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Summary 

The aim of this study was to investigate the effect of drying process variables on the aerodynamic performance 
and enzymatic activity of a spray-dried model enzyme, Cu,Zn-Superoxide Dismutase (Cu,Zn-SOD). Cu,Zn-SOD 
is often implicated in a broad spectrum of oxidative stress related diseases, from Cystic Fibrosis to Rheumatoid 
Arthritis, catalyzing the breakdown of superoxide radicals and so providing the first line of defense against oxygen 
toxicity. A 2

3 
full factorial experiment was conducted at a constant Drying Gas Flowrate using a trehalose:leucine 

based composite system previously optimized for dry powder inhalers 
[1]

. Cu,Zn-SOD:trehalose:leucine spray 
dried powders were successfully generated displaying Fine Particle Fraction values (FPFs) of ≈60% and 
Enzymatic Activity Retention (EAR) values ranging 50-80%. Aerodynamic performance of these SD powders was 
mainly affected by Ratom, while enzymatic activity was mainly influenced by Ratom and Ffeed. 

Introduction 

Significant advances on recombinant DNA technology, coupled with the rising capacity of large-scale production 
of therapeutic biologics, are paving the way towards the cumulative increase of macromolecules in the 
pharmaceutical industry pipeline 

[2]
. In particular, inhaled formulations are increasingly attractive not only to treat 

respiratory diseases but also systemic diseases due to the large surface area available for drug absorption and 
the avoidance of first-pass metabolism. This ultimately translates into a rapid onset of the drug action, reducing 
the required drug load and minimizing adverse side effects, whilst improving patient compliance over injectables.  

Pulmonary delivery can be performed using three main platforms: nebulizers, pressurized metered-dose inhalers 
(pMDIs) and dry powder inhalers (DPIs). Biopharmaceutical formulations have already been successfully 
formulated in nebulizers. However, its liquid based formulations result in the early stability loss of biologics upon 
storage. Moreover, nebulization requires long periods of dosing due to inefficient drug deposition, leading to drug 
wastage and may require sterilization between uses. On the other hand, pMDIs use for biopharmaceuticals 
administration is relatively scarce given the exposure of these to shear stress during device actuation along with 
the complexity of generating stable formulations in the commonly used propellants 

[3]
. Finally, DPIs address these 

shortcomings, taking advantage of more stable solid based formulations and without any need for propellants.  

Despite the advantages of targeting the pulmonary route through DPIs, the efficient delivery of 
biopharmaceuticals to the lungs still presents a significant challenge: the generation of a stable aerosol with 
adequate aerodynamic properties while preserving the integrity of the biologic. Hence, the particle engineering 
technology employed to meet this balance plays a pivotal role.  

Spray Drying (SD) emerges as a viable technology given its relative simplicity (one-step based process), cost 
effectiveness and scalability with increased control over key aerosol features that impact its aerodynamic 
performance such as particle size, shape, internal structure, surface, among others, by fine-tuning formulation 
composition and process parameters 

[4]
. This technology is also regarded as suitable for biopharmaceuticals due 

to the mild temperature exposure through evaporative cooling and short residence times. In addition, the wide 
range of SD scales commercially available, including miniaturized set-ups with low volume requirements, render it 
a promising alternative when working with expensive molecules.  

Herein, the impact induced by SD on the aerodynamic performance and enzymatic activity retention of Cu,Zn-
Superoxide Dismutase (Cu,Zn-SOD), embedded in trehalose:leucine based composite systems for DPIs, is 
accessed by screening three process variables - Outlet temperature, Feed and Atomization flow rates. Cu,Zn-
SOD is a model enzyme that is often implicated in a broad spectrum of oxidative stress related diseases, from 
Cystic Fibrosis to Rheumatoid Arthritis, catalyzing the breakdown of superoxide radicals and so providing the first 
line of defense against oxygen toxicity 

[5]
 . 

Materials and Methods 

Experimental Design 

Outlet temperature (Tout) together with feed (Ffeed) and atomization (Ratom) flow rates were the factors selected to 
study spray drying induced stress on Cu,Zn-SOD. For each process variable two levels (low and high) were set 
out. Tout range was defined based on a minimum suitable temperature for evaporating the working solvent system 
- MilliQ (double distilled deionised) water - and on Cu,Zn-SOD melting temperature, previously determined by 
differential scanning fluorimetry as 72°C in MilliQ water. Overall, Tout, Ffeed and Ratom ranges were adjusted in 

agreement with a full factorial experiment 2
3
, as depicted in Table 1, plus an additional center point, resulting in a 

total of 9 experiments. Drying gas flow rate (Fdrying) and SD feed solutions composition were kept constant across 
the trials. All trials were executed in a lab-scale spray drier (Mini Spray Drier BUCHI model B-290). 
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Table 1 – Set of Test conditions performed according to the defined design of experiments. 

Test Tout (°C) Ratom (mm) Ffeed (gmin
-1

) Fdrying (kgh
-1

) 

 

1 

65 

40 3 

35 

2 60 3 

3 40 9 

4 60 9 

5 

95 

40 3 

6 60 3 

7 40 9 

8 60 9 

9 80 50 6 

 
Morphology and aerodynamic performance of SD generated powders were determined to evaluate their suitability 
from an inhalation standpoint. To assess the impact of the tested process variables on Cu,Zn-SOD, the total 
protein was quantified and enzyme activity was measured for each SD run. To further understand the interaction 
between the studied factors (Tout, Ratom and Ffeed) on the morphology, aerodynamic performance, protein yield and 
enzymatic activity retention (EAR) of Cu,Zn-SOD powders, a multivariate statistical analysis based on partial least 
squares (PLS) regression model was performed using SIMCA v13.0.3.0 software (Umetrics). 

SD Feed Solutions Composition 

The feed solutions for spray drying comprised a previously optimized excipient matrix 
[1]

 comprising 
trehalose:leucine (4:1) at 2% (w/w) of solids content in a MilliQ water based solvent system. Bovine erythrocytes 
Cu,Zn-SOD (Sigma, St. Louis, MO, USA) was added at 0.1% (w/w) concentration. 

SD Powder Characterization:  

The morphology of the dry powders was examined by Scanning Electron Microscopy (SEM) for particle shape 
and surface and Laser Diffraction (LD) for particle size distribution. The aerodynamic performance was assessed 
in-vitro using an 8 stage gravimetric Andersen Cascade Impactor (ACI) with 20±0.4 mg of spray-dried powder 
filled in HPMC size 3 capsules using a Plastiape HR model 7 at 60 L/min (for a pressure drop of 4 kPa). 

Cu,Zn-SOD Quantification and Enzymatic Activity Retention (EAR) 

For each SD run, total protein was quantified using a modified Lowry method with prior protein precipitation with 
Trichloroacetic Acid (TCA) 

[7]
 for trehalose and leucine removal. Cu,Zn-SOD enzymatic activity retention 

measurements were performed using the SOD Assay Kit – WST (Sigma, St. Louis, MO, USA) 
[5]

. 

Results and Discussion 

Impact of process variables on Morphology and Aerodynamic Performance of Cu,Zn-SOD SD Powders  

The SEM micrographs of the nine SD powders were very similar among each other, presenting spherical and 
slightly shriveled particles, typical from a SD process, with a particle size (PS) within the inhalable size range 
(Figure 1). This evidences the flexibility of trehalose:leucine based composite systems to display desirable 
attributes from an inhalation standpoint whether prepared under mild or harsh conditions (at least considering the 
studied conditions). This is advantageous when dealing with biologics since lower processing temperatures can 
be employed, for instance, without affecting powder morphology features that potentially impact aerodynamic 
performance. 

The apparent PS observed in the SEM micrographs is also in agreement with the particle size distribution (PSD) 
quantitatively determined by laser diffraction (Figure 2 – A. Fine Particle Fraction expressed as the percentage 
particles < 5 μm for each test: error bars correspond to standard deviations based on three replicates. B. Input 
variables that allowed for the best PLS regression model fit (R2>0.7) and prediction (Q2>0.5; R2- Q2<0.2-0.3) for 

each one of the output variables.). Particle size seems to be independent of Tout (see tests 1&5, 2&6, 3&7, 4&8) 
and Ffeed (see tests 1&3, 2&4, 5&7, 6&8) as similar values of X50 and span ((X90 – X10)/X50) can be observed for 
both low and high level of these process variables. Ratom is thus the predominant factor responsible for the 
different PS between tests with distinct values for this parameter: the higher the value of Ratom the lower the X50 

values. 

The ACI assays performed to assess the powders aerodynamic performance resulted in Fine Particle Fractions 
(FPF) ranging from 45-60% with a capsule emitted dose (ED) higher than 98%. FPF along with mass median 
aerodynamic diameter (MMAD) results followed the same trend observed for PSD being mainly dependent once 
again on Ratom (Figure 2) regardless of Tout and Ffeed values. The highest FPF and MMAD obtained match the test 
conditions performed for the high level of Ratom, following the expected trend as determined in previous studies 

[1]
. 
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Test 1 Test 2 Test 3 

   

Test 4 Test 5 Test 6 

   

Test 7 Test 8 Test 9 

   

Figure 1 – SEM micrographs (x5000) for Tests 1-9. 
 
Impact of process variables on Cu,Zn-SOD Protein Yield and Enzymatic Activity Retention (EAR) 

To further narrow down the best conditions to spray dry Cu,Zn-SOD, its protein yield and respective enzymatic 
activity retention were determined for all nine tests (Table 2) with values higher than 60 and ranging from 50-80%, 
respectively. The protein yield observed for tests 1&5 sharing the same low level values of Ratom and Ffeed 
exceeded 100% while exhibiting the higher loss of activity preserving only 50-60%. This can be possibly 
explained by the longer residence time to which Cu,Zn-SOD was exposed causing it to aggregate/degradate, but 
further studies would be required to corroborate the hypothesis. When comparing tests at the same Tout and Ratom 
(Tests 2&4, 6&8), to a lower Ffeed corresponds a slightly higher protein yield although, despite the negligible 
difference, respective EAR range values do not necessarily follow the same trend, displaying instead lower EAR 
range values for lower Ffeed values. Tout (tests 2&6, 3&7, 4&8) does not seem to have a visible impact on these 
two parameters.  

To strengthen the previous qualitative observations, a multivariate statistical analysis was carried out to further 
understand the interaction between Tout, Ratom and Ffeed – inputs – on the morphology (X50), aerodynamic 
performance (MMAD, FPF), protein yield and EAR – outputs – of Cu,Zn-SOD powders. Figure 2B showcases 
which input variables allowed for the best fit (R

2
>0.7 

[7]
) and prediction (Q

2
>0.5; R

2
- Q

2
<0.2-0.3 

[7]
) of the derived 

PLS regression models describing each one of the output variables. PLS regression models obtained for X50, 

MMAD and FPF displayed the best fit and prediction when considering Ratom as input parameter. No good PLS 
model could be derived for protein yield, with a R

2
 value<0.7 and Q

2
 value<0.5. On the other hand, PLS 

regression model obtained for EAR exhibited the best fit and prediction when this was simultaneously predicted 
by Ratom and Ffeed. Finally, Tout had a negligible impact on all the studied output variables. Thus, the qualitative 
conclusions previously withdrawn could be corroborated by the multivariate statistical analysis. 
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Figure 2 – A. Fine Particle Fraction expressed as the percentage particles < 5 μm for each test: error bars 

correspond to standard deviations based on three replicates. B. Input variables that allowed for the best PLS 
regression model fit (R

2
>0.7) and prediction (Q

2
>0.5; R

2
- Q

2
<0.2-0.3) for each one of the output variables. 

Table 2 - Overview of PSD (X50), Aerodynamic Performance (MMAD, GSD), Protein Yield and Enzymatic Activity 

Retention (EAR) for all nine tests. 

 

Conclusions 

The impact induced by SD on the aerodynamic performance and enzymatic activity retention of Cu,Zn-SOD 
embedded in trehalose:leucine based composite systems for DPIs was accessed by screening three process 
variables - Tout, Ratom and Ffeed. Aerodynamic performance of these SD powders was mainly affected by Ratom 

while enzymatic activity was mainly influenced by Ratom and Ffeed. Further research focusing on the enzyme 
configuration before and after Spray Drying using other techniques like Dynamic Scanning Fluorimetry and 
Dynamic Light Scattering could also be carried out. It can be concluded that higher values of Ratom can be 
employed to successfully spray dry Cu,Zn-SOD intended for inhalation since its enzymatic activity does not seem 
to be greatly affected by these factors, while ensuring good aerodynamic performance.  
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Test  X50 (μm) span  MMAD ( μm) GSD  Protein Yield (%) EAR (%) 

1  2.3 1.9  3.7 1.7  118 50-60 
2  1.6 1.9  2.7 1.8  94 65-75 
3  2.1 2.1  3.5 1.8  92 65-75 
4  1.7 1.8  2.8 1.8  81 70-80 

5  2.1 1.9  3.3 1.7  131 50-60 
6  1.5 1.9  2.8 1.6  90 65-75 
7  2.3 2.0  3.8 1.7  63 70-80 
8  1.5 1.9  2.6 1.7  81 75-85 

9  1.9 1.9  3.0 1.7  77 70-80 


