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Summary 

Drugs for dry powder inhaler (DPI) systems are conventionally formulated using a carrier-based approach. 
However, drawbacks such as poor drug delivery uniformity and efficiency are frequently observed. To overcome 
these constrains, new particle engineering technologies that enable the manipulation of formulation/process 
parameters are being explored, namely, the production of carrier-free composite particles using spray-drying (SD) 
technology.  

The current work addresses the use of SD to produce composite particles of trehalose and L-leucine with 
improved aerodynamic performance that are suitable for APIs with low and high water solubility, by focusing on 
fine-tuning the formulation composition and operating conditions. The experiments were conducted based on 
Quality-by-Design (QbD) principles. All powders were SD according to a Design of Experiments (DoE) in which 
the formulation: L-Leucine and ethanol percentages, as well as the process outlet drying temperature were 
manipulated. The impact of the formulation/process variables on the powder properties (particle size, morphology, 
bulk density, water content) and aerodynamic performance (emitted mass, fine particle fraction (FPF<4.4µm)) 
were evaluated and quantified. A statistical model was further implemented to predict the FPF of the resulting 
powders.  

Overall, it was demonstrated that the integrated optimization of composition/process conditions can improve the 
drug delivery efficiency, reaching FPF values of ~70% (relatively to the capsule fill weight). It was observed that 
the ethanol percentage and the outlet temperature were the main contributors for the FPF manipulation, where a 
direct correlation with the FPF improvement was observed. The leucine percentage had a negligible impact on the 
powder FPF. The FPF was successfully predicted by a statistical model. 

Introduction 

Inhalation APIs for local pulmonary drug delivery typically present an aerodynamic particle size between 0.5 – 5 
µm 

[1]
.  However, these particles tend to be very cohesive due to their high surface free energy, and therefore, 

present poor aerosolization behaviour when delivered to the lungs alone. To mitigate this problem, two main 
formulation strategies are commonly employed: the carrier-based and carrier-free approaches; the first represents 
the most conventional approach, where some of the main challenges include ensuring a consistent drug delivery 
and a good aerosolization performance. To overcome these limitations, carrier-free approaches have been 
increasingly explored, namely, the production of composite particles using spray drying technology. This 
technology enables an easy and simple control of the formulation and process parameters such as solids 
concentration (C_solids), excipients selection, solvent mixture, drying gas rate and temperature, feed flow rate, 
atomization, amongst others. This wide range of variables enables a fine control over the final product properties 
such as particles size and morphology, bulk density, water content and surface properties. In addition, this 
technology is a one-step process, scalable and suitable for the manufacture of thermolabile drug (e.g. biologics). 

In order to fine-tune the particle properties and to understand, quantify and predict the impact of the 
formulation/process parameters on the powder properties, stability and aerodynamic performance, a systematic 
approach using Quality-by-Design (QbD) principles was employed. During the development, the Design-of-
experiments (DoE) tool was also used. The excipient system selected was trehalose and L-leucine due to its well 
known stability and enhanced aerodynamic performance. Finally, the impact of the formulation/process variables 
on the particle properties and consequently on the aerodynamic performance were quantified, in order to attempt 
an accurate prediction of the powder aerodynamic performance, both for water soluble and insoluble APIs.  

Experimental methods 

During the experimental work performed, some formulation and process parameters were maintained constant 
while others were varied. The selection of the input parameters was based on a risk assessment exercise 
according to QbD principles and new critical formulation/process parameters that had not been fully explored in 
previous optimization studies were investigated 

[2][3]
. The formulation system comprising trehalose and L-leucine 

was selected. The studied solvent mixtures ranged between an aqueous solution and a water:ethanol system to 
enable the production of composite particles suitable for APIs with poor and high water solubility. Additionally, 
different spray drying temperatures were also assessed in order to check the flexibility of the platform for APIs 
with different properties (e.g. thermolabile). 
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The current experimental work explored the DoE tool to better understand, quantify and predict the final powder 
properties and aerodynamic performance. A BUCHI model B-290 was used to conduct a full-factorial design by 
varying the L-leucine percentage (%Leu) [10 – 30]% w/w, ethanol percentage (%EtOH) [0 - 50]% w/w and SD 
outlet temperature (T_out) [55 - 95] ºC; eight experimental runs plus two faced central points and one central point 
were performed (Figure 1). All remaining parameters were kept constant with the following values: solution feed 

flow (F_feed) at 7 g/min and atomization gas flow at 50 mm in the rotameter. 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

[4]
, thermal behavior by 

modulated differential scanning calorimetry (mDSC), crystallinity by X-ray powder diffraction (XRPD), water 
content by Karl-Fischer (KF), water sorption and crystallization kinetics by dynamic vapor sorption (DVS). 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 aerodynamic performance was evaluated via two parameters: emitted mass (EM) and fine 
particle fraction (FPF). The FPF was defined as the fine particle dose < 4.4 µm expressed as a percentage of the 
total capsule fill weight. Finally, the statistical analysis used to quantify the impact of the input parameters (%Leu, 
%EtOH, T_out) on the output parameter (FPF) was performed using SIMCA v13.0.3.0 software from Umetrics.  

Results and Discussion 

The particle properties fine-tuning phase allowed the production of inhalable powders with distinct PS, 
morphology, BD and aerodynamic performance. In Figure 1, the DoE performed, the ranges of input variables 

explored and the FPF(%) data with some representative SEM figures are presented.  

 

Figure 1 - DoE performed and ranges explored for the trehalose/leucine system, together with the FPF(%) data and 
some representative SEM figures. The SEM images are all in the same magnification 10000x. The colours represent the 
different FPF values obtained being green (FPF(%) ≥ 60); yellow (50 ≤ FPF(%) < 60) and red (FPF(%) < 50). 

According to the FPF data presented above, it can be concluded that higher %EtOH and T_out lead to improved 
FPF. On the other hand the %Leu seems not to have a significant impact on the aerodynamic performance of the 
powder. Based on the SEM images (not all data is shown), the powders produced in a water/ethanol system 
(50/50) % w/w presented a smoother surface and a higher number of fragmented particles (e.g. PP02, PP03). In 
the case of SD of aqueous systems, these particles present a rougher surface and less broken particles (e.g. 
PP06, PP09). Also, the powders with higher leucine concentration (30%) (e.g. PP02) presented a higher number 
of broken particles when comparing to the powders with 10% of the amino acid (e.g. PP03).  

In Table 1, for each sample, the formulation/process variables, particle properties (PS, BD, water content) and in-
vitro performance (EM, FPF) data are presented. It was possible to observe that, the higher the %EtOH, the 

smaller the PS and BD. Additionally, in general, the higher T_out the smaller the BD, which indicated that with 
higher %EtOH and T_out, the formation of smaller, more spherical and hollow particles is favoured (which is 
supported by the SEM images), leading to higher FPF values. Moreover, based on the process yield, it is clearly 
observed that lower yields are obtained for the water/ethanol systems. This may due to the smaller PS and BD of 
these powders that promote a greater loss of fines throughout the collection system (high efficiency cyclone).  
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Table 1 – Table presenting for each sample: the formulation/process variables, the process yield, the final particle 
properties and the powder in-vitro performance. 

  

Regarding the powders solid state characterization, several observations could be drawn. Based on the 
crystallization kinetic studies performed using the DVS data, it was observed that all powders crystallized at 50 - 
60% of relative humidity (RH), irrespective of the different formulation and process conditions. In the XRPD 
diffractograms, leucine crystalline peaks were observed while trehalose remained in the amorphous form. Taking 
this information into consideration, the amount of water required to fully recrystallize trehalose into the di-hydrate 
form was estimated from the trehalose composition in the formulation as schematically presented in Figure 2 a). 
By comparing the theoretical and the experimental DVS values (Figure 2 a), it seems that the SD aqueous 

systems (PP06 – PP10) promote a more efficient crystallization of leucine, producing powders with lower 
crystalline defects. This was particularly noticeable for the powders with 10% of leucine, where the corresponding 
XRPD pattern showed a better defined peak, indicating a higher order for the powders prepared from aqueous 
solutions. Additionally, and also according to the XRPD diffractograms, the powders with lower %Leu (10%) 
presented a more pronounced amorphous halo from trehalose and lower intensity crystalline peaks from leucine, 
when compared with the powders incorporating 20 and 30% of leucine Figure 2 b) and c), respectively. Overall, 

the different drying temperatures appear not to have a significant impact on the crystallinity of the powders. For 
this reason, the observed differences in the leucine crystallinity, when departing from aqueous and water/ethanol 
systems, is hypothesized to be related with the higher time for the crystallization process to occur in aqueous 
systems, relatively to water/ethanol systems, due to higher droplet lifetime inside the spray drying chamber.  

 

Figure 2: a) DVS data from PP03 and PP08 samples; b) XRPD diffractogram from PP08 sample containing 10% Leu and 
c) from PP07 sample with 30% Leu.  

According to the water content data by KF, it was difficult to draw a clear conclusion since the obtained values 
were similar, ranging from 3.5 – 4.7% w/w; in this sense, the water content observed for the PP06 sample (2.3% 
w/w) seems to be an outlier value.  

Regarding the DSC analysis, it was observed that the powders with 20 and 30% of leucine presented a glass 

transition temperature (Tg) approximately between 119 and 121 ⁰C, which is in agreement with the trehalose Tg 

values presented in literature
[5]

. Regarding the four powders with 10% of leucine, a slightly lower Tg was obtained, 
between 115 and 118 ⁰C. Since trehalose was hypothesized to be the only compound in the amorphous form, a 

Tg of ~120⁰C for all powders was expected; therefore, the lower Tg values observed may indicate that a small 

amount of leucine may be partially amorphous, since the Tg values reported for this amino acid, according to the 
powder analysis manufactured in previous works, was lower than 120 ºC. This hypothesis is supported by the 
DSC thermal profile of the four powders containing 10% of leucine, where a recrystallization phenomenon was 
noticeable and was followed by an endothermic peak that can be attributed to leucine melting. This thermal 
behaviour was not observed for the other formulations. This indication supports the hypothesis of initial amounts 
of amorphous leucine that may have recrystallized during DSC analysis. It was also observed that the higher the 
trehalose content, the lower the melting temperatures (trehalose presence led to a decrease in the melting 
values).  
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To complete the work, after the particles thorough physicochemical characterization, a statistical analysis was 
carried-out in order to quantify the impact of the %EtOH, %Leu and T_out (inputs) in the FPF (output) – Figure 3. 

The derived partial least squares (PLS) regression model showed the best fit (R
2
=0.98) and predictability 

(Q
2
=0.90) when the FPF values were predicted only by %EtOH and T_out, meaning that these two parameters 

are the main descriptors of the model, supporting the previous qualitative observations. This model confirms that 
%Leu had a negligible impact on the powder FPF. With a good FPF prediction model, the variability was 
assessed and the design space/normal operating range (NOR) was derived, which in this case considers only two 
input parameters. The NOR plot in 2D presented in Figure 3 corresponds to the %EtOH and T_out spray drying 

operating space that enables a FPF higher than 63% with 95% of confidence (green area). 

 

Figure 3: Schematic representation of the QbD approach section applied to fine-tune the particle properties by 
manipulating the process/formulation parameters, during the manufacture of inhalable composite particles. 

Conclusions  

The FPF values were successfully manipulated by controlling %EtOH and T_out parameters, following a well-
behaved statistical prediction model. FPFs up to ~70% were obtained by increasing both parameters within the 
explored ranges. Interestingly, %Leu did not have a significant impact on the powder in-vitro performance.  
By increasing the %EtOH and T_out values, a transition from relatively larger, denser, and slightly shrivelled 
spheres to smaller, low-density, smooth particles with a higher number of fragments was observed. Additionally, 
higher %Leu generated powders with different solid state characteristics (e.g. higher crystallinity and Tg values) 
and promoted further fragmentation of the particles. Unexpectedly, these observations did not translate into a 
statistically significant impact on the powder FPF. The range of solvent systems explored enables the 
incorporation into these particles of APIs with low or high water solubility, expanding the applicability of composite 
particles delivery platform. 
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