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Figure S1. Gene fragments and corresponding polypeptide sequences of 

monomeric SUP sequences. (A) Half charged monomer, HC_E5, containing 5 

glutamic acids, (B) Single charged monomer, E9, containing 9 glutamic acids and (C) 

double charged monomer, DC_E18, containing 18 glutamic acid residues. Restriction 

sites flanking the inserted genes are PflMI and BglI with the help of which gene 

oligomerization was performed. (D) Gene fragment and amino acid sequence of -30 

GFP used in this study. (E) Gene fragment and corresponding polypeptide sequence of 

monomeric spider-E chimera. The full length of amino acid sequence of spider-E is 

listed in Table S1. 

  



 

 

Figure S2. Protein characterizations with PAGE and MALDI-TOF. (A) 

SDS-PAGE characterization of unstructured SUP samples used in this study. Lane 1, 

DC_E108; Lane 2, E72; Lane 3, HC_E35. The electrophoretic behavior of the SUPs 

with different net charge densities varies, although they exhibit similar molecular 

weights as shown in Table S1. (B) SDS-PAGE characterization of folded and β-sheet 

containing protein samples used in this study. Lane 1, -30GFP; Lane 2, spider-E. The 

electrophoretic behavior of the supercharged proteins with high net charges is different 

from other proteins, which usually exhibit balanced charges on the surface compare 

ladder proteins shown in lane M). The low electrophoretic mobility of spider-E is 

probably due to strong hydrogen bonding and formation of larger aggregates. (C) The 

restriction enzyme digest of the constructed plasmid pET spider-E with NdeI and 



 
 

EcoRI is shown. In lane 1, the upper band shows digested vector backbone, ca. 5300 bp, 

and the lower band (ca. 3500 bp) is the inserted gene accommodating eighteen repeats 

of monomeric spider-E. M, standard DNA ladder. (D) MALDI-TOF mass spectra of 

supercharged polypeptides and proteins used in this study. It is worth noting that the 

Mw of spider-E sample is too large to be determined using MALDI TOF mass 

spectrometry with which typically molecular ion peaks of less than 50 KDa are 

determined. Thus, biophysical measurements, like FTIR and GIXD (Fig. 3 and Fig. 

S8), were applied for the characterization of the spider-E sample. 

  



 
 

Table S1. General information of the samples used in this study, including isoelectric 

point, molecular formula, molecular weight, charge density and expression yield. 

 

  



 

 

Figure S3. Protein films on substrates and characterization via SEM and AFM. 

(A) Schematic procedure for the preparation of proton conducting polypeptide and 

protein films by the drop casting technique used in this study. (B) Scanning electron 

microscopy (SEM) images showing the flat and homogenous morphology of our 

customized thin film (here E72 is shown as an example) on the electrodes. The jagged 

edge on the left side of a) is the truncating position for cross-section imaging in b). (C) 

AFM image of a scratched thin film surface (top) and its corresponding height profile 

(bottom). E72 is shown here as an example. 

  



 

Table S2. All the protein samples on the IDE electrodes exhibit an average height of ca. 

30-50 nm as determined by AFM. Each data set consists of three different films 

measured individually at various positions. 

Sample      Thickness (nm) Average Thickness (nm) 

HC-35 44 2 48 1 48 2 47±2 

E72 47 3 34 3 39 6 40±5 

DC-108 33 2 31 5 44 3 36±6 

-30GFP 29 3 27 4 30 2 29±1 

spider-E 43 3 40 4 49 2 44±4 

  



 

 

Figure S4. Nyquist plots of protein film devices. (A) Typical Nyquist plot of a 

protein film. Red circles are the experimental data and the red line is the fit using the 

equivalent circuit reported in the inset. The first semicircle whose intercept with the x 

axis provides the sample resistance is also highlighted for clarity. (B) Typical 

electrical response of humidified spider-E film. Current versus voltage measurements 

of a spider-E FS film taken at RH = 90%. (C) Nebulization test curves in EIS to 

evaluate the stability of the cast thin film on IDE electrode upon direct exposure to 

water. 

  



 
 

 

Figure S5. X-Ray characterization of E72 and -30GFP protein films on the 

electrodes. (A) Horizontal and (B) vertical GIXD intensity cuts of the folded (-30GFP, 

blue solid line) and the unfolded (E72, black dashed line) protein films. The black and 

the red arrows in (A) and (B) highlight the position of the two symmetric diffraction 

peaks for the -30GFP protein film located at q ≈ 0.65 Å
−1

 and q ≈ 0.18 Å
−1

, respectively. 

  



 
 

 

Figure S6. The thickness and swelling ratio of the protein films on electrodes at 

different RHs. 

  



 
 

 

Figure S7. Temperature dependent proton conductivity measurements performed 

at RH = 90% from 298K over 330K in order to estimate the activation energy for the 

protein-based systems. The activation energy was estimated from the values of the 

slopes in the linearized Arrhenius plots. Thin films prepared from E72, -30GFP, 

spider-E samples were employed for the tests. 

  



 
 

 

Figure S8. Freestanding spider-E protein device assembly, mechanical and 

structural characterization. (A) The prepared spider-E membrane assembled on a 

Y-shape electrode for the EIS data collection. Photo credit: Chao Ma, University of 

Groningen. (B) The mechanical characterizations of spider-E membranes through 

tensile-stress device. (C) Data compiling of engineered protein films. (D) Structural 

characterization of chimeric spider-E freestanding (FS) film using transmission small 

angle X-ray scattering (SAXS). A typical inter-sheet distance of 12 Å between stacked 

beta-sheets is revealed. The black arrow indicates the respective diffraction peak (q = 

0.52 Å
-1

, d = 12 Å). 
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