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Protein quantification 

The potential interference of the excipients with each of the quantification assays was evaluated for the 
different polymers and surfactants. The surfactants (100 μg/mL) and the polymer (20 mg/mL) were 
added separately to catalase standards and assays conducted as described in the respective methods 
sections. 

The Bradford protein quantification assay is sensitive to polymer interference as well as to the presence 
of surfactants (polysorbate 20 and 80), whereas the microBCA assay was affected by the polymer 
presence but not by the surfactants. Error! Reference source not found. illustrates the impact of PVP 
and trehalose on the protein quantification assays. It was observed that the inclusion of the excipient in 
the calibration standards still allows for a linear relationship between the protein concentration and 
absorbance, but the gradient of the curve and intercept vary significantly.  

  
(a) (b) 

Figure S1. Catalase calibration curves in phosphate buffer, PVP (20 mg/mL), and PVP-trehalose (1:1 w/w) (20 
mg/mL) added to the solvent prepared (a) with the Bradford reagent for protein quantification, (b) by microBCA. 

The impact of protein denaturation on the quantification assays was assessed by heat denaturing 
catalase (90 °C, 15 min). Different concentrations of catalase were prepared and denatured before 
conducting assays as described in Sections 2.2.1 and 2.2.2, and comparing the results to native catalase.  

0

0.5

1

1.5

2

0 20 40 60

A5
95

/A
47

0

Catalase concentration [μg/mL]

in buffer with PVP with PVP-trehalose

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40 50

Ab
so

rb
an

ce
 [A

U]

Catalase concentration [μg/mL]

in buffer with PVP with PVP-trehalose
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Figure S2. Protein quantification for native catalase standards and heat denatured standards in phosphate buffer 
using the (a) the Bradford assay, (b) microBCA. 

The experiment shows that protein quantification by Bradford assay is affected by protein denaturation 
(Error! Reference source not found.A). It is hypothesised that the Bradford dye binds to the protein 
surface and that heat denaturation led to a reduction in available surface, thus a reduction in the signal. 
The microBCA assay, however, does not show a significant difference between the absorbance values 
obtained from native and heat denatured protein standards (Error! Reference source not found.B). 
During the microBCA assay, Cu2+ is reduced to Cu+ via a redox reaction with specific amino acids. This 
reaction, however, is also triggered by peptide bonds, and thus the assay is less reliant on binding to 
specific amino acids [1]. The difference in size between Cu+ and the Coomassie dye could also 
contribute to the difference, with the Cu+ potentially penetrating the protein, thus being less reliant on 
the available surface compared to Coomassie.  

Size exclusion chromatography of catalase 

Catalase in phosphate buffer as well as denatured protein in 1% SDS was analysed by size exclusion 
chromatography (SEC) using a Zorbax-GF450 column with the conditions described in Error! 
Reference source not found.. 

Table S1. Chromatographic conditions for catalase analysis. 

Parameter Sample A Sample B 

Mobile phase  
50 mM phosphate buffer (pH 6.4) + 400 mM Arginine HCl 

Flow rate [mL/h] 1.2 

Sample concentration [mg/mL] 1 0.1 

Sample diluent Phosphate buffer 1% SDS 

Injection volume [μL] 10 5 

Column temperature 30 °C 

Wavelength [nm] 280 nm 

Run time 12 min 
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The chromatograms obtained from native catalase (in phosphate buffer) and from the denatured 
protein (in 1% SDS) are presented in Error! Reference source not found.A and Error! Reference source 
not found.B, respectively. Both chromatograms present a peak at 5.4 min. In size exclusion 
chromatography molecules are separated based on their size, with larger molecules eluting faster than 
smaller ones. Considering that catalase has a quaternary structure (existing as a tetramer) it is 
hypothesised that this peak corresponds to the tetrameric form. Catalase in phosphate buffer presents 
a second peak at 8.4 min whereas when dissolved in a 1% SDS solution the second peak is observed at 
9.0 min. Furthermore, a change in peak shape is observed. In Error! Reference source not found.A the 
peak shows a shoulder to the right whereas in Error! Reference source not found.B a small bump is 
observed at the left-hand side. It is hypothesised that in phosphate buffer the dimeric and monomeric 
forms are present and are almost co-eluting whereas in 1% SDS the protein is denatured leading to 
mainly monomeric catalase in solution, thus causing the shift in elution time. 

 

  
(a) (b) 

Figure S3. Chromatograms of catalase eluted at from the Zorbax-GF450 column (a) sample dissolved in phosphate 
buffer, (b) sample dissolved in 1% SDS. 

Turbidity assay 

Error! Reference source not found. compares the absorbance measured at 0, 1, 2, 4, 6, and 8 h for 
different catalase solutions. It can be observed that apart from the solution at pH 7 the absorbance at 
600 nm increased over the 8 h period. An increase in absorbance is caused by non-specific light 
scattering from aggregated particles causing turbidity of the solutions. The experiment thus confirmed 
the turbidity that was observed visually. The increase in turbidity at pH 5.4 (pI of catalase) likely 
originates from the formation of protein aggregates. The charge distribution close to or at the isoelectric 
point of a protein favours interaction between protein molecules, thus the formation of aggregates [2]. 
Furthermore, the addition of either polysorbate 20 or polysorbate 80 did not result in a reduction in 
absorbance and thus turbidity throughout the concentration range tested.  



 

Figure S4. Absorbance at 600 nm of solutions prepared at pH 5.4, pH 5.4 containing polysorbate 20 or polysorbate 
80 at different surfactant-to-catalase ratios (w/w), and at pH 7. 

Polysorbate 20 vs. polysorbate 80 

Data showing the influence of surfactant type (polysorbate 20 vs. polysorbate 80) on catalase activity 
after electrospraying are presented in Error! Reference source not found.. 

  
(a) (b) 

Figure S5. Protein content and activity for the catalase-dextran (1 μg/mg) particles electrosprayed from solutions 
containing 500 μg/mL of polysorbate 20 or polysorbate 80: (a) catalase content, (b) catalase activity. 

pH 

Data showing the impact of the pH of the electrospraying solution on catalase activity after 
electrospraying are presented in Error! Reference source not found.Error! Reference source not 
found.. 
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(a) (b) 

Figure S6. Protein content and activity for the catalase-dextran (1 μg/mg) particles electrosprayed from solutions 
of pH 5.4 or pH 7.0. (a) catalase content, (b) catalase activity. 

Solvent type 

Data showing the influence of solvent on catalase activity after electrospraying are presented in Error! 
Reference source not found.. 

  
(a) (b) 

Figure S7. Characteristics of the electrosprayed catalase-dextran particles in presence of three different solvents (a) 
catalase activity, (b) catalase content. 

The residual catalase activity detected within the particles obtained from a fully aqueous solution was 
not significantly different (one-way ANOVA, p > 0.05) from those generated with the ethanolic solution. 
However, when trifluoroethanol was used as co-solvent, no activity was detected. The protein content 
within the particles generated from a fully aqueous solution could not be determined as the amount of 
sample recovered from the electrospraying process was not sufficient. This low yield obtained from 
fully aqueous solutions is related to the high surface tension of the aqueous solution, which prevents 
formation of stable jets [3]. The process could potentially be improved by further increasing the amount 
of surfactants or by increasing the solid content in solution [3,4]. However, as the use of ethanol as a 
co-solvent resulted in similar catalase activity, there would be no advantage in electrospraying 100% 
aqueous solutions. The protein content within particles electrosprayed from solutions containing 
triflouroethanol as co-solvent was determined to be 49.2 ± 12.0 %. The Bradford assay—used for protein 
quantification—is sensitive to protein denaturation (aggregation). Hence, the reduction in apparent 
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protein content could be due to denaturation (which would explain the low activity, Error! Reference 
source not found.A) rather than loss of protein during the process. 

Polymer type 

The FTIR spectra of the raw materials and the different polymeric particles are presented in Error! 
Reference source not found..  

 
(a) 

 
(b) 

 
(c) 

Figure S8. FTIR spectra of the raw materials and protein - loaded particles, showing the (a) dextran formulations, 
(b) PVP formulations, and (c) polysucrose formulations. 
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Dextran and polysucrose both present a broad peak around 3000 – 3500 cm-1, which originates from O-
H stretching vibrations of the hydroxyl groups. The characteristic vibrations of C-H stretching are 
observed between 2800 cm-1 to 3000 cm-1. Differences between the two polymers are observed mainly 
in the fingerprint region (< 1500 cm-1).  PVP displays characteristic vibrations visible between 2840 cm-

1 to 3000 cm-1 (C-H stretching), 1650 cm-1 (C=O stretching), 1421 cm-1 (C-H bending) and 1285 cm-1 (C-N 
stretching). The broad peak around 3000 – 3500 cm-1 originates from stretching vibrations of absorbed 
water [5].  

Catalase displays the characteristic vibrations of a protein which include bands at 3300 cm-1 (amide A), 
3100 cm-1 (amide B), 1635 cm-1 (amide I, originating from C=O stretching of the backbone carbonyl), 
1550 cm-1 (amide II, originating from N-H bending with a contribution from C-N stretching), 1300 cm-1 
(amide III, a weak signal arising from N-H bending and C-N stretching), and 735 cm-1 (amide IV) [6–8]. 
The IR spectra of the particles are dominated by the features of the polymer carrier. Indeed, apart from 
the small peak/bump at 1600 cm-1, the spectra are indistinguishable from the raw polymer. 

The XRD patterns of the raw materials and the different electrosprayed polymeric particles are shown 
in Error! Reference source not found.. All polymers as well as all the particles display only a broad 
halo in the diffraction pattern (typical for amorphous materials). This is expected given the amorphous 
nature of the starting materials. 
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Figure S9. XRD pattern of the raw materials and protein - loaded particles, showing the (a) dextran formulations, 
(b) PVP formulations, and (c) polysucrose formulations. 
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