (Lazaridis and Asouhidou, 2003): 
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 film diffusion, due to the transport of the drug on the external surface 

of the adsorbent; 

 intraparticle or pore diffusion, related to drug transport within the 

pores of the adsorbent; 

 drug release on active adsorbent sites. 

In general, the rate-limiting step of the impregnation process is the 
slowest one between film and intraparticle diffusion, since the last step is 

commonly very fast so its resistance can be neglected (Kalavathy et al., 

2005). If the adsorbent is an aerogel, the impregnation of the drug is often 
governed initially by film diffusion, followed by pore diffusion (De Marco 

and Reverchon, 2017). According to the Weber and Morris approach (Weber 

and Morris, 1963), the intraparticle diffusion coefficient Kid can be defined 

through the following equation: 

𝑞𝑡 = 𝐾𝑖𝑑 𝑡
0.5 + 𝐶 (5) 

If C=0 and Kid is constant, qt is a straight line with intercept equal to zero 
and intraparticle diffusion is the only limiting step; otherwise, the film 

diffusion has also to be taken into consideration. 

Plotting qt versus t0.5 as shown in FigureV.11, FigureV.12 and 

FigureV.13 respectively for NIM, KET and DIC, a multi-linearity was 

observed in all the cases studied, indicating that several steps governed the 
impregnation process (Weber and Morris, 1963, Sun and Yang, 2003, 

Kalavathy et al., 2005). 
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Figure V.11 Intraparticle diffusion plot for the impregnation of NIM in MSA 

and CAA. 
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Figure V.12 Intraparticle diffusion plot for the impregnation of KET in MSA 

and CAA. 

0 1 2 3 4 5 6 7 8
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0
 DIC/MSA 40°C

 DIC/MSA 60°C

 DIC/CAA 40°C

 DIC/CAA 60°C

q
t,

 m
m

o
l D

IC
/g

a
e

ro
ge

l

t
0.5

, h
0.5

 
Figure V.13 Intraparticle diffusion plot for the impregnation of DIC in MSA 
and CAA. 

It can be observed in Table V.3 that K1d> K2d> K3d in all the cases 
studied, which means that at the beginning the impregnation is controlled by 

film diffusion and that the drug was impregnated on the outer surface of the 

aerogel. The impregnation rate is fast at this early stage, since the aerogel is 

not loaded. Thus, the drug is also impregnated on the inner surface of the 
aerogel and the diffusion rate decreased due to an increase in diffusion 

resistance; in this phase, the impregnation process is controlled by pore 
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diffusion (Sun and Yang, 2003). The diffusion rate becomes increasingly 

lower as the concentration of NSAIDs in scCO2 decreases (as shown by the 

K3d values); i.e., the diffusion process tends towards the final equilibrium 
stage. 

Table V.3 Pore diffusion rate parameters for NSAID/aerogel systems. 

Sample 
T 

°C 

K1d 

mmol g
−1

 h
−0.5

 

K2d 

mmol g
−1

 h
−0.5

 

K3d 

mmol g
−1

 h
−0.5

 

NIM/MSA 
40 1.3 x 10-2 4.8 x 10-3 2.0 x 10-5 

60 2.0 x 10-2 5.7 x 10-3 3.0 x 10-4 

NIM/CAA 
40 5.0 x 10-2 3.0 x 10-3 1.0 x 10-5 
60 4.4 x 10-2 1.3 x 10-2 8.0 x 10-5 

KET/MSA 
40 6.5 x 10-2 2.5 x 10-2 3.2 x 10-3 

60 1.5 x 10-1 5.6 x 10-2 1.0 x 10-5 

KET/CAA 
40 3.2 x 10-1 1.6 x 10-1 3.2 x 10-3 
60 3.1 x 10-1 1.6 x 10-1 1.6 x 10-2 

DIC/MSA 
40 7.2 x 10-1 2.4 x 10-1 2.4 x 10-2 

60 6.0 x 10-1 3.3 x 10-1 2.8 x 10-2 

DIC/CAA 
40 8.0 x 10-1 7.0 x 10-1 6.9 x 10-2 
60 7.5 x 10-1 3.9 x 10-1 4.9 x 10-2 

 

V.2.4 Characterization of NSAID/aerogel composites 

The morphology of MSA and CAA was observed before and after drug 

impregnation through the FESEM images, shown in FigureV.14 and 
FigureV.15 for MSA-based and CAA-based samples, respectively. Both 

aerogels consisted of a porous structure, which was preserved after the 

supercritical impregnation. In particular, unloaded CAA (FigureV.15a) is 
characterized by smaller pores than unloaded MSA (FigureV.14a). The 

presence of drug, which often filled/covered the porosity, can be observed in 

the case of impregnated samples. From the FESEM images, it is possible to 
observe that, when the drugs were impregnated into MSA (FigureV.14b, 

FigureV.14c and FigureV.14d), packed regions can be observed. For this 

reason, the variation of the specific surface areas and the pore size 

distributions were evaluated. In particular, the specific surface area was 
equal to 58.3 ± 0.5, 46.0 ± 1.0 and 44.4 ± 0.7 m2/g for NIM/MSA, 

KET/MSA and DIC/MSA, respectively. The reduction of the specific 

surface area in the a impregnated samples with respect to the one of 
unloaded MSA (80 m2/g) is due to the impregnated drug that fills the aerogel 

porosities. Moreover, it is possible to consider that the reduction was lower 

in the case of NIM/MSA (27.1%) with respect to KET/MSA (42.5%) and 

DIC/MSA (44.5%), because of the lower amount of NIM impregnated onto 
MSA with respect to the other NSAIDs. The pore size distributions were 

evaluated in terms of mean pore size ± standard deviation. They were 0.26 ± 
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0.27 μm for NIM/MSA, 0.26 ± 0.22 μm for KET/MSA and 0.13 ± 0.10 μm 

for DIC/MSA. The higher reduction in the pore size of DIC/MSA sample 

can be ascribed to the higher amount of impregnated drug with respect to the 
other NSAID/MSA samples. Considering the NSAIDs impregnation into 

CAA (FigureV.15b, FigureV.15c and FigureV.15d), it is possible to 

observe the presence of micrometric-sized drug crystals onto the aerogel 
external surface, thus relating to the part of the drug that has not been 

impregnated in the CAA pores. 

  
(a) (b) 

  
(c) (d) 

Figure V.14 FESEM images of (a) pure MSA after drying using scCO2, (b) 

NIM impregnated on MSA, (c) KET impregnated on MSA, (d) DIC 
impregnated on MSA. 

  
(a) (b) 
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(c) (d) 

Figure V.15 FESEM images of (a) pure CAA after drying using scCO2, (b) 

NIM impregnated on CAA, (c) KET impregnated on CAA, (d) DIC 

impregnated on CAA. 

The FTIR spectra of pure NSAIDs, unloaded MSA and CAA, physical 

mixtures (NSAID+aerogel) and loaded samples are shown in FigureV.16, 
FigureV.17 and FigureV.18 for NIM, KET and DIC, respectively. Although 

the spectra of the impregnated samples and physical mixtures were similar to 

those of aerogels, some characteristic bands of the drug were also detected, 

as follows: 
• With regards to the NIM/MSA and NIM/CAA systems, the spectra of 

impregnated samples and physical mixtures showed a characteristic peak of 

NIM (Chopra et al., 2007, Begum et al., 2015, Campardelli et al., 2019a); 
that is, the peak at 1341 cm-1 related to the stretching of the SO2. 

Furthermore, the spectra of NIM impregnated on CAA and of NIM/CAA 

physical mixture exhibited peaks at 1153 cm-1 also attributed to the 
stretching of SO2 and at 1588 cm-1 corresponding to the asymmetric 

stretching of NO2. 

• As regards the KET/MSA and KET/CAA systems, the spectra of 

impregnated samples and physical mixtures showed two peaks related to the 
presence of KET; i.e., at 1649 and 1697 cm-1 indicating the carbonyl group 

(Grimling et al., 2014, Al-Tahami, 2014). Besides, the KET/CAA mixture 

and the corresponding impregnated sample also exhibited a band at 1437 cm-

1 ascribable to deformation of CH3. 

• As regards the DIC/MSA and DIC/CAA systems, the spectra of 

impregnated samples and physical mixtures showed some typical peaks of 
DIC (Kebebe et al., 2010, Edavalath et al., 2011): for example, at about 1574 

cm-1 corresponding to the stretching of -C=O of the carboxyl ion, at 1450 

cm-1 related to C-H bend, at 746 and 774 cm-1 for the stretching of the C-Cl 

bond. Furthermore, the spectra of DIC impregnated on MSA and the 
physical mixture DIC/MSA showed a peak at 1557 cm-1 due to the stretching 

of C=C ring. 

The results just discussed clearly demonstrate the presence of the drug 
inside the aerogel after the impregnation process. Besides, no interactions 
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between polymer and drug were observed, since the presence of new peaks 

that belong neither to the aerogel nor to the drug was not detected. 
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Figure V.16 FTIR spectra for pure NIM, pure MSA and CAA, physical 

mixture aerogel+NIM, NIM impregnated into aerogels. 
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Figure V.17 FTIR spectra for pure KET, pure MSA and CAA, physical 
mixture aerogel+KET, KET impregnated into aerogels. 
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Figure V.18 FTIR spectra for pure DIC, pure MSA and CAA, physical 
mixture aerogel+DIC, DIC impregnated into aerogels. 

DSC thermograms of NIM, KET and DIC samples are shown in 
FigureV.19, FigureV.20 and FigureV.21, respectively. The NIM curve had 

an endothermic peak at about 150°C indicating the melting point and an 

exothermic peak at a higher temperature due to crystallization. The 
thermogram of pure KET exhibited an endothermic peak at about 95.5 °C 

indicating the melting point, followed by the thermal decomposition of the 

drug in the temperature range 250-380°C (Tiţa et al., 2011). The curve of 

pure DIC showed two endothermic peaks at about 56 and 288°C respectively 
due to the dehydration and melting point, followed by the thermal 

decomposition of the drug (Lopes et al., 2006). MSA thermogram showed a 

first broad endothermic peak attributed to the dehydration and gelatinization 
of MSA (De Marco et al., 2015a), followed by starch degradation between 

260 and 350°C (Cruz et al., 2015). Instead, the CAA curve exhibited a broad 

endothermic peak related to dehydration (Baldino et al., 2016). As shown in 
the DSC thermograms, the composite systems were characterized by an 

amorphous shape similar to aerogels before supercritical impregnation. This 

outcome can be explained considering that the polymeric matrix containing 

the impregnated drug has an amorphous structure which, therefore, hides the 
peaks related to crystalline drugs. 
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Figure V.19 DSC thermograms of pure NIM, pure MSA and CAA, NIM 

impregnated into aerogels. 
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Figure V.20 DSC thermograms of pure KET, pure MSA and CAA, KET 

impregnated into aerogels. 
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Figure V.21 DSC thermograms of pure DIC, pure MSA and CAA, DIC 

impregnated into aerogels. 

XRD analyses were performed on each unprocessed NSAID and on 
aerogels before and after scCO2 impregnation. The XRD patterns are 

reported in Figure V.22, Figure V.23 and Figure V.24 for NIM, KET ant 

DIC, respectively. 
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Figure V.22 XRD patterns for pure NIM, pure MSA and CAA, NIM 

impregnated into aerogels. 
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Figure V.23 XRD patterns for pure KET, pure MSA and CAA, KET 
impregnated into aerogels. 
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Figure V.24 XRD patterns for pure DIC, pure MSA and CAA, DIC 
impregnated into aerogels. 

All NSAIDs were characterized by a typical crystalline structure, while 
MSA and CAA were amorphous as well as composite systems obtained by 

supercritical absorption. Several literature studies have highlighted the 

advantages of the amorphous form, also called disordered, compared to the 

crystalline form in the pharmaceutical field, such as the increase in drug 
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wettability, free energy and apparent solubility (Hancock and Parks, 2000, 

Gurunath et al., 2013, Dahan et al., 2013). 

In vitro dissolution tests were performed on pure NSAIDs and drugs 
impregnated in the aerogels. The release profiles are shown in FigureV.25, 

FigureV.26 and FigureV.27 for NIM, KET and DIC, respectively.  

For all NSAIDs considered, it was observed that the dissolution rate was 
faster than the pure drug when the NSAID was impregnated into MSA, 

while a controlled release was obtained by loading the NSAID into CAA. In 

particular, as regards the NIM samples, the pure NIM reached 90 % of the 

dissolution in about 15 h, while the physical mixture NIM/MSA and the 
NIM impregnated in MSA required 13 h and 10 h, respectively. Instead, the 

physical mixture NIM/CAA and NIM loaded in CAA achieved 90 % of 

release in about 18.5 h and 69 h. As regards the KET samples, 90 % of the 
dissolution was achieved in 1.7 h both for pure KET and for the physical 

mixture KET/MSA; while the release of KET was accelerated when it was 

impregnated on MSA, effectively reaching 90 % of the dissolution in 1.47 h. 

On the contrary, the dissolution of KET was prolonged thanks to CAA, 
achieving 90 % of release in 1.95 h and 2.7 h respectively in case of physical 

mixture and impregnated sample. Finally, the physical mixture DIC/MSA 

and DIC impregnated into MSA reached 90 % of the dissolution in about 1.6 
and 1.2 h respectively, whereas the pure DIC and the physical mixture 

DIC/CAA took about 2 h. When DIC was impregnated in CAA, 90 % of the 

release was obtained in about 7 h. The results obtained from these drug 
release studies in PBS are of considerable interest. Summing up, the 

dissolution process is faster when the drug is impregnated in MSA because it 

is a hydrophilic carrier, so it is quickly wetted with water, with a partial 

collapse of the MSA structure; the drug molecules are readily surrounded by 
the water (Smirnova et al., 2005b). In contrast, CAA promotes a controlled 

drug release, as it has a hydrophobic behaviour, thus it is more stable in 

water than the hydrophilic aerogel. Furthermore, CAA is characterized by 
pores smaller than those of MSA, therefore the diffusion of the drug within 

the pores of the aerogel appears to be the controlling phenomenon during the 

dissolution process. 
From a pharmaceutical point of view, in the case of NIM, the use of MSA 

as a hydrophilic carrier to promote fast drug release may be preferable for 

obtaining ODTs for inflammatory conditions such as headaches, toothache, 

etc. (Caputo et al., 2012, Prosapio et al., 2016b). Instead, since DIC is more 
suitable for the treatment of rheumatoid arthritis and osteoarthritis, its 

impregnation in CAA is suitable for producing tablets with a slow 

dissolution rate to reduce the dosage frequency (Sahoo and Mishra, 2013, 
Priyanka et al., 2018). Both composite systems with fast or controlled 

release can be considered in the case of KET (Smirnova et al., 2005b, 

Mazières et al., 2005, Ahmed and Fatahalla, 2007). 
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Figure V.25 Dissolution profiles of NIM in PBS at 37 °C and pH 7.4. 
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Figure V.26 Dissolution profiles of KET in PBS at 37 °C and pH 7.4. 
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Figure V.27 Dissolution profiles of DIC in PBS at 37 °C and pH 7.4. 

The Peppas equation (Ritger and Peppas, 1987) was used to compare 
drug release profiles, as well as to obtain quantitative information on the 

mechanism of aerogel-based drug delivery systems. Indeed, Peppas 

proposed an exponential relationship that can be used to describe the Fickian 
and non-Fickian release behavior of moderately swellable controlled release 

systems, which are prepared by drug incorporation into polymers. In general, 

the release of the drug from a controller-release system is strongly 

influenced by diffusion and/or macromolecular relaxation. The exponential 
dependence of the amount of drug released from time is described by the 

following equation: 

𝑀𝑡

𝑀∞
= 𝑘𝑡𝑛  (6) 

where ‘Mt’ is the drug released at the time ‘t’, ‘M∞’ is the total amount of 
loaded drug, ‘k’ is a constant, ‘n’ is a diffusional exponent that provides 

important information on the mechanism of drug release through the 

polymer. The ‘n’ exponent can be obtained by fitting data with  
𝑀𝑡

𝑀∞
< 0.6 

and gives an indication on the release mechanism (2015). The dissolution 

parameters obtained by fitting the dissolution data of each sample are 

reported in Table V.4. 
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Table V.4 Dissolution parameters obtained by Peppas equation. 

Sample K n R
2
 

NIM/MSA 0.285 0.633 0.995 

NIM/CAA 0.127 0.459 0.994 

KET/MSA 1.078 1.262 0.999 

KET/CAA 0.467 1.014 0.999 

DIC/MSA 0.881 0.713 0.999 

DIC/CAA 0.263 0.747 0.993 
 

The interpretation of the release models of the active principles from the 

polymeric matrices depends on the different geometries (Ritger and Peppas, 
1987, Kosmidis et al., 2003, 2015). The tablets consisting of the impregnated 

aerogels can be assimilated to cylindrical samples, for which dependence of 

‘n’ on the transport mechanism is as follows: 

 when n=0.45, a pure Fickian release occurs: the drug release is 

governed by diffusion; i.e., the solvent diffusion into the matrix is 

faster than the polymer relaxation; 

 when 0.45<n<0.89, an anomalous or non-Fickian occurs: the 

mechanism of drug release is governed by both solvent diffusion and 

swelling/relaxation of polymeric chains that have a similar magnitude; 
this is the case of the samples NIM/CAA, NIM/MSA, DIC/CAA and 

DIC/MSA; 

 when n= 0.89, the release mechanism is governed by swelling or 

relaxation of polymeric chains; i.e., the diffusion of the solvent 
through the system is very fast if compared to the relaxation of the 

polymeric interface; 

 n> 0.89 corresponds to Super Case II transport: tension and breaking 

of the polymer occur due to a much faster solvent diffusion (2015); 
the systems KET/MSA and KET/CAA belong to in this category. 

The use of the Peppas equation shows that both solvent diffusion and 

polymer swelling/relaxation of polymeric chains generally governed the 

mechanism of drug release from aerogels; however, also the coupling 
polymer-drug can sometimes influence the release mechanism. 

 

V.2.5 Conclusions 

The effectiveness of impregnation using scCO2 to obtain ODTs was 

demonstrated by incorporating three different NSAIDs, namely NIM, KET 
and DIC, in MSA and CAA. In particular, two different types of tablets have 

been proposed, since, based on the specific application, a rapid or controlled 

release may be necessary for NSAIDs. The results on the impregnation 
kinetics indicated that the drug loadings were higher in the CAA compared 

to the MSA also due to the greater specific surface area of the CAA. The 

release tests showed that the MSA used as a hydrophilic carrier allows a 
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rapid dissolution of the NSAID, useful for producing ODTs, which quickly 

provide the desired therapeutic effect. In contrast, the CAA promotes a 

controlled release of NSAIDs, thanks to its greater stability in water and 
smaller pores, suitable for developing tablets of prolonged release drugs, 

which increase patient compliance reducing the frequency of administration 

and side effects. 
The amounts of NSAID impregnated within the aerogel are sufficient to 

obtain adequate dosages to be delivered in the form of tablets. Indeed, the 

tablets currently on the market contain 100 mg of active principle; it means 

that, in the case of NIM, the tablet has to be constituted by 100 mg drug +2 g 
aerogel; for KET, 100 mg drug + 330 mg aerogel; for DIC, 100 mg drug + 

100 mg aerogel. These results are relevant from the pharmaceutical point of 

view, since it is possible to achieve a rapid or controlled release of NSAIDs 
based on the specific therapy desired by choosing the appropriate aerogel. 

 

 

V.3 Supercritical impregnation of drugs into polymeric films 

In order to develop novel topical patches, a one-step “foaming + drug 
impregnation” process was attempted using scCO2. MSG was selected as 

model drug for the wound healing. The MSG impregnation was studied by 

firstly processing PCL granulates as received. Then, the optimum operating 
conditions were employed to perform the “supercritical foaming + 

impregnation” also on PCL film prepared by compression molding, with the 

aim of using composite system PCL/MSG as topical patch. 
In a previous study (Campardelli et al., 2019a), the foaming conditions of 

PCL granules were accurately investigated, demonstrating that the best 

foaming of PCL was reached at the operating temperature and pressure of 

35°C and 17 MPa, respectively. Therefore, these conditions were fixed to 
study the impregnation of MSG into PCL. 

The experimental results presented in this part of the work can be divided 

in four main steps: 
1. study of the solubility of MSG in scCO2; 

2. one-shot supercritical foaming+impregnation process, to know 

the time necessary for the equilibrium conditions; 
3. development of MSG-loaded patches by using PCL film 

produced by compression molding as support for the 

impregnation at the optimized conditions; 

4. characterization of samples with different analytical techniques. 
 

V.3.1 Solubility measurements of MSG in scCO2 

Since there were no literature data about the solubility of MSG in scCO2, 

it was necessary to carry out some preliminary tests. The solubility of MSG 
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in the scCO2 was determined at 35°C; i.e., the best temperature for the PCL 

foaming using scCO2 (Campardelli et al., 2019a). Indeed, it has to be 

considered that the PCL melting point is at very low temperature (about 
60°C) and the exposition of a semicrystalline polymer to a compressed fluid 

induced the melting point depression (Fanovich and Jaeger, 2012, Lian et al., 

2006). Although PCL foams with a regular porous structure were 
successfully obtained at 17 MPa (Campardelli et al., 2019a), it was decided 

to determine the solubility of MSG in the scCO2 at different pressures (12, 

15 and 17 MPa). Experimental data were reported in Table V.5. It can be 

noted that the solubility of MSG in scCO2 enhanced as the pressure 
increased and it seems to reach a plateau value between 15 and 17 MPa. The 

preliminary studies of the solubility were essential to deduce that is possible 

to perform the MSG impregnation at the temperature and pressure conditions 
optimized in the previous work, focused on the PCL foaming; i.e., 35°C and 

17 MPa (Campardelli et al., 2019a). 

Table V.5 Solubility of MSG in scCO2 at 35°C and different pressures. 

P 

(MPa) 

Solubility 

molMSG/molCO2 

12 3.297 (± 0.071) x 10-6 

15 4.048 (± 0.113) x 10-6 

17 4.053 (± 0.068) x 10-6 

 

V.3.2 Foaming + MSG impregnation in PCL granules 

Firstly, the one step ‘foaming + impregnation’ tests were performed using 

PCL granules, without any pre-treatment. The impregnation kinetics were 
determined to know the time required for the complete impregnation of 

MSG in the PCL foam; i.e., to reach the maximum amount of loaded drug. 

The uptake was expressed as qt; i.e., mg of impregnated MSG per mg of 

foamed PCL. The experimental data were obtained at 17 MPa and 35°C, 
varying the contact time between the polymeric support and the MSG 

dissolved in scCO2 from 2 to 48 h. The impregnation kinetic data reported in 

FigureV.28 showed that the quantity of loaded MSG increased by increasing 
the time of impregnation, up to a maximum value of about 0.22 

mgMSG/mgPCL reached after 24 h. Moreover, different images of PCL 

granules after the supercritical impregnation at various times investigated (in 
the range 2-24 h) were also reported in Figure V.29. It can be observed that 

the best foaming of PCL granules occurred after 24 h of impregnation. 
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Figure V.28 Kinetic curves at 17 MPa and 35°C for the impregnation of 
MSG on PCL foams. 

 
Figure V.29 Photographs of unprocessed PCL, and foamed + impregnated 
samples at 17 MPa, 35°C and various contact time (in the range 2 h- 24 h). 

 

It is worth noting that the amount of MSG impregnated in the foamed 

PCL, in terms of polymer/drug weight ratio, is sufficient to assure an 

adequate dosages, which is one of the limits of conventional wound care 

systems (Saghazadeh et al., 2018). This outcome confirms the potential of 
supercritical impregnation (Kikic and Vecchione, 2003) to overcome the 

drawbacks of the traditional impregnation technologies in which liquid 

organic solvents are used; i.e., low drug loadings on/in polymeric matrices. 
Indeed, when a liquid solvent is used to dissolve and impregnate a drug, its 

penetration in polymeric support is limited not only by the geometry/surface 

properties of the polymer matrices (e.g., pore size) but also by the liquid 
bulk properties (e.g., surface tension of the liquid) (Ahuja and Pathak, 2009). 

Thanks to the blowing effect and to the quasi-zero surface tension of scCO2, 

an appropriate incorporation of the active principle was reached (Kikic and 

Vecchione, 2003). 
In order to check if the experimental and theoretical loadings are in good 

agreement, the experimental data of the kinetic curves were fitted both with 
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pseudo-first-order and pseudo-second-order models, which are obtained 

from the integration of the equation (3) reported in the Paragraph V.2.2. 

Impregnation rate constants obtained from the pseudo-first-order and 
pseudo-second-order kinetics are reported in Table V.6. 

Table V.6 Impregnation rate constants obtained from the pseudo-first-order 

and pseudo-second-order models for MSG/PCL system. 

Pseudo-first-order kinetics Pseudo-second-order kinetics 

qe 

mmol/g 

k1 

1/h 
R

2
 

qe 

mmol/g 

k2 

g/mmol h 
R

2
 

0.351 0.185 0.740 0.367 1.445 0.999 

 

It is possible to note that the pseudo-first-order kinetic did not fit the 
experimental data properly, since the value of R2 is far from unity, as shown 

in Table V.6. On the contrary, the pseudo-second-order model fitted the 

kinetic data correctly, because R2 is very close to unity, meaning that the 
experimental and theoretical loadings were in good agreement. In particular, 

the pseudo-second-order model (Ho, 2006) was applied according to the 

equation (4) reported in the Paragraph V.2.3. The plot of t/qt versus t was 
shown in Figure V.30; qe and k2 were determined from slope and intercept 

of the fitting. 
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Figure V.30 Pseudo-second-order kinetics for the impregnation of MSG on 

PCL at 17 MPa and 35°C. 
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V.3.3 Mechanism of MSG impregnation 

Different mechanisms can control the impregnation process; three steps 

are generally considered (Lazaridis and Asouhidou, 2003), namely film 

diffusion, intraparticle or pore diffusion and release of the adsorbate on 
adsorbent active sites, as mentioned in the Paragraph V.2.3. The last step is 

commonly very fast; therefore its resistance can be neglected (Kalavathy et 

al., 2005). When the support is a polymeric matrix, the impregnation of the 
drug is often governed by film diffusion at the beginning, followed by pore 

diffusion (De Marco and Reverchon, 2017). According to the Weber and 

Morris approach (Weber and Morris, 1963), the pore diffusion coefficient 

Kid can be defined by the equation (5) reported in the Paragraph V.2.3. 
Plotting qt versus t0.5 as shown in Figure V.31, a multi-linearity was 

observed and the intercept of each straight line was not equal to zero; these 

results indicated that different steps occurred in the impregnation process 
(Weber and Morris, 1963, Sun and Yang, 2003, Kalavathy et al., 2005). 
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Figure V.31 Pore diffusion plot for the MSG impregnation on foamed PCL. 

The slopes of the different lines, representing the different stages, are 
reported in Table V.7. It can be observed that K1d> K2d> K3d, indicating that 

the impregnation is controlled by film diffusion at the beginning and that 

MSG was impregnated on the outer surface of the foamed PCL. At this 
initial stage, the impregnation rate is fast because the polymeric matrix is 

unloaded. Then, the MSG is also impregnated on the surface of the inner 

porosities of the foamed PCL; therefore, in this stage, the process is 

controlled by pore diffusion (Sun and Yang, 2003). In this step, the diffusion 
rate decreased due to an increase in diffusion resistance. As the amount of 

MSG in scCO2 decreases, the diffusion rate became lower and the process 
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tends towards the final equilibrium stage, as proved by the very little value 

of K3d. 

Table V.7 Pore diffusion rate parameters for MSG/PCL system. 

K1d 

mmol g
−1

 h
−0.5

 

K2d 

mmol g
−1

 h
−0.5

 

K3d 

mmol g
−1

 h
−0.5

 

7.01 x 10-2 2.64 x 10-2 5.0 x 10-4 
 

V.3.4 Foaming + MSG impregnation in PCL films 

Thin PCL film, characterized by a thickness of 100 µm, were produced 

by compression molding in order to develop topical patches. The 
supercritical foaming + impregnation of MSG in PCL film was performed at 

the optimum conditions; i.e., 35°C, 17 MPa and 24 h. Small film pieces of 

1.5 cm x 1.5 cm as dimensions were used to conduct the experiments 

(Figure V.32a). At the end of the experiment, a drug loading of about 0.23 
mgMSG/mgPCL was reached; this value was similar to the MSG loading 

previously obtained using PCL granules. The aspect of the PCL film foamed 

and loaded with MSG is reported in Figure V.32b. 

  
(a) (b) 

Figure V.32 Photographs of (a) unprocessed PCL film; (b) foamed PCL film 

after MSG impregnation. 

V.2.4 Characterization of MSG/PCL composites 

MSG-loaded films were characterized by different analytical techniques. 

The morphology of foamed PCL was observed by FESEM analysis in 
absence (Figure V.33a) and in presence (Figure V.33b) of impregnated 

MSG. Foamed PCL film is characterized by a porous structure, as shown in 

Figure V.33a. The pore size distribution was 0.47 ± 0.35 μm. After the 

MSG impregnation, the crystalline drug in form of small needles filled and 
covered the pores (Figure V.33b). Unlike traditional dressings, the use of 

porous foams as topical forms provides a proper moist wound environment, 

in addition to other advantages such as good thermal insulation, better 
absorption of the exudate, cushioning provided by the porous structure and 

also a comfortable movement of the injured body part thanks to the 

flexibility of this material (Boateng et al., 2008, Saghazadeh et al., 2018). 
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(a) (b) 

Figure V.33 FESEM images of (a) PCL film foamed by scCO2; (b) MSG 

impregnated into/on foamed PCL film. 

FTIR analyses were performed in order to verify the presence of drug 

into impregnated samples at the level of functional groups. FTIR spectra of 

unprocessed MSG, unprocessed PCL and MSG-loaded PCL film (17 MPa, 
35°C and 24 h) are reported in Figure V.34. Spectra of impregnated sample 

exhibited the characteristic absorption bands both of the polymer and the 

drug, confirming the presence of MSG in foamed PCL. 
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Figure V.34 FT-IR spectra for pure MSG and PCL, MSG impregnated on 
foamed PCL. 

DSC thermograms of unprocessed MSG, unprocessed PCL and loaded 
PCL film (17 MPa and 35°C for a time of impregnation of 24 h) are reported 

in Figure V.35. 
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Figure V.35 DSC thermograms of pure MSG and PCL, MSG impregnated 

on foamed PCL. 

 

MSG thermogram exhibited an endothermic peak due to the dehydration, 

and an exothermic peak at 253°C due to the crystallization. The thermogram 
of unprocessed PCL exhibited an endothermic melting peak at about 61°C 

(Can et al., 2011), which shifted at low temperature (around 59.4°C) for 

impregnated film due to the plasticizing effect of scCO2 (Kishimoto and 

Ishii, 2000, Kikic and Vecchione, 2003). MSG adosorbed on PCL foams 
showed a thermal behavior similar to the PCL one; this result could be 

ascribed to the large presence of the polymer with respect to the drug. 

The dissolution profiles in PBS at pH 7.4 of unprocessed MSG and MSG 
impregnated on foamed PCL film (17 MPa, 35°C and 24 h) are compared in 

Figure V.36. Pure MSG completely dissolved in less than an hour; instead, 

MSG impregnated on foamed PCL film took about 70 h (about 3 days). A 

burst-like effect (i.e., the dissolution of drug on/near the surface of the 
polymeric foam) of about 10% was observed in the case of MSG/PCL film 

system. The comparison of the dissolution profiles demonstrated that the 

impregnation of MSG into foamed PCL allowed to reach a prolonged 
release, delaying the complete dissolution of MSG up to about 70 times. 

Therefore, MSG/PCL system produced could offer a prolonged action on the 

wound for a proper regeneration of the epithelium. From a clinical point of 
view, the achievement of a MSG controlled release is an important goal that 

allows to overcome the major problem of the conventional wound care 

systems; i.e., the short residence times on the wound site (Boateng et al., 
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2008). Indeed, the wound healing process can be improved by a controller-

release delivery that assures a continuous treatment for a long period of time. 
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Figure V.36 Dissolution kinetics in PBS at pH 7.4 and 37°C. 

 

V.3.5 Conclusions 

In this work, a one-step supercritical foaming and impregnation process 
was successfully applied to obtain MSG and PCL foams. The challenge was 

to produce composite biopolymer/drug systems to be used as topical patches 

for the wound healing process. The impregnation kinetics of MSG was 
studied at the pressure and the temperature that guarantee the foaming of 

PCL; i.e., 17 MPa and 35 °C. Increasing the impregnation time, it was noted 

that the amount of loaded MSG increased up to a maximum value equal to 
0.22 mgMSG/mgPCL reached after 24 h, which time also assured the best 

foaming of PCL granules. The modelling of kinetic data revealed that the 

impregnation process was properly fitted by a pseudo-second-order model, 

demonstrating that the experimental and theoretical loadings were in good 
agreement. Moreover, it was found that the impregnation process was 

governed by film di_usion at the beginning of the impregnation process, 

followed by the pore diffusion that allowed to impregnate MSG not only on 
the external but also on the inner surface of the foamed PCL. Then, the 

impregnation of MSG was also performed at the optimized conditions (17 

MPa, 35°C, and 24 h) on PCL film, previously prepared by compression 
molding, in order to develop topical patches. As demonstrated by dissolution 

tests of MSG in PBS at pH 7.4, the supercritical impregnation of MSG into 
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foamed PCL film is effective to reach a prolonged release of the drug. 

Indeed, the MSG dissolution rate was 70 times slower than pure MSG when 

it was impregnated on foamed PCL film. 
The system MSG/foamed PCL film appears very interesting for the 

development of topical devices designed to release MSG in a controlled-time 

manner. Indeed, this composite system used as topical device can offer a 
wound protection and a proper regeneration of the epithelium thanks to a 

prolonged release of MSG. Furthermore, MSG/foamed PCL film obtained 

by using scCO2 can allow to reduce the frequency of administration in long-

term therapies, avoiding high and repeated dosages and the associated side 
effects. 

 

 



 

 

Conclusions 

 

 

 

 
In this Ph.D. work, the versatility of scCO2 in the production of different 

pharmaceutical forms, namely granulates, orally disintegrating tablets and 

topical patches, has been proven. The supercritical processes employed 

revealed to be effectively a valid alternative to the conventional ones. The 
polymer/active compound composites produced by the two scCO2 assisted 

techniques, namely SAS process and supercritical impregnation, can provide 

an answer to the problems still concerning the pharmaceutical field. In 

addition to offering protection and stability for the active compound, the key 
role of the polymeric carrier in modifying the drug release kinetics emerged 

in the case of all the composite systems produced. Several pharmaceutical 

formulations with an accelerated or prolonged drug release have been 
proposed, depending on the specific therapy. Different polymers for various 

formulations and different drug releases have been selected, proving that 

carriers with a hydrophobic behaviour geneally tend to extend the 
dissolution of the active compound, whereas hydrophilic carriers allow to 

increase the drug dissolution rate. Therefore, according to the clinical 

application, the choice of the right polymers is crucial to reduce the drug 

dosages and the side effects, improving the patient’s compliance. 
Regarding the SAS process, new carriers effective for the polymer/drug 

coprecipitation were identified, namely zein, Eudragit L100-55 and β-

cyclodextrin. It has been demonstrated that both traditional microspheres and 
inclusion complexes can be prepared by SAS technique, depending on the 

properties of the selected carrier. In particular, the entrapment of active 

principles into microparticles based on zein and Eudragit L100-55 allow to 
prolong the drug release. It is worth noting that zein and Eudragit are less 

expensive than the lactic acid-based polymers (i.e., PLA and PLLA) 

proposed so far for the attainment of prolonged-release particles by SAS 

coprecipitation. On the contrary, the production of inclusion complexes by 
using β-CD allows to increase the dissolution rate of the active componds 

incorporated into the cyclodextrin cavity. Moreover, in some cases, CDs-

based inclusion complexes revealed to be more effective than PVP-based 
microparticles in the enhancement of the drug dissolution rate, by using a 

reduced amount of carrier into SAS coprecipitated powders. 
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SAS coprecipitation mechanisms have been also proposed in 

corrispondence of different morphologies; i.e., nanoparticles, sub-

microparticles and microparticles. For this purpose, the competition between 
the jet break-up and the surface tension vanishing during SAS 

coprecipitation has been taken into account, remembering that, when the first 

or the second phenomenon prevails, in general microparticles or 
nanoparticles precipitate, respectively. Briefly, by selecting the couple 

zein/diclofenac for this study, larger particles were produced by increasing 

the polymer/drug ratio, so passing from nanometric to micrometric size. 

Nanoparticles are obtained by homogeneous nucleation, so the polymer and 
the active compound precipitate separately and the coprecipitation fails at 

least partly, as similarly occurs with the attainment of sub-microparticles. 

Indeed, a portion of the precipitated powder is constituted by polymer 
nanoparticles and drug nanoparticles, whereas the residual amount of the 

powder can be formed by particles consisting of the materials precipitated 

together. Hence, the coprecipitation is achieved only in some measure, since 

a large aliquot of the drug dissolution is characterized by a burst effect, 
corresponding to drug molecules/particles freely soluble and/or located 

near/on the surface of particles. The burst effect decreased as the 

polymer/drug ratio increased; i.e., as the particle size increased, because a 
greater amount of drug can be entrapped and dispersed within the polymeric 

matrix formed after droplets drying, resulting in the formation of 

microspheres. This outcome is important since it demonstrates the role of the 
polymer, in addition to the particle size reduction, in modifying the 

dissolution kinetics of an active compound. This is the reason why, when a 

hydrophilic carrier is used, a higher dissolution rate is generally observed 

when composite microparticles are produced compared to that reached with 
nanoparticles, contrary to what can be expected. Indeed, considering a 

poorly-water soluble active compound, reducing its size and, consequently, 

increasing its specific surface area by simple SAS micronization, it is 
possible to speed up its dissolution in an aqueous environment. This effect is 

more marked the smaller the particle size, when a polymer is not employed. 

On the other hand, when the coprecipitation is performed with hydrophilic 
polymers like PVP, by increasing the quantity of carrier in the powders; i.e., 

the polymer/drug ratio, the drug release is often accelerated, despite the 

particle size increased. This result highlights the role played by the 

polymeric carrier in the control of the drug dissolution and it proves that 
SAS coprecipitation is effective when microspheres are produced. However, 

this trend, which links the drug release rate to the polymer quantity and to 

the particles size, is not always verified when inclusion complexes based on 
cyclodextrins are prepared by SAS coprecipitation. Indeed, due to the 

formation of weak interactions between the cyclodextrin and the active 

compound as well as to the partial or total complexation, different trends 

may occur. 
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The influence of the structure and chemical properties of the selected 

polymeric support on the drug release kinetics also emerged from the 

supercritical impregnation studies. The effectiveness of this technique in 
producing both orally disintegrating tablets and topical patches has been 

demonstrated, highlighting its versatility. By incorporating active principles 

into hydrophilic aerogels, such as MSA, or aerogels with a hydrophobic 
tendency, like CAA, the drug release is accelerated or prolonged, 

respectively. Briefly, the dissolution process of an active comound is faster 

when it is impregnated into hydrophilic aerogels, which is quickly wetted by 

water leading to a partial collapse of the aerogel structure; thus, the drug 
molecules are readily surrounded by the dissolution medium. In contrast, a 

more controlled drug release is reached in the case of aerogels based on 

hydrophobic polymers, being more stable in water than the hydrophilic 
aerogel. Moreover, the comparison between the use of MSA and CAA as 

support for the drug impregnation also highlithed the influence of the 

properties of the aerogel structure on the release kinetics. Indeed, aerogels 

like CAA characterized by very small pores promote a prolonged drug 
release, because the drug diffusion within the aerogel porosities is the 

controlling phenomenon during the dissolution process. The drug release 

data were fitted with Peppas model, revealing that the mechanism of drug 
release from aerogels is often governed by both solvent diffusion and 

polymer swelling/relaxation of polymeric chains. However, the results 

obtained from the release models show that some exceptions may occur, 
demonstrating that also the polymer-drug coupling can sometimes influence 

the release mechanism. Similarly to CAA, the use of thin films based on 

hydrophobic PCL as support for medicated patches promotes a controlled 

release of the impregnated drug. It is well known that some polymers like 
PCL can foam in the presence of scCO2 under certain process conditions, 

leading to the formation of pores in the polymeric support. Therefore, using 

PCL as carrier, it was possible to develop a one step process consisting in the 
polymer foaming and the drug impregnation into the pores of the polymeric 

foams. By this route, it is possible to produce solvent-free pharmaceutical 

forms, reducing the operating times required for their preparation. It is worth 
noting that the supercritical impregnation of drugs into polymeric films was 

proposed to develop topical patches for the first time. For all the couples 

drug/polymeric support studied, it was noted that the impregnation kinetics 

were well fitted by pseudo-second-order models. The mechanisms of the 
drug impregnation in polymeric supports using scCO2 were also 

investigated. In particular, it has been demonstrated that, at the beginning, 

the impregnation process is generally controlled by the diffusion of the drug 
in the bulk that surrounds the support (film diffusion), so the drug is 

impregnated on the outer surface of the substrate. Then, the impregnation 

process is controlled by pore diffusion, indeed the diffusion rate decreases 

due to an increase the in diffusion resistance. In this stage, the drug is also 
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impregnated on the inner surface of the polymeric support; i.e., into the 

pores. The diffusion process lastly tends towards the equilibrium stage; 

indeed, the diffusion rate becomes increasingly lower since the drug 
concentration decreases. 

In conclusion, the two scCO2 assisted techniques employed in this work 

can be considered effective for the preparation of various pharmaceutical 
forms for a controlled release of an active compound, more suited to the 

desired therapeutic effect. The results achieved encourage a greater 

application of the supercritical processes, still limited today, for the 

production of composite pharmaceutical systems. 
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List of Symbols 
ASES: Aerosol Solvent Extraction System 
AMOXI: Amoxicillin trihydrate 

AMPI: Ampicillin sodium salt 

β-CD: β-cyclodextrin  
BET: Brunauer, Emmett and Teller 

C: crystals 

CAA: calcium alginate aerogel 

CD: cyclodextrin 
cMP: coalescent microparticles 

cSMP: coalescing sub-microparticles 

Ctot: total concentration 
CTZ: cetirizine dihydrochloride 

D: nozzle diameter 

DIC: diclofenac sodium salt 
DMSO: dimethylsulfoxide 

DSC: differential scanning calorimetry 

EMP: expanded microparticles 

EtOH: ethanol 
EUD: Eudragit L100-55 

FTIR: Fourier-transform infrared 

GAS: supercritical gas antisolvent 
HCl: hydrochloric acid 

HP-β-CD: hydroxypropyl-β-cyclodextrin 

KET: ketoprofen 

KTF: ketotifen fumarate salt 
M: morphology 

MCP: mixture critical point 

m.d.: mean diameter 
MP: microparticles 

MSA: maize starch aerogel 

MSG: mesoglycan  
NIM: nimesulide 

NMP: N-methyl-2-pyrrolidone 

NP: nanoparticles 

NSAID: non-steroidal anti-inflammatory drug 
ODT: oral disintegrating tablet 

Oh: Ohsenorge number 

P: pressure 
PBS: phosphate buffer solution 

PCL: polycaprolactone 

PLA: polylactic acid 
PLLA: poly (L-lactic acid) 
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PSD: particle size distribution 

PVP: polyvinylpyrrolidone 

Re: Reynolds number 
RUT: rutin hydrate 

SAS: supercritical antisolvent 

scCO2: supercritical carbon dioxide 
s.d.: standard deviation 

SEDS: solution enhanced dispersion by supercritical fluids 

SMP: sub-microparticles 

T: temperature 
THEOP: theophylline 

tJB: time of jet break-up 

tSTV: time of surface tension vanishing 
v: fluid velocity 

VLEs: vapor liquid equilibria 

We: Weber 

XRD: X-ray diffraction 
σ: surface tension 

µ: viscosity of the mixture CO2-solution  

ρ: fluid density 
 

 



 

 

 


