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Summary 

The main goal of this work was to assess if the Supercritical CO2-Assisted Spray Drying (SASD) technology is 
suitable for the production of inhalable composite particles with enhanced properties and improved in-vitro 
aerodynamic performance while maintaining a high process throughput and yield when comparing to other 
standard particle engineering technologies. For that purpose, a systematic QbD approach using the design of 
experiments (DoE) tool, followed by a statistical analysis to predict the powder fine particle fraction (FPF), were 
implemented.  

An established formulation composition previously investigated and optimized (trehalose/leucine at 80/20% (w/w) 
solubilized in a water/ethanol 80/20% w/w mixture) was used to produce composite particles with the SASD 
apparatus, using a full-factorial design to assess the impact of the static mixer pressure (P_sat), inlet drying gas 
temperature (T_in) and feed flowrate (F_feed) on the powder properties and on the in-vitro aerodynamic 
performance by a gravimetric Andersen Cascade Impactor (ACI) using a Plastiape RS01 at 60 L/min, 4 kPa.  

The powders produced using the SASD apparatus presented yields up to 70% (batch size of 11 grams) while 
enabling the optimization of the overall throughput, the powder properties and the in-vitro aerodynamic 
performance. Improved in-vitro aerodynamic performance was driven by the successful manipulation of the 
powder aerodynamic particle size (aPS), which is mainly dictated by the particle size and density by decreasing 
the feed flowrate (F_feed) and increasing the inlet drying temperature (T_in), reaching FPFED(<5µm) up to 86%.  
 

Introduction 

The pharmaceutical interest to deliver drugs to the lungs is increasing, either to treat local diseases such as 
asthma, cystic fibrosis, lung cancer, amongst others, or for systemic drug delivery, such as insulin for diabetes 
[1][2]

. Drug delivery to the lungs presents several advantages such as the rapid onset of drug action and improved 
bioavailability by avoiding first pass metabolism, which reduces the total drug load required and minimizes the 
potential for adverse side effects, leading to a more efficient therapy for the patients 

[1]
.  

The new strategies of carrier-free inhaled drug delivery are possible due to advances in the particle engineering 
field, in which Spray-drying (SD) is one of the most well-known and enabling technologies. However, due to the 
environmental deterioration, the exploration and use of alternative greener technologies should be encouraged. 
For this reason, the production of composite particles using supercritical fluids, namely, Supercritical-CO2 
Assisted Spray Drying (SASD) was investigated, using supercritical carbon dioxide (scCO2) as a cosolvent to 
assist the atomization process, minimizing the use of solvents. scCO2 was selected due to its mild critical 
conditions (31.4 ºC, 7.4 MPa): it is inert, safe, non-toxic, recyclable, inexpensive and environmental friendly 

[3]
. 

The use of scCO2 as a cosolvent minimizes the use of organic solvents, decreases the drying temperature 
required for the solvents evaporation, being a more eco and energy-friendly approach, does not required 
additional gas for the atomization step, which reduces the consumption of gases and potentially reduces the 
shear stress induced during the atomization step that may cause protein denaturation. Furthermore, the possibility 
of using lower drying temperatures is particularly suitable for processing labile drugs such as biologics (e.g. 
proteins). Additionally, it is a highly versatile technology, able to work with water or organic solvents, enabling the 
handling of both hydrophobic and hydrophilic drugs, while generating powders with enhanced aerosolization 
properties.  

A schematic representation of the SASD technology is presented in Figure 1 (left). The feed solution composed of 
the solute and solvent or solvents mixture, and the scCO2 feed are independently pumped and mixed inside a 
heated static mixer to promote saturation of the mixture with scCO2, by adding scCO2 in excess. The resulting 
mixture is atomized inside the drying chamber through a pressure nozzle. The formed droplets are then dried by a 
hot drying gas stream to evaporate the solvents, forming dried particles. The drying gas used was air. The 
particles were then collected by a high efficiency cyclone. The main difference between the SASD and SD 
technology is the atomization step. In the SD technology the atomization step has only one phase: the liquid 
disperses and forms droplets that are then dried due to the solvent evaporation, forming particles. In the SASD 
technology, the liquid is dispersed forming the primary droplets; then the scCO2 inside the primary droplets 
expands and forms smaller secondary droplets that will form particles upon solvent evaporation 

[4]
. 

The main goal of this work was to optimize the SASD technology process parameters for the production of 
composite particles with enhanced properties and in-vitro aerodynamic performance using the DoE tool under 

QbD principles. A formulation composed of trehalose and leucine dissolved in a water/ethanol system was used.  
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Experimental methods 

Materials: Trehalose dihydrate (Tre) and L-Leucine (Leu) were purchased from Merck KGaA (Darmstadt, 
Germany). 

For the production of inhalation powders using the SASD technology, the following process conditions were used:      
i) Formulation: trehalose/leucine 80/20% (w/w), dissolved in a 80/20% (w/w) water/ethanol mixture.   
ii) SASD process parameters: the drying gas flowrate (F_drying), the scCO2 flowrate and the scCO2 heating bath 
and static mixer temperatures were set constant.  
 

The DoE performed was a full factorial design (8 points plus 2 central points to assess the reproducibility) and the 
process parameters investigated are presented in Figure 1 (right) below, being: the static mixer pressure (P_sat), 
the drying gas inlet temperature (T_in) and the liquid feed flowrate (F_feed). The main goal was to determine the 
most critical parameters. 

The powders generated were characterized in terms of their morphology using scanning electron microscopy 
(SEM), particle size distribution by laser diffraction (Sympatec), bulk density (BD) using a simple graduate beaker 
method, thermal behavior by modulated differential scanning calorimetry (mDSC), crystallinity by X-ray powder 
diffraction (XRPD), water content by Karl-Fischer (KF) and ethanol content using a gas chromatography method 
(GC). The aerodynamic performance was assessed on an 8 stage gravimetric Andersen cascade impactor (ACI8) 
with 20 mg of formulation filled in HPMC size 3 capsules using a Plastiape HR model 7 at 60 L/min, for a 4 kPa 
pressure drop. The powder fine particle fraction (FPF) was measured below 5 µm and relative to the capsule 
emitted dose (FPFED(<5µm)).  

The statistical analysis used to quantify the impact of the input parameters (P_sat, T_in, F_feed) on the output 
parameter (FPF) was performed using SIMCA v13.0.3.0 software from Umetrics.  

 

 

Figure 1 – (left) Schematic representation of the SASD technology with special focus on the atomization phase; (right) 
scheme representing the DoE and tests performed and the process parameters studied. 

 

Results & Discussion 

The powders process conditions and the analytical results are presented below in table 1. 

Table 1 - Physicochemical characterization of the powders produced by SASD technology, presenting the process 
yield, Dv50, span, BD, water and EtOH content. 

 Process conditions  Powder Properties 

Test 
F_feed T_in P_sat 

Yield 

% 

Dv50 

µm 

Span 

(-) 

BD 

g/mL 

aPScalc 

µm 

water 

% w/w 

EtOH 

ppm 

#1 +1 -1 -1 62.6 0.99 1.90 0.393 0.62 3.02 2767 

#2 +1 -1 +1 69.6 1.09 2.13 0.441 0.72 3.27 3190 

#3 -1 -1 -1 61.7 0.84 1.50 0.343 0.49 2.75 2194 

#4 -1 -1 +1 62.1 0.85 1.67 0.343 0.50 2.62 2043 

#5 +1 +1 -1 66.8 1.09 1.67 0.285 0.58 1.68 1059 

#6 +1 +1 +1 70.4 1.10 1.65 0.297 0.60 1.68 709 

#7 -1 +1 -1 54.6 0.93 1.43 0.202 0.42 1.90 252 

#8 -1 +1 +1 61.1 0.95 1.35 0.219 0.44 1.77 224 

#9 0 0 0 67.9 0.92 1.46 0.309 0.51 2.10 1663 

#10 0 0 0 67.1 0.95 1.86 0.326 0.54 2.13 1758 
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Process yields as high as 70% (batch size of 11 grams) were obtained. Regarding the powders PS, it was 
observed that the powders produced at a higher T_in and F_feed presented a larger PS than the powders 
produced at lower temperatures and lower F_Feed. The higher temperature possibly caused particle inflation 
without breakage, leading to slightly larger particles while the lower F_feed possibly produced smaller droplets 
because the ratio F_CO2/F_feed increased, possibly leading to a stronger secondary atomization that formed 
smaller droplets and then particles. The particle size span of the SASD particles is smaller than the particles 
produced by SD using a conventional two-fluid nozzle.  

Regarding the residual water and ethanol solvent content, it is possible to observe that the higher the drying 
temperatures (T_in and T_out) and the lower the F_Feed, the lower the residual water and ethanol content in the 
final powder. In addition, all powders presented a residual EtOH content well below the ICH limits (< 5000 ppm). 
Globally, it is possible to observe that as expected, the powders BD is inversely proportional with the powder T_in 
(and consequently T_out) because it is simultaneously affected by the T_in and F_feed parameters. The powders 
produced at the higher drying temperatures and lower F_feed values presented a lower BD since higher 
temperatures promote the production of hollow particles which in combination with a low F_feed, leads to the 
production of particles with lower water and EtOH content, which further contributes to a lower BD. The same 
trends were observed in previous work conducted using the Spray drying technology where higher T_in and lower 
F_feed produces smaller particles. 

According to the XRPD and DSC data (data not shown), and similarly to what was observed when spray drying 
this formulation, amorphous trehalose and crystalline leucine were observed in all powders.  

The SEM micrographs presented in Figure 2 depict the powders produced at lower and higher T_in. All powders 
seem similar, uniform and spherical with the powders spray dried at higher T_in presenting a slightly smoother 
surface, in agreement to what would be expected and was observed with conventional SD. 

#1 

 

#3 

 
#5 

 

#7 

 

Figure 2 – SEM micrographs of some of the powders produced by SASD technology. Magnification of 10000x. The 
scale presented as a white line at the bottom of the SEM images corresponds to 1 µm. 

The powders were then characterized in terms of aerodynamic performance where FPFED(< 5µm) values as high as 
86% were obtained as presented in Figure 3. The MMAD values were also lower than 2.5 µm for all cases. All 
powders presented a high FPF (76 – 86%), which makes it harder to draw conclusions on the process parameters 
impact due to the very small variations. Therefore, it would not be possible to make a clear conclusion without 
applying statistical analysis tools.  

The statistical models obtained predicted well the powder properties as well as the powder FPF. The powders 
from test 9 and 10 presented similar FPF values which shows the good process reproducibility. As presented in 
Figure 4, an acceptable model was obtained, being able to predict the powder FPF based on a correlation with 
the aerodynamic particle size (aPS)

 – 
determined based on the powder PS, density and shape factor

[1] 
– which 

presented a R
2
 and Q

2
 of 0.658 and 0.545, respectively (A). It was observed that the main descriptors that 

influence aPS and therefore the FPF are the F_feed and T_in (B) where it was observed that the higher T_in and 
the lower F_Feed the higher the FPF. The model variability presented an average of 0 and a standard deviation 
(s.d.) of 1.92 (C). With this information, the design space considering T_in and F_feed was drawn in order to 
obtain a FPF higher than 80%, with a confidence of 95%, it would be required to operate in the green area (D). 
According to the model, the P_sat did not have a significant impact on the powder aPS and consequently on the 
FPF. 
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Figure 3 – In-vitro aerodynamic performance results obtained for all powders produced by SASD, presenting the FPF, 
MMAD and GSD. 
 

A) 

 

B) 
 

 

C) 
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Figure 4 – Statistical analysis results: A) FPF vs aPS prediction; B) Factors impacting the aPS; C) FPF model variability 
assessment and D) Design Space of the FPF model (yellow area: FPF > 80%; green area: FPF > 85% (to guarantee that 
FPF > 80% with 95% confidence).  

Conclusions 

The SASD technology enables the production of inhalation powders with a similar solid state of the ones 
commonly produced using Spray drying, presenting amorphous trehalose and crystalline leucine. The trends 
observed regarding the impact of the process parameters on the powder properties were also observed using the 
Spray Drying technology. Although all powders presented a high FPF, where the maximum values reached 86%, 
it was observed that by manipulating F_feed and T_in, a fine control over the FPF and a good prediction model 
were successfully achieved: in order to increase the powder FPF, T_in should be increased and F_feed 
decreased. However, the process throughput and the powder FPF should be simultaneously evaluated according 
to each case to find the best operating range from an economic perspective.  

SASD technology was shown to be a suitable and scalable alternative to conventional SD for preparing inhalation 
formulations, particularly addressing challenges in ensuring a fine atomization, potentially reducing shear and 
thermal stress, and reducing the use of organic solvents. 

References 

1
 Pilcer G, Amighi K: Formulation strategy and use of excipients in pulmonary drug delivery, Int J Pharm 2010; 392:pp1-19. 

2
 Hoppentocht M, Hagedoorn P, Frijlink H, Boer H: Technological and practical challenges of dry powder inhalers and 

formulations, Adv Drug Deliv Rev 2014; 75:pp18-31. 

3
 Tabernero A, Martín del Valle E, Galán M: Supercritical fluids for pharmaceutical particle engineering: Methods, basic 

fundamentals and modelling. Chem Eng Process 2012; 60:pp9-25. 

4
 Reverchon: Supercritical-Assisted Atomization to produce micro and/or nanoparticles of controlled size and distribution. Ind 

Eng Chem Res 2002; 41:pp2405-2411. 


