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Abstract
In this study, we explore different analytical approaches to characterize the biomineralization of uranium by bacterial cells isolated from the groundwater of a radioactive waste repository. Techniques such as Fourier Transformed Infrared Spectroscopy (FTIR), Confocal Raman Microspectroscopy (CRM), X-ray photoelectron spectroscopy (XPS), X-ray absorption spectroscopy (XAS) and potentiometric titrations were used in order to explore the potential role of the bacterial organic functional groups involved in radionuclide uptake. The cells of the isolated bacterial strain precipitated uranium in form of as a uranium phosphate mineral phase belonging to the meta-autunite group. These findings are an important addition to the understanding of the molecular-scale information on the organic and inorganic constituents on the bacterial cells involved with radionuclide interactions. This understanding is crucial to establish the adequate parameters for the potential use of bacteria as a possible remediation strategy for radionuclides in contaminated ground water and oxygenated subsurface zones.
Introduction
Radioactive waste has been stored underground for decades, however, there is concern that this waste can escape and migrate into groundwater and sediments. It has been demonstrated that indigenous bacterial population from these contaminated sites can interact with radionuclides via different mechanisms, causing mobilization and immobilization of the metals
 ADDIN EN.CITE 
1-4
.
In contrast to microbial reductive precipitation, which requires anaerobic conditions, biomineralization can occur aerobically, making this process a possible remediation strategy for radionuclides in contaminated ground water and oxygenated subsurface zones.
In this work, we present the use of potentiometric titrations, Fourier Transform Infrared Spectroscopy (FTIR), Confocal Raman Microspectroscopy (CRM), X-ray absorption spectroscopy (EXAFS) and X-ray Photoelectron Spectroscopy as potential tools to examine the uranium biomineralization ability of bacterial strains.
The combination of these techniques will allow us to find the concentration and characteristics of the basic bacterial wall constituents (polysaccharides, peptides and hydrocarbon products), as well as proton-active carboxylic, phosphoric, phosphodiester, hydroxyl and amine functional groups on cell surfaces, which are responsible for the surface binding capacity of metals
 ADDIN EN.CITE 
5-12
. These findings are crucial to allow the further investigation of the molecular interaction taking place between the cell walls and radionuclides, and the physical-chemical parameters influencing this selective interaction. The results of this study will help us to improve our understanding of microbiological interactions in uranium- and metal-contaminated environments.
Potentiometric titrations
Bacterial cell wall possesses a variety of functional groups that provide binding sites, such as, hydroxyl, phosphoryl, amines and carboxylate groups
 ADDIN EN.CITE 
5, 6, 9-11, 13
. These functional groups in the cell wall can protonate or deprotonate when interacting with their immediate surroundings, and as a result, cell walls develop a net pH dependent charge.
Possible proton dissociation from the cell surface for the dominant functional groups (carboxyl, phosphoryl, hydroxyl and amine) can be represented by the following equilibriums
 ADDIN EN.CITE 
11, 14, 15
:

R-COOH    R-COO- + H+    
Eq. 1

R-PO4H    R-PO4- + H+      
Eq. 2

R-OH    R-O- + H+
         
Eq. 3

R-NH3+    R-NH2 + H+    
Eq. 4

where R represents the remainder of the respective biomolecule to which each functional group is attached. The distribution of protonated and deprotonated sites can be obtained from the mass action equations corresponding to the above equilibriums, as follows:
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Eq. 8

where K represents the dissociation constant and the square brackets represent the molar concentration of each species.
Figure 1 shows a typical titration curve of Gram-negative bacteria isolated from a groundwater sample. It is evident from the figure that the bacteria provided significant buffering capacity to the solution over the selected pH range when compared with the blank. This buffering capacity is due to functional groups on the bacterial surface consuming the added base by donating protons or the added acid by accepting protons
 ADDIN EN.CITE 
13, 16, 17
. Although a small hysteresis could be observed between acid and base titrations at the same ionic strength, results from reverse titrations did not vary strongly and suggested a reversible proton adsorption/desorption reaction.
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Figure 1 Potentiometric titration data for Gram-negative cell suspensions compared with 0.1M NaClO4 electrolyte (blank). Closed symbols correspond to the forward titration data and open symbols correspond to the back titration.
Acid-base titrations have been widely used to quantify the protonation and deprotonation behaviour of functional groups and have been demonstrated to be a simple approach to study cell surface response to changes on solution pH, since the proton equilibrium quantified by this technique corresponds to the initial fast proton reaction occurring at the external part of the cell. However, acid-base titrations and pKa values cannot be used alone to establish the identity of surface ligands. Unequivocal identification of the functional groups responsible of the acid-base buffering capacity by means of other spectroscopic techniques is often suggested along with the potentiometric measurements but is less often included in such studies17.
Infrared spectroscopy
Infrared spectroscopy is a well established technique to identify functional groups in organic molecules based on its vibration modes at different infrared frequencies. Absorption of infrared radiation by a typical organic molecule will result in the excitation of vibrational, rotational and bending modes18-20.
The presence or absence of functional groups, its protonation states or any changes due to new interactions can be monitored by analysing the position and intensity of the different infrared absorption bands. If there are more atoms, there will be more bonds, and hence, more modes of vibrations that will result in a more complicated spectrum, however, despite the complexity of the infrared spectra, the elucidation of functional groups on gram-negative bacteria have been already well established


13, 17, 21-24 ADDIN EN.CITE . Additionally, IR spectroscopy is non-destructive and can be used to monitor the chemistry of living cells as well. Figure 2 shows a typical FTIR spectrum of Gram-negative biofilm, with the most important absorption bands between the wavenumber region of 1400 and 950 cm-1.
[image: image6.emf] 

800 1000 1200 1400 1600 1800

wavenumber (cm

-1

)

Absorbance (a. u.)



as

P=O of 

general 

phosphoryl

groups 

1240 cm

-1



C-O-C and 



C-O of polysaccharides

and

some contributions from 



PO

2

-

and 

P(OH)

2

in phosphates

1000 – 800 cm

-1



C=O of amides 

associated with proteins

1639 cm

-1



C=O of 

carboxylic 

and ester 

functional 

groups from 

membrane 

lipids and 

fatty acids

1735 cm





s

C   O of 

carboxylate 

anion

1398 cm

-1



N-H and 



C-N in amides 

and



a

s

C   O of carboxylates

1540 cm

-1

800 1000 1200 1400 1600 1800

wavenumber (cm

-1

)

Absorbance (a. u.)



as

P=O of 

general 

phosphoryl

groups 

1240 cm

-1



C-O-C and 



C-O of polysaccharides

and

some contributions from 



PO

2

-

and 

P(OH)

2

in phosphates

1000 – 800 cm

-1



C=O of amides 

associated with proteins

1639 cm

-1



C=O of 

carboxylic 

and ester 

functional 

groups from 

membrane 

lipids and 

fatty acids

1735 cm





s

C   O of 

carboxylate 

anion

1398 cm

-1



N-H and 



C-N in amides 

and



a

s

C   O of carboxylates

1540 cm

-1


Figure 2 Typical FTIR spectrum of Gram-negative bacteria. Band assignments made according to: Conley18, Naumann25, Wade20, Schmitt and Flemming26, Jiang et al.22, Yee et al.21, Dittrich and Sibler13 and Ojeda et al.17
Raman spectroscopy
Confocal Raman micro-spectroscopy (CRM) provides comprehensive views of single bacterial cells. The technology of CRM combines confocal imaging with Raman spectroscopy to give high image and spatial resolution. Raman microspectroscopy scans a sample with a near-infrared laser beam, using Raman scattering to analyse the fingerprint of the sample. CRM then gives information about the composition of cells, the characteristics of differentiated populations and sub-populations of bacteria, and heterogeneities in microbial populations27.

In this study, CRM is used to detect the incorporation of Uranium by the bacteria, by scanning single cells before and after being in contact with uranyl nitrate solution, as shown in Figure 3.
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Figure 3 Raman spectra of a Gram-negative bacterial cell before and after uranyl exposure, and the spectrum of the uranyl nitrate solution used, showing the peaks characteristic of UO22+.
X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) is a surface analysis technique that provides a direct chemical characterisation of the surface layer (2-5 nm depth), and has been applied to investigate numerous microorganisms, proteins, EPS and bacteria
 ADDIN EN.CITE 
7, 8, 12, 17, 28-30
. The binding energy measured by XPS is influenced by the electron density resulting from the chemical bonds between the element of interest and the neighbour atoms, and hence, based on the chemical shifts in a component peak, the chemical state of the element can be inferred.
An example of XPS results for Gram-negative bacteria after being in contact with uranyl nitrate solution can be seen in Figure 4. It can be observed from the spectra that the outermost cell surface layer was mainly constituted of C, O, N and P.
[image: image8.emf]CasaXPS

  Wide/38 Name

C 1s

N 1s

O 1s

P 2p

U 4f7/2

Pos.

285.011

400.011

532.011

134.011

382.011

Area

255.6

28.5

156.4

4.1239

13.3

At%

75.48

5.00

18.36

1.00

0.16

C 1s

N 1s

O 1s

P 2p

U 4f7/2

x 10

3 10

20

30

40

50

60

70

80

90

CPS

1200 1000 800 600 400 200 0

Binding Energy (eV)


Figure 4 XPS survey spectrum collected from a Gram-negative bacterium after being in contact with uranyl nitrate solution, measured after freeze-drying of the cells.
Although these analysis can be employed to identify and estimate approximate concentrations of the basic constituents of the cell surface, XPS and infrared spectroscopy cannot be used to study thermodynamic stability of surface complexes as precisely as potentiometric measurements, which have high precision for proton and hydroxide concentrations to low detection limits.

X-ray absorption spectroscopy
Bulk XAS analysis can be carried out to determine the speciation of uranium associated to the cells of the bacterial isolates, by providing information about the oxidation state, and its coordination environment, including the number and identity of neighboring atoms
 ADDIN EN.CITE 
1-4
.
Because of the poor crystalline structure of the metal complexes within the bacteria, and due to the relatively low metal concentrations, XAS is a suitable tool for the determination of local coordination of radionuclides in biological systems.
The uranyl unit consists of a uranium center with a formal charge of +6 coordinated to two doublye-bonded oxygen atoms to form a linear dioxo cation, UO22+. This unit is highly stable and binds to other ligands via the formation of U O bonds in a plane perpendicular to the axis of the uranyl ion. The “equatorial” oxygen coordination number varies from 4 to 6 depending on the chemical environment, and these equatorial bonds are the sole means of complexation available for uranyl units under normal conditions. EXAFS analysis indicated that the cells of the bacterial strains precipitated uranium as meta-autunite mineral like phase.
Concluding remarks
In order to understand the interactions taking place between bacterial population and radionuclides, several analytical techniques can be applied.

A research program has been developed in order to study: 

•
Aqueous environmental geochemistry. 

•
Effects of bacteria on uranyl complexation. 

•
Chemical thermodynamics to describe bacteria-uranyl interactions.

•
Chemical properties of the bacterial cell wall.

These research activities are being performed using several potentiometric and spectroscopic techniques such as FTIR (Fourier Transformed Infrared Spectroscopy), ATR-FTIR (Attenuated Total Reflectance Fourier Transformed Infrared Spectroscopy), Micro-Imaging FTIR, Confocal Raman Microspectroscopy, XPS (X-ray photoelectron spectroscopy), TOF-SIMS (Time of Flight-Secondary Ion Mass Spectrometry) and EXAFS (extended X-ray absorption fine structure spectroscopy), in order to explore the potential role of the organic functional groups involved in radionuclide uptake, to provide detailed molecular-scale information on the organic and inorganic constituents involved in these interactions.
The treatment of radionuclide waste by microbes generally offers a less expensive, in situ alternative to the commonly used physicochemical strategies. However, in order to better develop remediation technologies, further understanding of the key biogeochemical processes that control transport and fate of the radionuclides is needed. The distinction and quantification between biological and physical chemical processes is an area that needs attention if microbes are to be used as potential remediation technology.
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