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A B S T R A C T   

Dry powder inhalers (DPIs) have gained increasing clinical acceptance in the local treatment of lung diseases due 
to their ability to meet the evolving needs of patients while avoiding environmental concerns. However, some 
formulations for DPIs still encounter performance limitations in terms of aerodynamic properties and achieve-
ment of therapeutic doses. Innovative aerogel powder formulations for DPIs processed using combined super-
critical CO2 (scCO2)-based technologies can overcome these limitations, especially in the case of poorly water- 
soluble drugs. The loading of hydrophobic drugs into aerogels can be optimized through a thorough under-
standing of the physicochemical properties of the formulation and the scCO2 processing conditions. In this study, 
drug-loaded alginate aerogel particles were prepared by combining gelation-emulsification techniques and 
scCO2-based technologies. Beclomethasone dipropionate (BDP), a hydrophobic corticosteroid, was incorporated 
into the aerogel matrix by scCO2 impregnation. The influence of contact time, initial amount of drug, and use of 
co-solvents on the efficiency of scCO2 impregnation were studied. The kinetics of the BDP adsorption process was 
modelled to elucidate the time required for the drug to attain equilibrium concentration under specific operating 
conditions. Nitrogen adsorption-desorption and helium pycnometry revealed particles with large surface area 
(>200 m2/g) and porosity (ca. 90%). The resulting aerogels had excellent aerodynamic properties at relevant 
BDP doses, as confirmed by in vitro lung deposition tests. Ex vivo permeability tests with porcine lung tissues 
evidenced that BDP released from the inhaled formulation could penetrate the bronchial tissue.   

1. Introduction 

Pulmonary drug delivery is primarily used for the local treatment of 
lung diseases, as it minimizes systemic side effects and improves patient 
adherence [1],[2]. Dry powder inhalers (DPIs) have gained prominence 
and increasing market demand as devices for pulmonary drug delivery 
due to their eco-friendliness, ease of use, stability of the formulation, 
and wide potential for treating respiratory conditions [3],[4]. However, 
DPIs encounter challenges to deliver therapeutic drug concentrations to 
the desired regions within the lungs, often due to lung defense mecha-
nisms, and systemic absorption resulting from particle deposition in the 
mouth or oropharynx due to the deficient aerodynamic properties. 

Significant efforts have been directed towards novel particle engineering 
for optimizing DPIs performance [5]. Among them, porous formulations 
are especially promising since they present very low particle density 
associated with a higher surface area that improves their aerodynamic 
behavior. However, only a few pioneering powder technologies, like 
Pulmosphere™, Technosphere®, and ARCUS technologies, have gained 
approval for commercial use [5],[6]. Finally, these challenges to design 
DPI formulations are further amplified when dealing with drugs that 
exhibit poor solubility in water [7],[8],[9]. 

Beclomethasone dipropionate (BDP) is an extremely poorly water- 
soluble (<1 μg/mL in water) anti-inflammatory prodrug commonly 
prescribed for asthma patients [9],[10], which is converted in the lung 
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to the active metabolite beclomethasone 17-monopropionate by the 
action of esterases [11]. Currently, commercial products incorporating 
BDP are available in DPIs, such as Easyhaler (Orion Pharma Ltd., Lon-
don, UK) [12] and Fostair NEXThaler (Chiesi Farmaceutici S.p.A, Parma, 
Italy), which contains a combination of BDP and formoterol fumarate 
(FF) [13]. Nevertheless, the significantly high content of excipients in 
the inhaled formulations, e.g. lactose in Fostair NEXThaler (100 μg of 
BDP, 6 μg FF, and 9.9 mg of lactose monohydrate), might pose chal-
lenges for patients using inhalers on a daily basis. Similarly to other 
potent inhaled corticosteroids, such as fluticasone propionate and 
mometasone furoate, BDP also has a low nominal dose (less than 1 mg) 
and an extremely poor water solubility [14]. The use of porous matrices 
can improve not only the aerodynamic performance of BDP formulations 
for DPIs, but also the dissolution rate of BDP, due to their high surface 
area and their capacity to incorporate BDP as solid dispersions [15]. 

Supercritical fluid (SCF) technologies can be used to produce solid 
powders for DPI formulations and have been recognized for their cost- 
effectiveness, non-toxicity, and environmental friendliness [16],[17]. 
Particularly, CO2 is a solvent approved by the United States Food and 
Drug Administration (FDA) and the most common SCF, since it is 
non-toxic, non-flammable, cost-effective, comes from recycled sources, 
and has low surface tension and mild critical point conditions (31.1 ◦C, 
73.8 bar) [16],[18],[19]. Namely, the technological platform based on 
the use of scCO2 sets several strategies to formulate porous nano-
structured powders loaded with drugs of differing water solubility [15], 
[20],[21]. Among them, aerogels are materials endowed with low bulk 
density, large surface area and high porosity, which are usually obtained 
by scCO2 drying of gels and have been proposed as the next generation of 
DPI formulations [22],[20]. scCO2 drying prevents pore collapse of the 
structure and preserves the physicochemical characteristics of the 
polymeric gels. Aerogel particles with the right granulometry can 
compile the aerodynamic and geometrical requirements for pulmonary 
drug delivery while improving flow dispersibility [23],[24]. Recently, 
aerogels produced via emulsion or thermal inkjet printing gelation 
techniques followed by scCO2 drying have been studied regarding their 
potential in pulmonary drug delivery [23],[24],[25]. 

To the best knowledge of the authors, the present study marks the 
pioneering application of scCO2-assisted impregnation for integrating 
active pharmaceutical ingredients (APIs) into nanostructured aerogels 
for DPIs. The use of powder technology for inhalable formulations based 
on BDP-loaded aerogels with potential for industrial scale production is 
herein studied. The processing method should consider several design 
aspects – it must be able to simultaneously preserve the physicochemical 
properties of the aerogel matrix, and to incorporate poorly water-soluble 
BDP into aerogels. scCO2-soluble drugs can be loaded into aerogel 
matrices by a process known as scCO2-assisted impregnation [16],[18], 
[19]. In this process, the drug molecules dissolved in the supercritical 
medium effectively penetrate the swollen aerogel matrix and are trap-
ped inside the polymeric structure upon depressurization [26],[27]. 
However, the low solubility of BDP in scCO2 presents a significant 
challenge for its loading by scCO2-assisted impregnation. This issue has 
been previously overcome for other drugs by the addition of polar 
co-solvents (e.g., ethanol, acetone or methanol) that improve the solu-
bility of the drug in the supercritical medium, thus facilitating the 
impregnation process [26],[27]. Tuning of other impregnation param-
eters, such as impregnation contact time or drug:carrier weight ratio, 
could result in increased loading efficiencies and drug content, hence 
improving the overall productivity of the process as well as its 
cost-effectiveness [28]. 

In this study, the scCO2 technological platform was applied with a 
two-fold interest: (i) to dry alginate gel particles prepared through an 
internal gelation (gelation-emulsification) method (scCO2 drying), and 
(ii) to load BDP (scCO2 impregnation process) into the resulting aerogel 
particles [29],[30]. The aerogel formulations were then assessed for 
their drug loading capacity and aerodynamic performance in pulmonary 
drug delivery for potential use as DPI formulations. The scCO2 

impregnation procedure was herein developed and the impact of various 
parameters (impregnation time, drug:carrier ratio, co-solvent choice) 
was investigated. The textural properties and BDP content of the pro-
duced aerogels were determined and used to model the impregnation 
kinetics. In vitro drug release and deposition tests in a compendial 
impactor were performed to evaluate the therapeutic potential of the 
optimized BDP-loaded formulation. Lastly, ex vivo permeability tests 
using porcine bronchial tissue were carried out to evaluate the pene-
tration capacity of the aerogels into the bronchial tissue. 

2. Materials and Methods 

2.1. Materials 

Beclomethasone dipropionate (BDP, > 98% purity) was provided by 
Tokyo Chemical Industry Co., Ltd (Tokyo, Japan). Alginic acid sodium 
salt from brown algae (guluronic acid/mannuronic acid ratio of 70/30, 
Mw = 403 kDa) was obtained from Sigma Aldrich (Irvine, UK). Calcium 
chloride (CaCl2) was purchased from Merck (Darmstadt, Germany). 
Carbon dioxide (CO2 > 99.8% purity) was supplied by Nippon Gases 
(Madrid, Spain). Acetone (100% purity) was provided by Scharlau 
Chemie S.A (Barcelona, Spain). Absolute ethanol, methanol (100% pu-
rity), Tween 80, and Span 80 were from Merck (Darmstadt, Germany). 
Paraffin oil was purchased from Carlo Erba Reagents (Emmendingen, 
Germany). Acetonitrile was supplied from VWR International S.A.S 
(Rosny-sous-Bois, France). 

2.2. Preparation of BDP-loaded alginate aerogels 

2.2.1. Preparation of alginate gel particles 
Alginate aerogels were prepared by a gelation-emulsification 

method. Briefly, 40 mL of 1.5 % w/v alginate solutions in Milli-Q 
water were prepared under magnetic stirring (600 rpm) at room tem-
perature. To prepare the oil phase, 3 g of a mixture of Span 80 and 
Tween 80 (75 and 25 % w/w, respectively) were dissolved into 40 mL of 
paraffin oil and homogenized by mechanical stirring (1000 rpm, VOS 60 
control, VWR) for 10 min. Then, the alginate solution was added drop by 
drop into the oil phase and the resulting water-in-oil emulsion (1:1 vol-
ume ratio) was mechanically stirred for 30 min at 1000 rpm. The ve-
locity of the mechanical strirring was decreased to 600 rpm, the 
crosslinking solution (6 % w/v CaCl2) was then added dropwise, and the 
emulsion was left to age 2 h. Subsequently, 100 mL of ethanol were 
added, agitation was stopped, and the emulsion was left to settle for 
15 min to separate the oil and aqueous phase. The oil was removed, and 
the aqueous phase was transferred to a 50 mL-Falcon tube. Ethanol was 
added (ca. 30 mL) and the mixture was subsequently centrifuged at 
3000 rpm and 30 ◦C for 10 min to eliminate the remaining oil. This 
washing step was repeated three times. The resulting alginate gel par-
ticles were left in ethanol until drying with scCO2. 

2.2.2. Preparation of alginate aerogel powder 
The collected alginate alcogel particles were placed into paper car-

tridges and dried with scCO2 as extraction medium (Waters-Thar Pro-
cess, Pittsburg, PA, USA) at 40 ◦C, 120 bar and a CO2 flow of 7 and 5 g/ 
mL for 1 and 2.5 h, respectively (Fig. 1). The high-pressure vessel uti-
lized had an internal volume of 100 mL (height: 4.2 cm; diameter: 
5.5 cm). The depressurization rate was 1.0 g/min, and the depressur-
ization duration was 66 min. 

2.2.3. BDP loading by scCO2-assisted impregnation 

2.2.3.1. Preparation of BDP-loaded alginate aerogels. Alginate aerogels 
(200 mg) and BDP (20 or 40 mg) were filled separately in two filter 
paper cartridges and put at the bottom of the 100-mL stainless steel high- 
pressure vessel (Waters-Thar Process, Pittsburgh, PA, USA), ensuring 
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that there was no physical contact between aerogels and the drug 
powder before the process. scCO2-assisted impregnation was carried out 
at 65 ◦C and 215 bar, based on previously reported solubility values 
[31]. Stirring was applied during the impregnation process (500 rpm). 
Besides varying the amount of initial BDP, different contact times (1, 2, 
6, 9 and 24 h) and co-solvents (none, methanol, ethanol or acetone at 
5 vol.%) were investigated. The depressurization step was controlled 
through an automatic backpressure (BPR in Fig. 1) at a flow of 1 g/min. 
Trials were carried out in triplicate. 

2.2.3.2. Quantification of BDP content in alginate aerogels. Samples (ca. 
10 mg) of the collected formulation were placed into vials containing 
10 mL of a solvent mixture comprised of acetonitrile (ACN) and water at 
a 65:35 % v/v. Subsequently, the vials underwent sonication for 
180 min to ensure the complete release of BDP present in the formula-
tion into the solvent. BDP content in the aerogel particles was quantified 
by HPLC (JASCO, Tokyo, Japan) using a C18 column (Waters Symmetry 
5 µm, 3.9 mm × 150 mm) as stationary phase. The mobile phase con-
sisted of ACN:water at a 65:35 % v/v and was pumped at a flow rate of 
1.4 mL/min. The volume of injection was 25 μL, and BDP was detected 
at 254 nm (retention time: 2.7 min). BDP concentration was calculated 
using a calibration curve with linearity in the 0.25–80 μg/mL concen-
tration range (R2 > 0.9999). 

2.2.3.3. Modelling of SCF impregnation of BDP into alginate aerogels. The 
experimental data obtained from SCF-assisted impregnation were fitted 
to pseudo first-order and pseudo second-order kinetic models. By inte-
grating Eq. 1, equations of pseudo first-order (Eq. 2) and pseudo second- 
order (Eq. 3) models were obtained: 

d
(
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(
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ln
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2 +
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where qt (mmol/g) represents the amount of drug that has been loaded 
into the aerogel after a specific contact time t, qe (mmol/g) denotes the 
adsorption capacity at equilibrium, which is the maximum quantity of 
drug that can be loaded into the aerogel, and k1 (1/h) and k2 (g/mmol⋅h) 
are the rate constants of pseudo first-order and pseudo second-order 
models, respectively. Fittings were carried out using OriginPro soft-
ware (v. 9.0, Originlab, Northampton, MA, USA). 

2.3. Physicochemical characterization 

Alginate aerogel particle diameters were measured using a CKC53 
optical microscope equipped with an EP50 camera and EPview image 

analysis software (v.1.3, Olympus, Tokyo, Japan). The acquired images 
were subsequently analyzed using Fiji-ImageJ2 (National Institutes of 
Health, NIH, Bethesda, MD, USA) to determine the Feret diameter of the 
particles (Figure S1 in Supplementary Information). 

Scanning electron microscopy (SEM, EVO LS15, Zeiss, Oberkochen, 
Germany) was used to study the morphology and structure of the aer-
ogels. Sputter coating with a thin layer (2–20 nm) of iridium was 
employed to improve the contrast of the particles. The small grain size of 
iridium, typically between 1 and 2 nm, makes it a favorable coating 
material choice for capturing precise, high-magnification images [32]. 

Nitrogen adsorption-desorption analysis (ASAP2000, Micromeritics 
Inc., Norcross, GA, USA) was used to determine the specific surface area 
of BDP-loaded alginate aerogel particles. Before the analysis, samples 
were degassed under vacuum (< 1 mPa, room temperature, 24 h). The 
textural properties (specific surface area, pore size distribution and 
specific pore volume) were calculated using the BET and BJH methods. 

The overall porosity (ε) of the material was calculated using (Eq. 4) 
[23] 

ε =

(

1 −
ρbulk

ρskel

)

× 100 (4)  

where ρbulk represents the bulk density and ρskel represents the skeletal 
density of the alginate particles. Bulk density was estimated based on the 
tapped density (approximately 1.26 times the tapped density according 
to existing literature) [23],[33]. The tapped density (ρtapped) was 
calculated using the graduated flask method in triplicate [23]. Skeletal 
density was measured from five replicates using helium pycnometry 
(Quantachrome; Boynton Beach, FL, USA) at a temperature of 25 ◦C and 
a pressure of 1.03 bar. 

The presence and potential interaction of BDP within the alginate 
aerogel was studied by Attenuated Total Reflectance (ATR) spectroscopy 
using a Varian FT-IR 670 spectrometer with a Gladi-ATR accessory (Pike 
Technologies, Madison, WI, USA). Pure BDP, alginate aerogels, BDP- 
loaded alginate aerogels and BDP-aerogel physical mixtures were 
examined in the 400–4000 cm− 1 range using 8 scans at a resolution of 
2 cm− 1. 

X-ray diffraction (XRD) patterns were collected with a Rigaku Min-
iFlex diffractometer (Rigaku, Neu-Isenburg, Germany) operating at 
30 kV and at 15 mA, with CuKα radiation (1.54056 Å) in the range from 
3 to 60◦ (steps of 0.02◦, scan step time of 2.00 s). 

2.4. In vitro drug release 

In vitro release tests of BDP-loaded alginate aerogels were carried out 
in dialysis bags (MWCO = 12,400 Da). Alginate aerogels (10 mg, con-
taining ca. 450 µg of BDP) were added into the dialysis bags containing 
1 mL of PBS solution, pH 7.4 (containing sodium chloride, potassium 
chloride, sodium phosphate and potassium phosphate) with 20 vol.% 
methanol to enhance the solubility of BDP (the solubility of BDP in PBS 
is 0.15 ± 0.04 μg/mL [34]). The entire setup was then placed in a plastic 
container containing 15 mL of the same medium and put inside a 
shaking incubator (100 rpm, 37 ◦C). Samples (300 μL) were periodically 
withdrawn for HPLC analysis, with an equivalent volume of fresh me-
dium being reintroduced into the plastic container. Released BDP was 
quantified following the same HPLC method as described in Section 
2.2.3.2. 

Modeling of the BDP release profile from the aerogels was performed 
by fitting the data to the first-order release model (Eq. 5) and to two 
simultaneous first-order dissolution processes (Eq. 6 [[35]]) using 
GraphPad Prism 10 software (San Diego, CA, USA). 

F = Fmax
(
1 − e− k1t) (5)  

D = Dmax,1
(
1 − e− k1t)+Dmax,2(1 − e− k2t) (6)  

Where D is the dosage of BDP released at time t (in percentage), Dmax,i is 

Fig. 1. Setup for continuous scCO2 drying. P1: dual piston pump, V1-2: needle 
valves, HEX12: heat exchangers, BPR: backpressure regulator (used to maintain 
a stable pressure). Alginate alcogel particles were placed in the high-pressure 
vessel. Residual ethanol was gathered via a collector. 
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the maximum BDP released in stage i (in percentage), and ki is the first- 
order kinetic coefficient in stage i in h− 1, being i=1 or 2. 

2.5. In vitro aerosol deposition tests 

Aerodynamic deposition of BDP-loaded alginate aerogels was eval-
uated with a Next Generation Impactor (NGI) manufactured by Copley 
(Nottingham, UK) consisting of seven stages and a Micro-Orifice Col-
lector (MOC). A mouthpiece adapter was attached to the NGI to simulate 
the use of a single-dose DPI device with low resistance, meaning that 
through the device, the pressure drop is lower than 5 Mbar0.5L/min. The 
experimental setup involved a vacuum pump operating at a flow rate of 
100 L/min for a duration of 2.4 s, resulting in a pressure drop of 4 kPa 
behind the impactor and an air volume of 4 L. 

Inhaled particles in each stage articles were gathered using a solvent 
mixture of ACN: H2O 65:35 % v/v and subjected to 180 min of soni-
cation. The quantity of BDP was then determined through HPLC analysis 
(cf. Section 2.2.3.2). 

The mass of particles obtained at each stage was estimated from the 
drug measurements. With these results, the values of mass median 
aerodynamic diameter (MMAD), emitted fraction (EF), and fine particle 
fraction (FPF) were calculated [23],[36],[37]. The aerodynamic cut-off 
diameter of the NGI was set at 6.12 μm, 3.42 μm, 2.18 μm, 1.31 μm, 0.72 
μm, 0.14 μm, and 0.24 μm for stages 1–7, correspondingly [38]. Emitted 
dose fraction (EF) was calculated as the percentage between the emitted 
dose ED (ED is the change in mass between the capsule before and after 
administration) and used total dose [36],[37]. The mass of particles with 
aerodynamic diameters <5 μm were marked as fine particle dose (FPD). 
Fine particle fraction (FPF) was expressed as the percentage of FPD 
versus ED. Mass median aerodynamic diameter (MMAD) was calculated 
based on the plotted graph of the cumulative mass percentage of the 
sample in probability scale versus the log of the stage cut-off diameter. 
All trials were conducted in triplicate (n = 3) at room temperature. 

2.6. Ex vivo bronchial permeability tests 

Alginate aerogels (25 mg) loaded with BDP (6.0 wt.%) were sub-
jected to bronchial permeability experiments alongside an equivalent 
amount of drug powder (1.5 mg) for comparison. Freshly pig lungs 
(from a local slaughterhouse) were dissected, and the bronchial tissue 
was carefully cut, prepared, and washed with distilled water before 
being positioned in Franz cells for testing with the epithelial wall facing 
the donor chamber, and the basement membrane in contact with the 
receptor chamber to mimic biological conditions [39,40]. The stability 
of the tissue in the receptor medium was confirmed by observing that the 
tissue’s color and texture remained unchanged after being placed in the 
medium for 30 min before commencing the permeability tests. The re-
ceptor chamber was filled with 6 mL of PBS:methanol (80:20 v/v), while 
the donor chamber contained 500 µL of the same solvent mixture. The 
diffusion cells were kept at a constant temperature inside a methacrylate 
bath containing water with magnetic stirring (37 ◦C, 100 rpm). Aliquots 
of 1 mL were extracted from the receptor chamber hourly over a 1 and 
3-hour duration, and the withdrawn volume was replaced with fresh 
release medium. The aliquot samples underwent HPLC analysis as 
described in Section 2.2.3.2. 

Following the permeability tests, the formulation remaining on the 
bronchial tissues after 1 and 3 h was carefully removed, and the bron-
chial tissues were washed in distilled water and stored at − 80 ◦C. The 
bronchial tissues were later analyzed using IR-Raman spectroscopy 
(WITec, alpha 300 R, Wissenschaftliche Instrument und Technologie 
GmbH, Ulm, Germany) with a line scan in the xz plane and viewed 
through a 50× objective lens (Zeiss LD EC Epiplan-Neofluar Dic 50×/ 
0.55) (excitation wavelength: 532 nm, laser power: 1.2 mW, integration 
time: 1.0 s). Each data point was gathered using 100 accumulations. IR- 
Raman spectroscopy is commonly employed for the detection of API 
within biological materials [41,42]. The study focused on the basement 

membrane of bronchial tissue. The ratio between the BDP-associated 
peak at 1666 cm–1 and the fixed peak at 1345 cm− 1 in lung tissue was 
compared to confirm the presence of BDP penetrated through bronchial 
tissue. 

2.7. Statistical analysis 

Results were presented as mean values and their corresponding 
standard deviations. One-way analysis of variance (ANOVA) followed by 
the post-hoc Tukey’s Honestly Significant Difference (HSD) test was 
used to analyze the statistical significance. The groups exhibited a sta-
tistically significant difference when the p-value fell below 0.05. All 
statistical analyses were conducted using GraphPad Prism 9 software 
(San Diego, CA, USA). 

3. Results and discussion 

3.1. Textural and physicochemical properties of alginate aerogels 

A gelation-emulsification method was applied to produce alginate 
aerogel particles. This approach facilitates the upscaling of alginate 
particle production, transitioning from laboratory-scale to pilot and in-
dustrial scales, owing to its capacity to swiftly produce a stable emulsion 
with a consistent average droplet size within short times (typically mi-
nutes) [30]. Within this process, the precursor liquid formulation is 
transformed into spherical droplets within an immiscible liquid phase 
resulting in biphasic liquid-liquid system. Continuous stirring played a 
vital role as a constant energy source, aiding in the dispersion of the 
alginate aqueous solution into the oil phase to obtain a water-in-oil 
emulsion. Then, CaCl2 was introduced to the emulsion as a 
cross-linking agent to initiate gelation in the droplets of the dispersed 
phase of the emulsion resulting in a dispersion of alginate gel particles 
within the oil phase. Aerogel powder was obtained from the alginate gels 
dispersion after the removal of the oil and the extraction of the gel pore 
fluid by scCO2 drying. 

The distinct characteristics of the alginate aerogels, including ho-
mogeneous particle size distribution, sphericity, high porosity and 
rough texture were observed by SEM imaging (Fig. 2(a-d)). These 
properties play a crucial role in facilitating the incorporation of poorly 
water-soluble drugs and make these particles promising candidates as 
carriers in novel DPI formulations [16]. Alginate aerogels had an 
average Feret diameter of 2.25 ± 1.50 μm, with an average circularity 
close to 0.9. The size distribution of alginate aerogels was illustrated in 
Fig. 2e. Alginate aerogels possess a porous structure, which potentially 
mitigates difficulties regarding macrophage clearance and the move-
ment of particles through the macrophage cytoskeleton when compared 
to rigid particles of the same size [43–45]. Certain studies emphasize the 
significance of stiffness in influencing how macrophages detect their 
presence within the lungs. In general, spherical particles lacking pores or 
exhibiting a rigid structure are more prone to uptake by macrophages 
than porous materials. Additionally, spherical particles, as well as other 
round-like shapes like pollen or cubic particles, tend to show better flow 
properties than other geometries (e.g., plate- and needle-shaped parti-
cles), which translates into a higher probability of deep lung deposition 
[15]. Using complementary analytical techniques (nitrogen 
adsorption-desorption analysis and helium pycnometry), the excellent 
textural properties of the aerogels were confirmed by a high porosity (ca. 
90%), high specific surface area (247 ± 12 m2/g), BJH-specific pore 
volume (0.8 ± 0.04 cm3/g) and average pore diameter within the 
mesoporous range (10.3 ± 0.5 nm). In this context, scCO2 drying was 
very effective in preserving alginate aerogel textural properties with 
respect to other drying techniques for alginate particles [46]. 
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3.2. ScCO2 impregnation process for the incorporation of BDP into 
aerogels 

3.2.1. Effect of the processing parameters on BDP loading contents 
BDP was loaded in the aerogels by a scCO2 impregnation process 

where the temperature and pressure were set at 65 ◦C and 215 bar, 
respectively. The choice of these values was taken based on the stability 
for BDP reported within the 64.85–84.85◦C temperature range and the 
213–385 bar pressure range [31]. Keeping these parameters fixed, the 
effects of the contact time (i.e., impregnation process duration at con-
stant pressure and temperature), the initial amount of BDP loaded in the 
high-pressure vessel and the use of co-solvents on drug loading were 
studied. 

Regarding contact time, the impregnation process was initially car-
ried out using only scCO2. The duration of the impregnation process had 
a significant influence on the drug loadings (Fig. 3a). For short contact 
times (1 and 2 h), the drug loading was significantly lower compared to 
long impregnation periods of 6 and 9 h. However, much longer contact 
times (24 h) resulted in drug loading levels similar to those achieved at 
9 h. The equilibrium state of the process seems to be achieved after 9 h, 

although the BDP loadings in the aerogel were still low (0.19 ± 0.02 wt. 
%). The highly limited solubility of BDP in scCO2 may explain this 
phenomenon as the highest solubility of BDP in scCO2 measured by 
Vatanara et al. was 3.36 × 10− 5 (mole fraction) at the harshest pressure 
(385 bar) and temperature (84.85 ◦C) conditions tested [31]. scCO2 
exhibits solvent characteristics that closely resemble those of traditional 
hydrocarbon solvents [26],[47]. scCO2 is a good solvent for non-polar 
and low molecular weight solutes, but its solvation power is typically 
severely restricted when it comes to hydrophilic, polar molecules, or 
substances with a high molecular weight (>500 g/mol) [27],[47]. 
Although BDP is a hydrophobic molecule, BDP is also a large molecule 
that contains hydroxyl, carbonyl and ester functional groups within its 
structure, which are polar and could explain the limited solubility of the 
molecule in scCO2 [48]. 

The effect of adding small amounts (5 vol.%) of different polar co- 
solvents (acetone, methanol and ethanol) on BDP loading was tested 
at short impregnation times (1 h). The addition of co-solvents signifi-
cantly increased the BDP loading in the aerogel; the total amount loaded 
being dependent on the nature of the co-solvent (Fig. 3b). The scCO2 
solvent system affords an augmentation in polarity with the use of polar 

Fig. 2. Morphological appearance of the alginate aerogel particles obtained by gelation-emulsification evaluated by SEM imaging at different magnifications: (a,b) 
Narrow particle size distribution, (c) images of a representative spherical particle, (d) high mesoporosity and roughness on the surface and (e) size distribution of 
alginate aerogel carriers produced by gelation-emulsification technique followed by scCO2 drying. 
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co-solvents, such as acetone and ethanol, at minor amounts resulting in a 
supercritical mixture with an effective increase in the solvation power of 
polar compounds [47]. This strategy not only broadens the range of 
compounds amenable to scCO2 extraction and impregnation, but also 
showcases the versatility and adaptability of scCO2 technologies in 
various applications, including pharmaceuticals, materials science and 
environmental chemistry [26],[47],[49]. 

BDP:aerogels weight ratio was increased from 1:10 to 1:5 in a scCO2/ 
acetone impregnation medium to attempt to further increase the BDP- 
loading in the aerogels. However, doubling the amount of drug did 
not cause a significant change in drug loading (Fig. 3c). In the conducted 
experiment, the quantity of BDP was doubled while keeping constant 
other parameters, such as temperature, pressure, and depressurization 
rate. It is assumed that in both experimental cases, the transport to the 
aerogel pores’ surface, the adsorption of the drug, and the precipitation 
of the drug remained unchanged [50]. The similar drug loading contents 
could be explained by the consistent dissolution of the drug in 
CO2/acetone supercritical medium, likely reaching the saturation in the 
said medium in both experimental cases regardless of the 
drug-to-aerogel carrier weight ratio used. 

Acetone was the most effective co-solvent in increasing the BDP- 
loading in the aerogel particles by supercritical impregnation. The 
tests with this co-solvent at increasing contact times from 1 h to an 
extensive duration (24 h) were carried out to assess the maximum 
loadings of BDP with this supercritical mixture (Fig. 3d). The results 
followed a similar pattern to those obtained in pure scCO2 but at much 
higher BDP loading values. During the initial stages of scCO2 impreg-
nation, the drug loading stood at ca. 2 wt.%. However, a noteworthy 
increase in drug loading (ca. 5 wt.%) was observed at longer times of 
6 h. The BDP loading significantly increased again after 9 h, achieving 
the highest drug loading capacity, which was not improved by extending 
the impregnation duration to 24 h. Overall, a moderately prolonged 
contact time coupled with the use of acetone as co-solvent emerges as a 
useful strategy for enhancing loading of BDP in aerogel systems by 
scCO2 impregnation, and may be extended to enabling the efficient 
loading of other hydrophobic compounds. 

3.2.2. Adsorption kinetics of BDP into alginate aerogels 
The fitting of the experimental data from scCO2 impregnation tests to 

kinetic models allows the prediction of the loading capacities that can be 

Fig. 3. Effect of processing parameters on the drug loading of BDP into alginate aerogels by scCO2 impregnation: (a) Contact time using 1:10 BDP:aerogels weight 
ratio without co-solvent. (b) Addition of 5 vol.% of different co-solvents in a 1-hour impregnation process. (c) BDP:aerogel weight ratio with acetone as co-solvent. As 
a result, (d) increasing the contact time at the optimized conditions (5 vol.% acetone as co-solvent, 1:10 BDP:aerogels ratio) resulted in BDP-loadings > 6 wt%. (n =
3, mean ± standard deviation), * and ** denote statistical differences (p < 0.05 and p < 0.01, respectively). 
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achieved under certain given process conditions. The experimental BDP 
impregnation data from scCO2 and CO2/acetone supercritical mixture 
obtained in this work (cf. Section 3.2.1) were fitted to the pseudo first- 
order and pseudo second-order models (Table 1, and Figure S2 in Sup-
plementary Information). Pseudo first-order suggests that surface 
diffusion governs the rate-controlling step, while pseudo-second order 
indicates that the controlling factor is the chemical reaction [51]. 

Based on the calculated R2 and Akaike information criterion AIC 
values (Table 1), the pseudo first-order kinetic model had a slightly 
higher R2 and lower AIC indicating a higher level of accuracy in fitting 
the experimental data when compared to the pseudo second-order ki-
netic model, reflecting that the BDP adsorption rate-controlling step was 
the surface diffusion. 

The maximum loading of BDP into alginate aerogels (qe) was 
0.004 mmol/g in the case of scCO2 impregnation, while it increased 
28.5-fold with the use of acetone as co-solvent. According to the pseudo 
second-order model, ca. 75 wt.% of the maximum drug quantity was 
adsorbed within the initial 10 h in both experiments utilizing scCO2- 
assisted impregnation, with or without the presence of the co-solvent 
(acetone). Additionally, the kinetic coefficient k1 in scCO2-assisted 
impregnation with co-solvent was higher than scCO2-assisted impreg-
nation without co-solvent. This indicated an enhanced efficiency in the 
impregnation process when employing a co-solvent. 

3.3. Physicochemical properties of BDP-loaded aerogels 

The presence of BDP in the aerogels and its interaction with the 
alginate matrix was studied by ATR-FTIR (Fig. 4). BDP exhibited distinct 
conjugated and non-conjugated C––O stretching bands at 1724 cm− 1 

and 1658 cm− 1, respectively [36]. Characteristic C––C stretching band 
in BDP at 1615 cm− 1, along with C-O bands at 1186 cm− 1 were also 
observed [10],[36]. ATR spectra of BDP-loaded alginate and physical 
mixture between BDP and alginate aerogels revealed a notable C––O 
stretching band at 1735 cm− 1 (asterisks in Fig. 4). This distinctive peak 
at 1735 cm− 1 suggested the presence of BDP in the loaded alginate 
aerogels. 

The solid-state BDP in aerogel formulations containing BDP was 
investigated by XRD (Fig. 5). Crystalline BDP presents sharp and intense 
peaks at 11.28, 14.44, and 20.06º 2θ angles [10]. These peaks were 
clearly visible in the XRD pattern of a physical mixture of BDP and 
alginate aerogels, indicating that the simple mechanical mixing did not 
result in drug amorphization. 

On the contrary, the pattern relevant to the impregnated aerogel 
indicated lack of crystalline drug being practically superimposable to 
that of the non-impregnated alginate aerogel. For a given drug:carrier 
matrix set, the selected temperature, pressure and depressurization steps 
are critical parameters of the scCO2 impregnation process to achieve 
drug loadings in the amorphous form. The term "adsorptive precipita-
tion" encompassed two essential phenomena that may take place during 
the scCO2 impregnation process: the drug’s adsorption onto the surface 
of polymers, and the drug’s precipitation within the polymeric matrix. 
The high diffusivity and low surface tension of CO2, along with the 
presence of a co-solvent, played a significant role in dissolving the drug 
(BDP) in the supercritical fluid. Under controlled temperature and 
pressure conditions, scCO2 underwent molecular density increase, fol-
lowed by a expansion through the depressurization step, leading to the 
precipitation of drug molecules within the pore walls of the carrier 

material [50],[52]. In this context, the rapid precipitation or solidifi-
cation of drug molecules caused the solid state of drug in an amorphous 
structure. 

3.4. In vitro BDP release for aerogel carriers 

BDP release from the aerogel matrix was examined via the dialysis 
bag method to avoid diffusion of the dissolving alginate chains to the 
receptor medium. The aerogels showed a two-phase release pattern, 
with an initial burst release in the first 15 min, followed by a sustained 
release over the next hours (Fig. 6). There was no significant difference 
in drug release between 3 and 7 h, suggesting that the drug release 
reached a plateau after 3 h. 

The modelling of the BDP release profile from the aerogel unveiled a 
complex mechanistic behaviour (Table 2). The best fitting was obtained 
for the model considering a biexponential function (Eq. 6) where the 

Table 1 
Fitting parameters of the experimental data of BDP-loaded alginate aerogels obtained from scCO2-assisted impregnation with and without co-solvent (acetone) to the 
pseudo first-order (Eq. (2)) and pseudo second-order (Eq. (3)) adsorption kinetic models.  

Co-solvent used Pseudo-first-order Pseudo-second-order 

qe x 103 (mmol/g) k1 (1/h) R2 AIC qe x 103 (mmol/g) k2(g/mmol⋅h) R2 AIC 

None 4.0±0.42 0.20±0.06 0.92 -50.34 5.0±0.89 39.3±25.86 0.89 -48.62 
Acetone 114±7.2 0.27±0.05 0.96 -20.48 135±17.3 2.2±1.17 0.89 -16.35  

Fig. 4. ATR-FTIR spectra of the physical mixture of BDP and alginate compared 
to BDP-loaded alginate aerogel. Asterisks correspond to the wavenumber of 
1735 cm− 1, typical of C––O stretching band from BDP molecule. The physical 
mixture exhibits an equivalent BDP concentration in alginate aerogels, 
6.5 wt.%. 

Fig. 5. X-ray diffraction patterns of alginate aerogels, BDP-loaded alginate 
aerogels, BDP and physical mixture of BDP and alginate aerogels. The physical 
mixture exhibits an equivalent BDP concentration in alginate aerogels, 
6.5 wt.%. 
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mass transfer mechanism is mainly governed by dissolution [35],[53]. 
This model considers two simultaneous first-order drug releases of two 
different BDP fractions. A first BDP fraction (k1, Dmax,1) weakly bound to 
the surface of alginate of the aerogel matrix with a fast dissolution and 
diffusion to the release medium. A second BDP fraction (k2, Dmax,2) with 

a complex interaction with the aerogel and transport through the 
nanoporous matrix that includes the hydration of the aerogels, PBS 
diffusion through the pores towards the interior part of the particles, and 
a combined mechanism of dissolution of BDP at the surface inside the 
pores and disassembly of the alginate chains due to ion exchange. The 
amount of drug released under the second effect accounted for a sig-
nificant portion, specifically 70% of the overall drug released, 
amounting to an equivalent of 15 µg. 

Together with the lipophilic nature of BDP (log P=3.49), the physi-
ological characteristics of human lung conditions, such as the presence 
of surfactants and the lipophilic nature of the epithelia, did not perfectly 
mirror the conditions observed in the in vitro release with an aqueous 
release medium [14],[54]. Consequently, this difference accounted for 
the low amount of BDP released from alginate aerogels (ca. 22 µg, 
equivalent to ca. 4.5 wt.% after 6 h). In another work, the drug release 
study utilized a commercial product of BDP (Clenil®) as a control [9]. 
Vertical Franz diffusion cells were employed in DPBS with artificial 
mucus. Following a 6-hour incubation period, the BDP released from the 
Clenil® formulation was close to 1.5 wt.%, indicating a very low release 
rate, even though artificial mucus was used to mimic the lung 
conditions. 

3.5. In vitro aerodynamic drug deposition of BDP-loaded alginate 
aerogels 

BDP-loaded aerogel formulations obtaining from scCO2 impregna-
tion at different durations (1, 6, 9 and 24 h) with 5 vol.% acetone (1:10 
BDP:aerogels weight ratio) were subjected to aerosol performance 
testing using an NGI impactor (Fig. 7 and Table 3). This enabled the 
precise measurement and characterization of the amount of BDP 
deposited at each stage of the NGI, providing valuable insights into the 
aerodynamic deposition behavior of the aerogels. In general, similar 
drug deposition profiles were observed regardless of the scCO2 
impregnation time, with only changes in the total amount of drug 

Fig. 6. In vitro release profile of BDP from alginate aerogels (PBS pH 7.4 with 
20% methanol, 37 ◦C, 100 rpm) (n = 3, mean ± standard deviation). Dashed 
line corresponds to the fitting of the data to the biexponential release model 
considering two simultaneous first-order dissolution processes (Eq. 6). 

Table 2 
Kinetic fitting parameters of the BDP release from alginate aerogel particles in 
PBS pH 7.4 with 20% methanol medium.  

Model First-order (Eq.5) Double first-order (Eq.6) 

Dmax,1 (%) 4.482 ± 0.119 1.43 ± 0.19 
k1 (h− 1) 1.821 ± 0.220 17.00 ± 5.69 
Dmax,2 (%) - 3.42 ± 0.19 
k2 (h− 1) - 0.692 ± 0.101 
R2 0.938 0.979  

Fig. 7. Drug deposition of BDP-loaded alginate aerogels obtained from scCO2 impregnation with different contact times: (a) 1 h, (b) 6 h, (c) 9 h and (d) 24 h (n = 3, 
mean ± standard deviation). Notation: IP, induction port, and MOC, micro-orifice collector. 
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deposited due to the different loading contents. 
A wide range of important parameters can be assessed when evalu-

ating drug aerodynamics in vitro, including mass median aerodynamic 
diameter (MMAD), emitted fraction (EF), and fine particle fraction (FPF) 
[23]. MMAD refers to the aerodynamic diameter at which 50 % of the 
total particle mass exhibits a diameter smaller than the median, while 
the other 50 % exhibits a diameter larger than the median. In the case of 
the BDP-loaded alginate aerogels, the mean value (ca. 1.1 µm) indicated 
that particles were within the 1–5 µm range with a propensity to settle 
predominantly in the bronchioles and alveoli, which constitute the 
target region for efficient drug delivery. EF quantifies the percentage of 
drug recovered in the NGI, representing the overall dose emitted during 
the evaluation. The remarkable EF (ca. 90 %) of the aerogel particles 
indicated the high flowability of the inhaled formulation leading to a 
high amount of drug entering to the NGI and to a small residual amount 
remaining in the capsule. The high flowability of inhaled formulation 
also confirmed the successful removal of the acetone after impregnation. 
A significant portion (ca. 20 %) of the BDP content in the loaded aerogel 
particles was primarily deposited in the throat and initial stages. How-
ever, towards the final stages, the drug content approached to low levels, 
endorsing that a substantial amount of BDP would not be exhaled again 
and could be effectively delivered to the bronchioles and bronchi within 
the respiratory system for a local treatment. Lastly, FPF measured the 
fraction of the emitted dose that consisted of particles with an aero-
dynamic size below 5 μm. The high FPF value of the alginate aerogels 
(ca. 80 %) indicated their suitability for localized treatment, as it facil-
itates targeted drug delivery to the specific regions of interest. The 
findings suggested superior performance of inhaled particles utilizing 
alginate aerogels in comparison to commercial products containing 
BDP, like Foster® NEXThaler®, which exhibited an FPF of less than 70 % 
[55],[56]. Overall, the similar in vitro aerodynamic properties of inhaled 
formulations obtained from different impregnation contact times indi-
cated that the contact time in scCO2 impregnation process did not cause 
detrimental effects on the aerodynamic performance of the formulation 
containing BDP. 

3.6. Ex vivo permeability studies 

Once the capability of the aerogels to access to lung tissue was 
demonstrated, ex vivo permeability analysis was carried out using 
porcine bronchial tissue to measure the capacity of the drug to be 
released from the carrier and its penetration into the bronchial tissue 
(Fig. 8). Porcine lungs were used in this study due to their similarity with 
human lungs in terms of size and anatomical features [57]. Additionally, 
porcine lungs exhibit comparable IgE levels, smooth muscle structure, 
and effective tryptase inhibitors, which are crucial factors in the study of 
respiratory allergies and asthma. 

According to the findings in Fig. 8a, the presence of BDP in the re-
ceptor chamber indicated that BDP was not only released from the 
inhaled formulation but also permeated through the bronchial tissue. 
There was no statistically significant difference between the amount of 
BDP permeated between 1 and 2 h in the receptor chamber. The 
maximum amount of BDP permeated at the ex vivo experiment was ca. 
4 µg/cm2 with the available permeation area in the Franz cells being 
0.785 cm2, which corresponded to 3.2 µg of BDP and 0.4 wt.% of total 

BDP amount. This BDP amount represents only the drug that passed 
through the tissues and entered to the receptor chamber, but the total 
BDP released include what remained in the donor chamber and what 
was retained within the tissue. 

The measured BDP amount in the ex vivo test was notably lower than 
the in vitro release (22 µg). This difference was related to the smaller 
volume of the release medium in the receptor chamber in Franz cells of 
the ex vivo test and the reduced permeation area of the tissue in com-
parison to the dialysis bag. Moreover, the drug permeation surface area 
of the dialysis bags and of the Franz cells are 32 cm2 and 0.785 cm2, 
respectively, which are much lower than the total airway surface area in 
human lungs, spanning from the trachea to the bronchioles and alveoli, 
with values of approximately 0.24 m2 and 70 m2, respectively [58,59]. 
Higher total drug amounts would be absorbed under the available sur-
face area in real body conditions to reach therapeutic doses. 

After 3 h, the quantification of BDP through the HPLC method was 
not feasible, probably due to: (1) the dilution effect in the receptor 
chamber after sampling and replenishment with fresh medium, (2) the 
incomplete release of BDP from their carriers and limited solubility of 
BDP in the release medium of PBS:methanol 80:20 v/v, (3) the accu-
mulation of BDP inside the tissues or (4) the instability of BDP inside the 
bronchial tissue after 2 h. Due to the presence of esterases in the lung, 
the hydrolysis of BDP produces three distinct metabolites: the active 
compound beclomethasone-17-monopropionate (BMP) and two inactive 
compounds with low binding affinity to the glucocorticoid receptor: 
beclomethasone-21-monopropionate (21-BMP), and beclomethasone 
(BOH) [11,56]. BDP was reported to be transformed into inactive me-
tabolites upon incubation with lung tissue, with BMP being the pre-
dominant (after 2 and 6 h), while BOH was the primary metabolite (after 
24 h). 

The presence of BDP in the bronchial tissue was verified through IR- 
Raman spectroscopy (Fig. 8b). A comparison was made between the 
bronchial tissue after 1 and 3 h of incubation in the Franz cell containing 
the inhaled formulation in contrast to the control bronchial tissue. After 
1 h, the relative ratio obtained from BDP-loaded alginate aerogels of the 
basement membrane of the bronchial tissue was higher compared to the 
non-treated bronchial tissue. These findings suggested that BDP con-
tained in the inhaled formulation was released from the alginate carriers 
and successfully penetrated the bronchial tissue after 1 h. There was no 
statistically significant difference between the signals recorded for 

Table 3 
In vitro aerodynamic properties obtained from the in vitro deposition tests for the 
BDP-loaded alginate aerogels prepared by scCO2 impregnation using acetone as 
co-solvent at different contact times.  

Impregnation time (h) MMAD (µm) EF (%) FPF (%) 

1 1.2 ± 0.2 86.8 ± 5.4 78 ± 3.5 
6 1.1 ± 0.1 89.6 ± 1.0 80 ± 1.7 
9 1.1 ± 0.1 89.6 ± 1.1 80 ± 1.6 
24 1.1 ± 0.1 87.3 ± 2.9 80 ± 3.5  

Fig. 8. Ex vivo BDP permeation studies of drug-loaded aerogel particles: (a) 
Cumulative quantities of BDP that permeated across porcine bronchial tissue 
after 1 and 2 h (n = 3; mean values ± standard deviations). (b) Ratio of Raman 
peak intensities of BDP in the basement membrane of the tissue, that indicated 
the presence of BDP. Gray color was employed to represent blank tissues, light 
green and dark green was employed to represent tissues containing inhaled 
formulation after 1 and 3 h contact, respectively. 
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bronchial tissues that were 1 h or 3 h in contact with the BDP-loaded 
alginate aerogels. The observed outcome can be attributed to certain 
limitations inherent in this experiment that were highlighted above. 

In general, the findings from the ex vivo permeability tests employing 
porcine bronchial tissue demonstrated the potential of BDP-loaded 
alginate aerogels to be released from the aerogels and to penetrate 
into the porcine bronchial tissue. Several strategies can be implemented 
to enhance drug release or permeation for these studies: (1) augmenting 
the volume of the medium to achieve sink conditions, (2) increasing the 
available surface area for drug release or permeation, or (3) adjusting 
the hydration of alginate aerogels. BDP in the inhaled formulation 
deposited on the surface and within alginate aerogel pores. Upon contact 
with the medium, BDP initially dissolved, and later, the medium inter-
acted with the aerogels, releasing BDP from pores [52]. However, when 
pores contacted the solvent, alginate aerogels’ hydration might cause 
structural collapse and swelling, potentially entrapping BDP. Hence, 
further experiments on modifying the hydration and its correlation with 
drug release and permeation profiles could enhance the release behavior 
of the inhaled formulation. 

4. Conclusions 

The combination of the gelation-emulsification method and the 
scCO2 technological platform allows to produce alginate aerogels with 
great potential for pulmonary delivery of BDP by using green and 
environmentally friendly processes. The parameters of co-solvent se-
lection for the impregnation process and contact time highly influenced 
the drug loading capacity. Namely, optimal conditions of 9 hours of 
contact time and use of 5 vol.% of acetone resulted in a 28.5-fold in-
crease in BDP loading compared to scCO2 impregnation performed 
without co-solvents. The kinetics of supercritical impregnation could be 
fitted to a pseudo first-order model to gain insight into the adsorption 
process. The in vitro release behavior of BDP-loaded alginate aerogels 
exhibited an initial rapid release (1.4 wt.% of total amount of BDP 
contained in alginate aerogels) followed by a sustained release (3.4 wt.% 
of total amount of BDP contained in alginate aerogels), which was fitted 
by a biexponential function. The aerogels had excellent flowability and 
desirable aerodynamic sizes ranging around 1 µm as indicated in the 
deposition tests, suggesting for deep lung deposition. The presence of 
BDP in the porcine lung tissues indicated that BDP could be released 
from alginate aerogels and penetrate the bronchial porcine lung tissues. 
Overall, the application of green technology utilizing scCO2, as imple-
mented here, shows significant potential for producing inhaled formu-
lations featuring a low excipient-to-drug ratio (10:1), in contrast to 
commercial products characterized by a higher ratio (100:1). This pro-
vides advantages in terms of increased convenience and comfort for 
inhaler usage, particularly for individuals who rely on inhalers on a 
daily basis. 
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