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SUPPLEMENTAL METHODOLOGY 

Calculation of Spore Size Distribution 

This analysis used length of spores was used as the measurement for spore size.  For each 

of the spore strains, the lengths of multiple spores (n ≥ 16) in the SEM images were measured 

using ImageJ, and the sample average (𝑋𝑋�) and sample standarded deviation (𝑠𝑠) were calculated 

(Table 3). The lengths of individual spores of the same strain were assumed to follow a Gaussian 

distribution, with the population mean (𝜇𝜇) and population standard deviation (𝜎𝜎) being 

approximated by 𝑋𝑋� and 𝑠𝑠, respectively.  

Thus, the probability density function (PDF) of spore size can be described by: 

 𝑓𝑓(𝑥𝑥) =  1
√2 𝜋𝜋 𝜎𝜎2

 𝑒𝑒−
1
2 ( 𝑥𝑥 − 𝑋𝑋�

𝑠𝑠  )2    Eq. S1 

where 𝑥𝑥 is the spore size indicated by its length and 𝑓𝑓(𝑥𝑥) is its corresponding probability density.   

Figure 3 shows the relationship between 𝑓𝑓(𝑥𝑥) and 𝑥𝑥 for each of the bacterial spores. 

 The cumulative probability function was computed by: 

 𝐹𝐹(𝑥𝑥) =  1
2
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𝜎𝜎 √2

 )] Eq. S2 

where erf( ) is error function.  The percentage of spores with a size smaller or equal to a certain 

cut-off 𝑥𝑥0 is therefore equal to 𝐹𝐹(𝑥𝑥0). 

Calculation of the Gibbs Free Energies 

The contact angles of water (θW), glycerol (θG), and diiodomethane (θD) on ceramic 

membrane and various spore lawns were used to determine the surface energy components that 

are required for the calculations of the Gibbs free energies (Eq. S4 and Eq. S5). The contact 

angles of the three probe liquids were plugged into the complete Young equation (van Oss, 

1993): 
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 �1 + cos 𝜃𝜃𝑖𝑖𝑖𝑖�𝛾𝛾𝑖𝑖total = 2 ��𝛾𝛾𝑖𝑖LW 𝛾𝛾𝑖𝑖LW + �𝛾𝛾𝑖𝑖+ 𝛾𝛾𝑖𝑖− + �𝛾𝛾𝑖𝑖− 𝛾𝛾𝑖𝑖+�   Eq. S3 

where subscript i and j denote solid and probe liquid, respectively.  Since there are three 

unknowns pertaining to the surface properties of the solid in Eq. S3, i.e. 𝛾𝛾𝑖𝑖LW, 𝛾𝛾𝑖𝑖+, and 𝛾𝛾𝑖𝑖−, the 

equation must be used three times, each time plugging in the contact angle (𝜃𝜃𝑖𝑖𝑖𝑖) and the set of 

parameters (𝛾𝛾𝑖𝑖LW, 𝛾𝛾𝑖𝑖+, and 𝛾𝛾𝑖𝑖−) of a different probe liquid. The surface energy components of the 

three probe liquids are known constants (van Oss, 1993; Brant and Childress, 2002).  The 

measured contact angle values used for calculating 𝛾𝛾𝑖𝑖LW, 𝛾𝛾𝑖𝑖+, and 𝛾𝛾𝑖𝑖− are provided in Table 4. The 

calculated surface energy components of the bacterial spores and the ceramic membrane are 

tabulated in Table 5. With these values, the Gibbs free energy of aggregation, ΔGbwb (Van Oss 

and Giese, 1995) and the Gibbs free energy of attachment, ΔGbws (van Oss, 1993) can be 

calculated as: 

∆𝐺𝐺bwb = −2 ��𝛾𝛾bLW − �𝛾𝛾wLW�
2

− 4 (�𝛾𝛾b+ 𝛾𝛾b−  +  �𝛾𝛾w+ 𝛾𝛾w−  −  �𝛾𝛾b+ 𝛾𝛾w−  −  �𝛾𝛾b− 𝛾𝛾w+) 

 Eq. S4 

 ∆𝐺𝐺bws = 2 � �𝛾𝛾wLW − �𝛾𝛾bLW ���𝛾𝛾sLW − �𝛾𝛾wLW �+ 2 ��𝛾𝛾w+ ��𝛾𝛾𝑏𝑏− +  �𝛾𝛾s− − √𝛾𝛾w−� +

                                 √𝛾𝛾w−  ��𝛾𝛾𝑏𝑏+ +  �𝛾𝛾s+ − �𝛾𝛾w+� − �𝛾𝛾b+ 𝛾𝛾s− − �𝛾𝛾b− 𝛾𝛾s+  � 
 Eq. S5 
where superscript ‘LW’ indicates the non-polar component of surface energy, ‘+’ the electron 

acceptor component of surface energy, and ‘–’ the electron donor component of surface energy; 

subscripts ‘b’, ‘w’, and ‘s’ denote bacterium, water, and substratum, respectively. The calculated 

Gibbs free energy values are tabulated in Table S1. 
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Supplemental Table S1. Surface energy components of the vegetative bacteria, spores and the 

ceramic membrane used in this work. 

Material 
Surface Energy Components (mJ/m2)  1 

γ LW γ + γ - 
B. licheniformis 

   
Spores  50.03 2.70 62.91 

Vegetative cells  17.17 0.23 92.89 

Geobacillus spp. 
   

Spores  33.86 0.08 10.89 

Vegetative cells  45.22 16.65 123.16 

Ceramic Membrane 50.03 0.44 50.44 

1For BL spores and ceramic membranes, which contain contact angles < 10°, 10° was used in the 

calculations for surface energy components. 
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