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Supplementary Information 1: Detailed interpretation of high resolution XPS spectra of cell surface isolates. 

The high-resolution N1s spectra (Supplementary Figure 1J-L) and Supplementary Figure 2J-L) for both 

strains and their cell surface isolates showed peaks at ~ 400.0eV and at ~ 401.7 eV, corresponding to 

non-protonated and protonated nitrogenous groups respectively, and were ascribed to amides and 

amines in proteins 1-5. The high percentage of non-protonated nitrogenous groups contributed to the 

overall net-negative charge of the cell surface isolates. The high-resolution P2p spectra (Supplementary 

Figure 1M-O and Supplementary Figure 2M-O) at ~ 133.7 eV corresponded to phosphodiester bonds in 

phosphate groups found in phospholipids and phosphorylated biomolecules 2, 4. A high-resolution scan 

of the C1s regions (Supplementary Figure 1D-F and Supplementary Figure 2D-F) showed 4 components; 

carbon-carbon and carbon-hydrogen interactions at 285 eV, carbon bound to oxygen or nitrogen at 

~ 286.47 eV (most likely from amides in proteins), a carbon-oxygen double bonded group 

corresponding to carbonyl, carboxylate or amide at 288.01 eV and carboxyl groups at 289 eV 1-4. An 

additional peak, at about 293 eV in some samples, corresponds to carbon satellite peaks and is not 

taken into consideration for analysis. These satellite peaks cannot be ascribed to carbon-associated 

functional groups since their appearance was due to strong electron shake up excitations of the final 

chemical state resulting in additional peaks several eV higher than the main C1s peak at 285 eV 6. The 

high resolution scan O1s peak was fitted to 2 components at 531.4 eV corresponding to carbon - oxygen 

and phosphorus - oxygen double bonds from carboxyl, amides and phosphate groups while the peak at 

532.8 eV corresponded to oxygen present within hydroxyl and phosphate groups. 

The functional groups identified above confirm the presence of polysaccharide-like material, proteins 

and hydrocarbon chains in the outermost layer of each sample analysed. Changes in the percentage 

area of certain peaks were attributed to the relative abundance of the functional groups present within 

each fraction. For example, there was an increase in percentage area of the O1s peak at 531.4 eV with 

respect to the peak at 532.8 eV between the P. putida intact cells (39.6 %), their cell wall (48.8 %) and 

membrane (59.5 %) isolates (Supplementary Figure 1G-I). This suggested an increase in the number of 

carboxyl, phosphate groups and amides like those present within the phospholipid bilayer and proteins 

present within the cell wall and membrane of Gram-negative bacteria 1-4, 7. This was also evident in 

changes of the relative percentage area of the O1s peaks of B. subtilis intact cells (40.3 %) and their cell 

wall and membrane isolates (Supplementary Figure 2G-I). There was an increase in the relative 

percentage area of the peak at 531.4 eV in membrane isolates (61.3 %) while there was a decrease in 

percentage area in cell wall isolates (30.6 %). This decrease was attributed to the increase in the number 

of carbonyl groups present within the carbohydrate rich cell wall region which contains a majority of 

peptidoglycan and teichoic acids, whereas within intact cells the penetration depth of the X-ray could 

take into account elements present within the cell membrane as well, for example if the intact cells 

were ruptured.  

 



 

Supplementary Figure 1: XPS wide and high resolution C1s, O1s, N1s and P2p scans of intact P. putida 33015 cells [A, D, G, J, 
M], cell wall isolates [B, E, H, K, N] and cell membrane isolates [C, F, I, L, O], respectively. 

  



 

Supplementary Figure 2: XPS wide and high resolution C1s, O1s, N1s and P2p scans of intact B. subtilis 168 cells [A, D, G, J, M], 
cell wall isolates [B, E, H, K, N] and cell membrane isolates [C, F, I, L, O], respectively. 



Supplementary Table 1: Speciation of U(VI) in solution in the presence of 0.1 M NaCl varied as a function of pH. 

  % total concentration 

Component Species 0.125 mM 0.25 mM 0.5 mM 1 mM 2 mM 3 mM 4 mM 
pH 3 pH 4.25 pH 5.5 pH 3 pH 4.25 pH 5.5 pH 3 pH 4.25 pH 5.5 pH 3 pH 4.25 pH 5.5 pH 3 pH 4.25 pH 5.5 pH 3 pH 

4.25 
pH 
5.5 

pH 3 pH 
4.25 

pH 
5.5 

UO2
2+ UO2

2+ 93.44 84.88 6.67 93.36 80.63 4.26 93.20 80.63 2.69 92.88 64.28 1.69 92.26 52.81 1.05 92.71 44.63 0.80 92.10 39.81 0.66 

UO2Cl+ 6.21 5.65 0.44 6.20 5.36 0.28 6.18 5.36 0.18 6.15 4.26 0.11 6.08 3.49 0.07 4.86 2.36 0.05 4.79 2.09 0.04 

UO2NO3
+ 0.02 0.01 

 
0.03 0.03 

 
0.06 0.03 

 
0.12 0.09 

 
0.25 0.14 

 
0.40 0.19  0.52 0.23  

UO2OH+ 0.24 3.81 5.32 0.24 3.61 3.39 0.23 3.61 2.14 0.23 2.87 1.34 0.23 2.35 0.84 0.24 2.10 0.63 0.24 1.86 0.52 

(UO2)2(OH)2
2+ 0.02 4.68 9.13 0.04 8.43 7.44 0.07 8.43 5.93 0.14 21.35 4.66 0.28 28.66 3.62 0.45 33.06 3.11 0.59 34.87 2.79 

(UO2)3(OH)5
+ 

 
0.08 65.09 

 
0.26 67.65 

 
0.26 68.13 

 
2.07 67.00 

 
4.52 64.68  7.52 62.90  9.34 61.48 

(UO2)4(OH)7
+ 

  
11.06 

  
14.67 

  
18.66 

 
0.09 22.99 

 
0.31 27.63  0.69 30.46  1.02 32.52 

(UO2)3(OH)4
2+ 

 
0.04 2.05 

 
0.15 2.13 

 
0.15 2.15 

 
1.16 2.11 

 
2.55 2.05  4.02 1.99  5.01 1.95 

(UO2)2OH3+ 0.06 0.83 0.09 0.11 1.50 0.07 0.23 1.50 0.06 0.45 3.82 0.05 0.89 5.16 0.04 1.32 5.43 0.03 1.74 5.77 0.03 

UO2Cl2 (aq) 0.03 0.02 
 

0.03 0.02 
 

0.03 0.02 
 

0.02 0.02 
 

0.02 0.01 
 

0.02   0.02   

UO2(OH)2 (aq) 
  

0.16 
  

0.10 
  

0.06 
  

0.04 
  

0.03   0.02   0.02 

NO3
- NO3- 97.94 97.94 97.95 97.93 97.94 97.95 97.92 97.94 97.95 97.89 97.91 97.95 97.84 97.89 97.95 98.22 98.31 97.95 98.16 98.3 97.95 

UO2NO3
+ 

   
0.02 0.01 

 
0.03 0.01 

 
0.06 0.04 

 
0.12 0.07 

 
0.20 0.10  0.26 0.11  

NaNO3 (aq) 2.05 2.05 2.05 2.05 2.05 2.05 2.05 2.05 2.05 2.05 2.05 2.05 2.04 2.04 2.05 1.59 1.59 2.05 1.58 1.59 2.05 

Na+ Na+ 96.41 96.40 96.40 96.40 96.40 96.40 96.40 96.40 96.39 96.39 96.39 96.38 96.37 96.36 96.36 97.12 97.11 96.33 97.10 97.09 96.30 

NaCl (aq) 3.59 3.59 3.59 3.59 3.59 3.59 3.59 3.59 3.59 3.58 3.59 3.59 3.57 3.58 3.58 2.79 2.80 3.58 2.77 2.79 3.58 

NaNO3 (aq) 
      

0.02 
 

0.02 0.03 0.03 0.03 0.06 0.06 0.06 0.10 0.10 0.09 0.13 0.13 0.12 

Cl- Cl- 96.40 96.40 96.41 96.40 96.40 96.41 96.39 96.40 96.41 96.37 96.38 96.41 96.34 96.37 96.41 97.12 
 

97.13 96.42 97.04 97.13 96.42 

UO2Cl+ 
   

0.01 
  

0.02 
  

0.05 0.03 
 

0.09 0.05 
 

2.79 
 

0.07  0.19 0.08  

NaCl (aq) 3.59 3.59 3.59 3.59 3.59 3.59 3.59 3.59 3.59 3.58 3.59 3.59 3.57 3.58 3.59 0.10 
 

2.80 3.58 2.77 2.79 3.58 
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Supplementary Figure 3: Uranium biosorption isotherms for intact cells, cell wall and membrane isolates for P. putida 33015 [A-C] and B. subtilis 168 [D-F], respectively.



Supplementary Figure 4: Uranium biosorption isotherms for P. putida 33015 [A] and B.subtilis 168 [B], respectively. The solid 

line represents the fitting of the Freundlich adsorption model as calculated using the Freundlich constants and equation; 𝒒
𝒆

=

𝑲𝑭 ×  𝑪𝒆
𝒏𝒊  
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Supplementary Table 2: Constants obtained from Langmuir isotherms, at 298.15 K. The Langmuir isotherm was calculated by 

plotting the inverse of Ce vs. qe. The corresponding linear regression was applied to the Langmuir equation (
𝟏

𝒒𝒆
=

 
𝟏

𝑲𝑳× 𝑸𝒎𝒂𝒙
 ×

𝟏

𝑪𝒆
 +

𝟏

𝑸𝒎𝒂𝒙
), where the gradient (m) is 

𝟏

𝑲𝑳× 𝑸𝒎𝒂𝒙
  and intercept (b) is 

𝟏

𝑸𝒎𝒂𝒙
.  Qmax (

𝟏

𝐛
), KL (

𝟏

𝐦 × 𝑸𝒎𝒂𝒙
) and KD (𝑲𝑳  ×  𝑸𝒎𝒂𝒙) 

were calculated. Qmax was the maximum adsorption concentration of sorbate, KL was the Langmuir constant and KD the 
dissociation constant. 

 

 pH 
Qmax 

mol-1 kg 

KL 

L-1 mol 

KD 

KL x Qmax 

ΔG° 

kJ mol-1 

Pseudomonas putida 33015 

Intact cells 

3 0.934 1254.277 1171.783 -17.517 

4.25 1.967 510.700 1004.722 -17.136 

5.5 20.284 44.291 898.392 -16.858 

Cell wall 

3 1.397 789.677 1102.901 -17.367 

4.25 2.322 453.368 1052.632 -17.251 

5.5 10.741 91.266 980.296 -17.075 

Cell membrane 

3 0.875 1364.038 1193.175 -17.562 

4.25 1.875 53.684 100.644 -11.432 

5.5 4.686 21.678 101.585 -11.455 

Bacillus subtilis 168 

Intact cells 

3 1.127 1001.806 1128.796 -17.424 

4.25 2.440 432.566 1055.298 -17.257 

5.5 9.050 111.414 1008.268 -17.144 

Cell wall 

3 1.020 929.648 948.137 -16.992 

4.25 1.403 635.853 892.299 -16.841 

5.5 6.588 130.435 859.254 -16.748 

Cell membrane 

3 0.553 231.157 127.747 -12.023 

4.25 0.919 127.324 117.069 -11.807 

5.5 5.339 181.951 971.440 -17.052 

 

 

  



Supplementary Figure 5: Uranium biosorption isotherms for P. putida 33015 [A] and B.subtilis 168 [B], respectively. The solid 
line represents the fitting of the Langmuir adsorption model as calculated using the Langmuir constants and equation; 𝒒𝒆 =
𝑸𝒎𝒂𝒙 × 𝑲𝑳 × 𝑪𝒆

𝟏+ 𝑲𝑳 × 𝑪𝒆
.  
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Supplementary Information 2: Detailed interpretation of FT-IR spectra of cell surface isolates 

The cell wall isolates of P. putida, in comparison with intact cells, exhibited an increase in 
prevalence of adsorption bands characteristic of components of Gram-negative cell walls. 
Increases in the intensity of adsorption bands associated with fatty acids and lipids in the outer 
membrane of the Gram- negative cell wall were observed in the isolated components. 
Adsorption bands between 3000 – 2800 cm-1 were observed, corresponding to the vibrational 
stretching of CH3 and CH2, and a shoulder peak was observed at 1723 - 1734 cm-1, that was not 
present in intact cell spectra, and attributed to the vibrational symmetric stretching of the 
carbon oxygen (C=O) bond from the increased relative abundance of lipids 8-12. Changes in 
position, shape and increases in intensity of adsorption bands that correspond to phosphate 
and C-OH, C-O-C, C-C groups are associated with an increase in the relative concentration of cell 
wall polysaccharides, peptidoglycan, lipopolysaccharides (LPS) and the outer membrane 
phospholipids following purification of cell wall components 8, 13.  

The increase in absorption intensity between 3000 - 2800 cm-1, attributed to CH3 and CH2 
vibrational stretching, indicated the presence of a lipid-rich isolate attributed to the 
phospholipids within the P. putida cell membrane 8, 9, 14. Furthermore, an additional adsorption 
band at 1740 cm-1 was attributed to the vibrational stretching of the C=O lipid bond that was 
not observed in intact cells and greater than that observed in cell wall isolates since the 
membrane fraction contained a greater relative abundance of lipids than that of the Gram-
negative cell wall. An increased in absorption band intensity at ~ 1232 cm-1 corresponding to 
phosphate asymmetric stretching confirmed a phospholipid-rich isolate in comparison to intact 
cells 8, 9.  

ATR-FT-IR spectra confirmed the purification and concentration of cell-wall associated 
compounds of B. subtilis from intact cells. Substantial changes in the adsorption band associated 
with the vibrational stretching of C-OH, C-O and C-C of carbohydrates confirmed the increase in 
concentration of peptidoglycan and other cell wall associated polysaccharides. This band shifted 
from 1063 cm-1 in intact cells to 1052 cm-1 and significantly increased in intensity following 
purification of cell isolates. Adsorption spectra were normalised with respect to the amide I 
absorption band, the adsorption band characteristic of functional groups associated with 
bacterial proteins 15, and present in all isolates. Additionally, the shoulder at 1724 – 1740cm-1 
in cell wall isolates was attributed to the vibrational stretching of C=O groups in (lipo)teichoic 
acids following fractionation and purification of cell wall compounds 15. 

Similarly, B. subtilis cell membrane isolates were characteristed by an increased intensity of 
lipid-associated adsorption bands, 3000 – 2800 cm-1 and 1739 cm-1, corresponding to greater 
relative abundance of phospholipid-rich biological molecules, compared to intact cells 8, 9, 14. 
Small changes in the adsorption band position and intensity within the 1470 – 1350 cm-1 region 
suggested changes in protein and lipid content, from the presence of a greater abundance of 
membrane-associated proteins such as porins16. A decrease in intensity was observed for the 
carbohydrate associated  (C-OH, C-0-C, C-C) absorption band at ~1065 cm-1 in the cell 
membrane isolates compared to intact B. subtilis cells. This was attributed to a lack of 
peptidoglycan and other polysaccharides that were once associated with the B. subtilis cell wall 
and removed during fractionation and purification 8, 9, 12. Additionally,  a decrease in intensity of 
the absorption band associated with phosphate vibrational asymmetric stretching 
(~ 1220 – 1230 cm-1) was attributed to the source of phosphate associated only with the 
phospholipid bilayer, in comparison to additional phosphate associated with components of the 
cell wall and intracellularly of intact cells. 
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