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The importance of the bacterial cell wall in
uranium(VI) biosorption†

Joseph Hufton, *a John Harding, b Thomas Smith c and
Maria E. Romero-González *ad

The bacterial cell envelope, in particular the cell wall, is considered the main controlling factor in the

biosorption of aqueous uranium(VI) by microorganisms. However, the specific roles of the cell wall,

associated biomolecules, and other components of the cell envelope are not well defined. Here we

report findings on the biosorption of uranium by isolated cell envelope components and associated

biomolecules, with P. putida 33015 and B. subtilis 168 investigated as representative strains for the

differences in Gram-negative and Gram-positive cell envelope architecture, respectively. The cell wall

and cell surface membrane were isolated from intact cells and characterised by X-ray Photoelectron

Spectroscopy (XPS) and Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FT-IR)

spectroscopy; revealing variations in the abundance of functional moieties and biomolecules associated

with components of the cell envelope. Uranium biosorption was investigated as a function of cell

envelope component and pH, comparing with intact cells. The isolated cell wall from both strains

exhibited the greatest uranium biosorption capacity. Deprotonation of favourable functional groups on

the biomass as the pH increased from 3 to 5.5 increased their uranium biosorption capacity by

approximately 3 fold. The results from ATR-FT-IR indicated that uranium(VI) biosorption was mediated by

phosphate and carboxyl groups associated with proteins and phosphorylated biopolymers of the cell

envelope. This includes outer membrane phospholipids and LPS of Gram-negative bacteria and teichoic

acids, surface proteins and peptidoglycan from Gram-positive bacteria. As a result, the biosorption

process of uranium(VI) to microorganisms is controlled by surface interactions, resulting in higher

accumulation of uranium in the cell envelope. This demonstrates the importance of bacterial cell wall as

the key mediator of uranium biosorption with microorganisms.

1 Introduction

Increased anthropogenic activity and the use of uranium in the

nuclear fuel industry have caused large quantities of dissolved

uranium to be released into the environment.1,2 Biosorption3–5

and biomineralisation6–8 provide opportunities for the use of

environmentally friendly processes that utilise the power of

microorganisms to immobilise and remove uranium from

waste solutions. The realisation of these processes on large

scales requires careful control of pH, redox conditions and

concentrations of uranium in the effluent, since these all affect

its mobility in solution and, in turn, govern the radioactive

material’s interactions with microorganisms.2,9–11 Despite the

amount of existing literature in this area, the biosorption and

accumulation processes exhibited by microorganisms are still

not fully understood at a mechanistic level, making it difficult

to consider their use and application in remediation, extraction

and reuse of radioactive materials.

It is known that the physiochemical interactions of bacterial

cells with uranium are governed by intermolecular forces

between functional groups associated with those of the inter-

acting surface, in particular those associated with the cell

wall.12–15 This has been suggested in numerous spectroscopic

and microscopy techniques. Many studies and strains, including

Gram-positive Bacillus species,16–21 Paenibacillus sp. JG-TB8,22

Gram-negative strains Pseudomonas fluorescens,23 Cupriavidus

metallidurans24 and yeasts such as Saccharomyces cerevisiae25 have

highlighted the cell wall’s importance in uranium biosorption at
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the cell surface, as either the sole mechanism of uranium bio-

remediation or a precursor step to cell surface and intracellular

biomineralisation.

However, the experimental approaches used in these studies

make it difficult to see whether this process happens only at the

outermost cell wall or can involve other components of the

cell envelope. Uranium deposition onto the cell surface of

Gram-negative strains Sphingomonas sp. S15-S1,26Rhodopseudomonas

palustris24 and Acidovorax facilis27 indicate that uranium interacts

with the cell surface membrane as well as with the outer membrane

of the Gram-negative cell wall. Similarly, uranium deposits were

apparent at both cell wall and cell surface membrane of the yeast

Rhodotorula mucilaginosa B11-R8.28

Despite the evidence for uranium sequestration at the cell

surface, the contribution of each component of the cell envelope

and associated biomolecules to the biosorption of uranium(VI) is

largely unknown. The availability of functional groups asso-

ciated with the cell envelope varies with microbial strain,

depending in particular on whether their cell wall architecture

is of Gram-positive or Gram-negative origin.5,29 Therefore,

understanding the role of individual cell envelope components

extends the ability to determine the localisation, interaction

strength and immobilisation of uranium with microorganisms.

Many studies have investigated how intact cells sequester

U(VI) from acidic environments, focusing solely on intact cells

and purified polymers commercially available.30–33 To date, no

studies have been performed on components extracted from

the cell envelope.

This work aims to reveal the role of the different components

of the bacterial cell envelope, in particular the cell wall, of

Pseudomonas putida 33015 and Bacillus subtilis 168 in uranium

biosorption from acidic environments. This was achieved by

isolating and characterising components of the bacterial cell

envelope and quantifying their capacity for uranium biosorption in

comparison with intact cells. We hypothesised that the cell wall

components would retain a greater amount of uranium from

acidic environments due to an increase in abundance of cell

surface functional moieties sensitive to the presence of uranium

in comparison with those present in intact cells.

A range of spectroscopic techniques were used to study the

biosorption process. X-ray photoelectron spectroscopy (XPS) is

an experimental technique that provides elemental analysis of

surfaces, and was used to characterise the components of the

bacterial cell envelope following extraction and purification. It is

therefore ideal for the characterisation of functional groups and the

quantification of biomolecules within the cell wall, such as peptides,

polysaccharides and lipid-like material.12,34–37 Attenuated Total

Reflectance Fourier Transform-Infrared Spectroscopy (ATR-FT-IR)

was used to identify the relative abundance of biomolecules and

associated functional groups in components of the cell envelope.

This spectroscopic technique was used to identify those bio-

molecules involved in uranium biosorption.38–42

The results from this study will give insight into how the

difference in molecular composition and functional groups

associated with specific components of the cell envelope and

biomolecules affect the mechanistic processes involved in uranium

biosorption. Furthermore, understanding these mechanistic

processes is essential for designing an effective remediation

process using bacterial biomass.

2 Experimental procedures
2.1 Bacteria and growth conditions

Two bacteria were used in this study; Pseudomonas putida 33015

(ATCC 33015) and Bacillus subtilis 168 (ATCC 23857) were

obtained from LGC standards. P. putida 33015 was grown in sodium

benzoate media (3.0 g L�1 (NH4)2HPO4, 1.2 g/LKH2PO4, 5.0 g L�1

NaCl, 0.2 g L�1MgSO4�H2O, 0.5 g L
�1 yeast extract, 3.0 g L�1 sodium

benzoate) and B. subtilis 168 in nutrient broth (Sigma: 70122) in 1 L

cultures until cells reached late exponential phase in their growth

cycle, while shaking at 170 rpm (30 1C).

2.2 Cell fractionation

A cell fractionation method using a French pressure cell and

ultracentrifuge was adapted and used43 to isolate cell wall and

membrane components for spectroscopic characterisation

and subsequent uranium biosorption experiments. This

method of fractionation is widely reported for isolating pure

cell wall and membrane components from multiple bacterial

strains, without the need for assessing purity,44–46 and has been

successfully adapted using different disruptive apparatus.47–49

A schematic of the isolation cell envelope components is shown

in Fig. 1. Two main products are obtained through this process:

cell wall components and cell membrane components. For Gram-

negative bacteria, the cell wall components include peptidoglycan,

capsular polysaccharides, lipopolysaccharides and porins. For

Gram-positive bacteria, the cell wall components are mainly

peptidoglycan, surface proteins, cell wall associated proteins,

teichoic and lipoteichoic acids. The cell membrane components

are common for both Gram-positive and Gram-negative bacteria

and their composition is characterised by the presence of

phospholipids, membrane associated proteins and membrane-

derived oligosaccharides (MDO).

The cells from a 1 L culture of P. putida 33015 and B. subtilis

168 were harvested by centrifugation at 5000g (10 min), washed

3 times in 0.1 M NaCl and re-suspended in 10 mL ice-cold

18.2 MO ultrapure water. H2O was used, rather than a buffered

solution, as previously prepared,43 to prevent contamination

from excess buffer constituents and to ensure the purity of

extracted cell envelope components for uranium biosorption

experiments. The concentrated cell suspension was passed

through a French pressure cell (20 000 PSI, 4 1C) three times

to break open the cells to isolate cell wall and membrane

components. The lysed cells were centrifuged (3000g, 4 1C,

2.5 min, twice) to remove any intact cells and any other debris

from the cell disruption.

To isolate cell wall components, the cell lysate was centri-

fuged (27 000g, 4 1C, 30 min), washed 18.2 MO ultrapure water

multiple times, to ensure purity, and the pellet stored at �20 1C.

The remaining supernatant was subject to the same centrifugation

parameters and pellets pooled to give cell wall components.
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To isolate cell membrane components, the remaining supernatant

was subject to ultracentrifugation (100000g, 4 1C, 60 min). The

pellet was washed as before and stored at �20 1C. The remaining

supernatant was spun again with the pellet washed and pooled to

give cell membrane components. The final supernatant was

subsequently characterised as cell cytoplasm and associated

intracellular components.

The isolated cell wall, membrane components and cytoplasm

were lyophilized (Alpha 1-2 LD Plus freeze dryer) to determine dry

weights and to investigate their uranium biosorption capabilities.

No chemical or enzymatic lysis techniques were applied to

break open the cells. This was to ensure that all the uranium

was interacting with the biomass and not with any chemicals or

enzymes from the fractionation process.

2.3 Molecular characterisation of cell envelope components

using XPS

The percentage abundance of peptide, polysaccharide and

hydrocarbon-like material (i.e., lipids) in the isolated components

of the cell envelope was characterised by XPS. XPS analysis was

conducted using a KRATOS AXIS 165 Ultra Photoelectron

spectrometer with an Al Ka X-ray source (1486.6 eV). Each sample

was mounted on indium foil and analysed by a wide survey scan

(pass energy 160 eV, 1.0 eV step size) and a high-resolution scan

(pass energy 20 eV, 0.1 eV step size) for carbon, oxygen, nitrogen

and phosphorus. Binding energies were determined using the

C 1s component set at 285.0 eV, attributed to carbon bound

only to carbon and hydrogen, using the CasaXPS software

(Version 2.3.16). The full width half maximum was kept constant

for subsequent peak calibration.

2.4 Uranium biosorption

To determine the uranium biosorption capacity of each cell

component, 1 mg mL�1 of biomass was incubated with increasing

concentrations of uranium (0.125 mM to 4 mM) at pH 3, 4.25 and

5.5, and at 25 1C. U(VI) solutions were prepared using 0.1 M uranyl

nitrate hexahydrate (UO2(NO3)2�6H2O) in 1% HNO3 (Fluka Analy-

tical: 94270). The pH was adjusted by the addition of HCl or NaOH

while the ionic strength was controlled by the addition of 0.1 M

NaCl. Following uranium biosorption, the biomass was removed

from solution (10000g, 4 1C, 10 min) and the remaining uranium

left within the supernatant was acidified using 1% HNO3 and

analysed using a Spectro-Ciros-Vision ICP - OES. Instrument

parameters were set at 1400 watts with a coolant flow of

12.00 L min�1, auxiliary flow at 1.00 L min�1, nebuliser flow

at 0.85 L min�1 and a pump speed during analysis set at

1 mL min�1. Biomass that had retained uranium was recovered

by centrifugation (10000g, 4 1C, 10 min), washed three times using

0.1 M NaCl and lyophilised (Alpha 1-2 LD Plus freeze dryer).

2.5 ATR-FT-IR

Measurements were performed using Attenuated Total Reflectance

(ATR) – FT-IR to identify the functional groups of each cell surface

component which interact with uranium. These were obtained

using a Silver Gate Evolution ATR accessory, consisting of a

germanium crystal, coupled to a PerkinElmer Spectrum One

FT-IR spectrometer. A total of 30 scans were performed on each

sample within the scanning range of 4000–800 cm�1. An average

spectrum was obtained from 3 replicates, baseline corrected

and normalised to 1.5 absorbance (arbitrary units) using the

B1650 cm�1 amide I peak within the control sample (containing

no uranium). Data acquisition and processing were performed

using PerkinElmer Spectrum version 3.3 to obtain peak positions

and relative peak intensities.

3 Results and discussion
3.1 Characterisation of components of the cell envelope using XPS

In order to identify the role of the bacterial cell envelope in

uranium biosorption, the key components of the cell envelope

were first isolated, purified, and characterised by XPS. XPS was

used to identify the surface functional groups characteristic of

the intact bacteria and their cell envelope components since the

probing X-rays penetrate only the top 2 to 5 nm of the sample,

eliminating interference from intracellular components.36 XPS

survey spectra and high-resolution C 1s, O 1s, N 1s and P 2p

Fig. 1 Schematic for the isolation of cell wall and membrane components
from bacterial cells.
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spectra of intact P. putida 33015 and B. subtilis 168 cells and cell

envelope components are shown in Fig. S1 and S2 (ESI†). A

detailed interpretation of high-resolution XPS spectra is given in

Supplementary Information 1 (ESI†).

Secondly, XPS was used to quantify the percentage elemental

abundance of C, O, N and P within the outermost layer of each

sample. Four biological replicates of each cell envelope component

were used to calculate an average and standard deviation. From this,

the abundances of polysaccharides, peptides and hydrocarbon-like

compounds were determined.12,34,36 This approach compared the

measured concentration ratios O/C and N/C, at the carbon

concentration in the isolated components of the cell envelope,

with the atomic concentration ratios O/C and N/C for model

compounds representative of the three classes of cell envelope

constituents, Table 1.

Eqn (1)–(3) and the carbon concentration of each model

carbon compound (Table 1) were used to determine the per-

centage of polysaccharides, peptides and hydrocarbon-like

compounds in the cell envelope, where CPEP, CPS, and CLIP

are the atomic carbon concentrations of the peptides, polysac-

charides and lipids within the bacterial surface biomass.12

O/C = 0.325 (CPEP/[C]) + 0.833 (CPS/[C]) (1)

N/C = 0.279 (CPEP/[C]) (2)

1 = (CPEP/[C]) + (CPS/[C]) + (CLIP/[C]) (3)

When intact cells were previously analysed by XPS, it was

assumed that only the outermost 2–5 nm was analysed since

this distance is the maximum penetration of X-rays from the

instrument.34–37,50 However, as the cell fractionation method

used in this study is a well-defined method to isolate purified

cell wall and membrane components,43 it is expected that the

abundance of biomolecules detected by XPS will be representative

of the entire component of the cell envelope. Therefore, the

calculated results should confirm differences in composition of

cell envelope architecture of the bacteria used in this study,

Table 2.

There was an almost equal abundance of peptide, poly-

saccharides and lipid compounds near the surface of intact

P. putida cells. However, in the cell wall components there was

an increase in the proportion of both peptides and a decrease

in the proportion of polysaccharides compared with intact

cells. A greater proportional decrease of polysaccharides in

the cell membrane was attributed to a lack of polysaccharide-like

compounds, such as peptidoglycan, present in small quantities in

the Gram-negative cell wall. The increase in percentage abundance

of peptides following cell fractionation was attributed to proteins

present within the outer and cell surface membrane. No signifi-

cant difference in hydrocarbon like material, associated with outer

membrane phospholipids, were observed between intact cells and

isolated cell wall components.

The surface of the intact B. subtilis cells was composed of

almost equal amounts of peptides and polysaccharides while

hydrocarbon-like compounds comprised 23.8 � 2.0%. It has

been suggested that the hydrocarbon-like material found in the

surface of B. subtilis should be ascribed to lipoteichoic acids51

(rather than ruptures of the cell wall and X-ray penetration of

cell surface membrane phospholipids) as it has been shown

that freeze-drying intact bacteria does not rupture the cell

walls.52 The proportion of peptides and polysaccharides to lipid

material increased within isolated cell wall components from

B. subtilis following the fractionation of intact cells. Previous

XPS studies had found the cell surface to be rich in phosphate

groups as well as protonated nitrogen, associated with protonated

amino acids and alanine or (lipo) teichoic acids.50 A decrease in

Table 1 The chemical composition of model compounds used for the
calculation of cell surface constituent abundance

Cell surface
constituent

Model carbon
compound

[Atomic] ratio
(atom/atom)

[Carbon]
(mmol g�1)O/C N/C

Polysaccharides Glucan (C6H10O5) 0.833 0.000 37.0
Peptides P. fluorescens OE

28.3 OMPa
0.325 0.279 43.5

Lipid Hydrocarbon (CH2)n 0.000 0.000 71.4

a Outer membrane protein (OMP) amino acid analysis for peptide
atomic concentration ratios and relative protein abundance.

Table 2 Binding Energies (eV), assignments and quantification of XPS Spectral Bands of intact cell, cell wall and cell membrane isolates from P. putida

33015 and B. subtilis 168. Total carbon, nitrogen, oxygen and phosphorus were obtained from the low-resolution wide scans to calculate the
macromolecular composition, from 4 biological replicates

Component

Concentration (% � SD)

P. putida 33015 B. subtilis 168

Intact cells Cell wall Cell membrane Intact cells Cell wall Cell membrane

Total C 69.46 � 1.84 71.37 � 1.07 73.26 � 0.68 65.96 � 0.74 62.87 � 1.87 73.61 � 0.95
Total N 5.44 � 0.38 7.66 � 0.52 8.27 � 0.24 6.03 � 0.3 6.63 � 0.56 6.89 � 0.6
Total O 23.07 � 1.67 19.49 � 0.59 17.08 � 0.34 25.46 � 0.54 27.77 � 1.41 18.31 � 0.48
Total P 2.02 � 0.04 1.48 � 0.14 1.37 � 0.12 2.56 � 0.15 2.74 � 0.11 1.19 � 0.15
O/Ca 33.2 � 3.2 27.3 � 1.2 23.3 � 0.7 38.6 � 1.2 0.442 � 3.35 24.9 � 0.9
N/Ca 7.8 � 0.7 10.7 � 0.9 11.3 � 0.4 9.1 � 0.5 10.5 � 1.2 9.4 � 0.9
P/Ca 2.9 � 0.1 2.1 � 0.2 1.9 � 0.2 3.9 � 0.2 4.4 � 0.2 1.6 � 0.2
Peptide 33.97 � 2.35 46.58 � 3.15 49.79 � 1.5 38.02 � 1.89 42.08 � 3.59 41.8 � 3.55
Polysaccharides 34.31 � 3.39 21.11 � 0.52 14.71 � 0.24 38.15 � 1.03 41.71 � 2.25 20.48 � 1.5
Hydrocarbons 31.72 � 4.36 32.31 � 3.01 35.5 � 1.61 23.83 � 1.97 16.21 � 4.92 37.72 � 2.64

a Atomic concentration ratios with respect to total carbon, multiplied by 100.
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the relative abundance of lipids in the B. subtilis cell wall

components was ascribed to a lack of lipoteichoic acid content

due to that compound being covalently bound to the cell surface

membrane.

Elevated phosphate concentrations were attributed to phos-

phorylated proteins and polysaccharides within the Gram-positive

cell wall. The phosphate-related compounds create the surface

negative charge at low pHwith a point of zero charge at pH 2.2.53,54

Furthermore, the molecular composition of the B. subtilis cell wall

can change as a function of pH and also in the presence of

adsorbed heavy metal species. An increase in lipoteichoic acid

content and a decrease in polysaccharide and peptide content was

observed in the cell surface of intact B. subtilis cells as the pH of

the solution that the cells were suspended in was increased.51

Hydrocarbon-like compounds were attributed to the outer

membrane of the P. putida cell wall and phospholipids and

other lipid material in the cell surface membrane in both

bacterial strains. The low abundance of polysaccharides in

cell membrane isolates could be attributed to bound poly-

saccharides such as lipoteichoic acids (in the Gram-positive

B. subtilis).12,34–37

The characteristics of the fractions as obtained using XPS

correspond to the typical morphological distribution of macro-

molecules in each of the different cell compartments for both

P. putida and B. subtilis. As expected, there was a higher

proportion of polysaccharides in the cell wall fraction com-

pared to the cell membrane, for example, suggesting that this

type of components preferred to be located mainly in the cell

wall. This finding suggests that despite the limitations of the

extraction method used, it provides a good representation of

the molecular composition of the cell components per fraction.

3.2 Uranium biosorption

The ability of intact cells and isolated components of the cell

envelope to retain uranium through biosorption from solution

was studied by mixing 1 mg mL�1 biomass with solutions of

increasing uranium concentration (0.125–4 mM) at pH 3, 4.25

and 5.5 for 48 hours at 30 1C. The biosorption capacity (qe) was

calculated, eqn (4), in which Ce and C are the uranium

concentrations (mol L�1) in solution before and after biomass

interaction, respectively. V is the reaction volume (mL) and m is

the biomass weight (mg).

qe = ((Ce � C) � V)/m (4)

Fig. 2 shows the biosorption isotherms for intact cells from

both bacterial strains between pH 3–5.5 and for their cell wall

and membrane isolates at pH 5.5, calculated from 3 biological

replicates. Measurements were also performed in triplicate

when analysed by ICP-OES. Biosorption isotherms for cell wall

and membrane isolates of both strains in the pH range studied

are displayed in Fig. S3 (ESI†).

For both strains and their respective cell envelope compo-

nents studied, greater removal of uranium from solution was

observed as the solution pH increased from 3 to 5.5. The

isotherms obtained for all samples follow a typical curve where

a plateau is observed towards higher concentrations of U(VI) in

solution. For both strains in this study, there is a marked

difference between the sorption capacity of intact cells at

pH 3 and 4.25 compared to the process studied at pH 5.5.

The biosorption process is affected by pH since both the

surface charge of the cell envelope components and the speciation

of U(VI) are determined by the solution pH. The estimated speciation

of U(VI) in solution, in the presence of 0.1 M NaCl, changed as a

function of pH (Visual MINTEQ), Table S1 (ESI†). At pH 3, the

dominant U(VI) species in solution was the highly mobile UO2
2+ ion

(B93%) within the concentration range studied. At pH 4.25,

UO2
2+ was still the dominant species, however its abundance

decreased as the uranium concentration in solution increased.

Other species formed included UO2OH
+ and (UO2)2(OH)2

2+, with

the latter increasing as the uranium concentration increased. At

pH 5.5, the dominant uranium species were (UO2)3(OH)5
+ and

(UO2)4(OH)7
+, with the former decreasing and latter increasing

as the uranium concentration in solution increased.

For intact B. subtilis cells the amount of uranium biosorbed was

0.73, 1.17 and 2.28 mol U(VI) kg�1 biomass from 4 mM U(VI)

solution at pH 3, 4.25 and 5.5, respectively. This was substantially

larger than that for intact P. putida cells which retained 0.66, 0.85

and 2.00mol U(VI) kg�1 biomass at pH 3, 4.25 and 5.5, respectively.

Fig. 2 Uranium biosorption isotherms for P. putida 33015 [A] and B.

subtilis 168 [B], respectively.
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The biosorption process is driven by interactions between

aqueous U(VI) species and functional groups with a negative

surface charge due to the influence of solution pH. The point of

zero charge (pzc), at which the bacterial cell surfaces of intact

P. putida and B. subtilis cells exhibit a net neutral charge, was

calculated previously at pH 2.8 and 2.2 respectively.53–55 There-

fore, the net negative charge of the bacterial cell surface of

B. subtilis is greater than that of P. putida. This would result in a

greater number of electrostatic interactions between deprotonated

uranium-favourable functional groups and positively charged U(VI)

species in the former case. Furthermore, a low pzc explains an

increase in the biosorption capacity of both strains, approximately

3 fold, as the pH increased from 3 to 5.5.

Differences in the composition of the bacterial cell envelope

and differences in the number of functional groups could be

attributed to differences in uranium retention as a function of

species. Uranium biosorption has been described in terms of

interactions with phosphate, hydroxyl, carboxyl and amino

groups.9 The bacterial cell envelope of B. subtilis is composed

predominantly of polysaccharides, lipoteichoic acids and peptides,

contributing to the increased number of phosphate hydroxyl,

carboxyl and amino groups.50 The cell envelope of P. putida contains

large quantities of phospholipids and peptides, with the former

increasing the number of esters and phosphates. Esters have

not been shown to readily interact with uranium from solution

in previous studies. Phosphates, however, readily interact with

uranium.23,24,26

An increase in the biosorption capacity of cell wall isolates

compared to intact cells highlighted the importance of the

functional groups associated with the bacterial cell wall in

uranium biosorption. Cell wall components from B. subtilis

biosorbed a larger amount of U(VI), 2.93 mol U(VI) kg�1 biomass,

from 4 mM solution, at pH 5.5 than P. putida cell wall

components, 2.22 mol U(VI) kg�1 biomass.

Cell wall components from both bacterial strains exhibited a

higher uranium retention capability than that of intact cells,

possibly due to the increased number of uranium-favourable

functional groups associated with the cell walls of both strains.

Cell wall isolation increases the surface area exposure for

interactions with U(VI) species in comparison with intact cells.

Cell membrane components from both bacterial strains

exhibited a lower U(VI) biosorption capacity to that observed

for intact cells and cell wall isolates. B. subtilis cell membrane

components retained 1.72 mol U(VI) kg�1 biomass following

suspension in 4 mM uranium solution at pH 5.5. By comparison,

P. putida cell membrane components retained 1.81 mol U(VI) kg�1

biomass. This decrease was attributed to the proportional increase

in the number of uranium-unfavourable and non-reactive functional

groups, such as those associated with the lipid bilayers. A decrease in

the concentration of uranium-favourable groups from other cell

surface biomolecules, such as polysaccharides, that were present

within intact cell and cell wall components, would decrease the

retention capacity of cell membrane components in comparison.

These results demonstrate that accounting for the removal

of U(VI) from solution using intact cell dry weight underestimates

the capacity of these organisms to sequester uranium using their

cell wall. Intracellular components of intact cells contribute to

their dry weight but may not contribute to the retention of

uranium, and hence result in a lower uranium biosorption

capacity per kg of biomass. Using the cell fractionation approach

provides a better approximation of the retention capacity from

intact cells, based on the direct contribution from key components

of the cell envelope deemed responsible for uranium biosorption.

The Freundlich isotherm model was used to estimate the

sorption parameters of the process studied here. This absorption

model assumes a heterogeneous adsorbent surface with multiple

adsorption sites and different binding affinities for the multiple

U(VI) species. The bacterial cell surface can be considered as a

multiple adsorption site system, rich in functional moieties that

exhibit a deprotonation behaviour within the pH range studied.9

The Freundlich constants were calculated by a plot of

triplicate data of the logarithms of Ce vs. qe. The corresponding

linear regression can be applied to the following equation

(eqn (5)) from which ni and the Freundlich constant (KF) can

be inferred.

log(qe) = ni log(Ce) + logKF (5)

Using these values, the distribution coefficent for the Freundlich

isotherm was calculated, eqn (6), in which Cmax was the maximum

uranium concentration used within the isotherm range studied.

KD ¼ KF � C
ni�1

max
(6)

The free energy change of adsorption, DG1, was then calculated

(eqn (7)) where Rwas the universal gas constant (8.314 J mol�1 K�1),

T was temperature (�248.15 Kelvin) and KD was the distribution

coefficient.

DG1 = �RT lnKD (7)

The corresponding Freundlich constants, KF, KD, and DG1

values (Table 3) confirm that the bacterial cell walls of both

species, are the governing component for uranium biosorption

Table 3 Constants obtained from Freundlich isotherms, at 298.15 K

pH KF, mol kg�1 KD, L g�1
DG1, kJ mol�1

Pseudomonas putida 33015
Intact cells 3 9.59 � 0.45 199.75 � 9.30 �13.12 � 0.11

4.25 20.89 � 0.98 260.34 � 2.24 �13.78 � 0.02
5.5 273.02 � 31.09 621.00 � 12.99 �15.94 � 0.05

Cell wall 3 14.68 � 1.24 234.08 � 6.17 �13.52 � 0.07
4.25 36.15 � 1.89 322.50 � 7.71 �14.32 � 0.06
5.5 329.82 � 19.44 685.12 � 7.77 �16.19 � 0.03

Cell membrane 3 6.78 � 0.47 174.52 � 4.63 �12.80 � 0.07
4.25 20.21 � 2.04 255.82 � 5.97 �13.74 � 0.06
5.5 187.36 � 9.01 565.42 � 7.86 �15.71 � 0.03

Bacillus subtilis 168
Intact cells 3 13.00 � 0.50 218.00 � 3.54 �13.35 � 0.04

4.25 47.54 � 0.72 353.46 � 2.37 �14.55 � 0.02
5.5 326.44 � 7.40 688.18 � 7.70 �16.20 � 0.02

Cell wall 3 24.69 � 1.01 239.95 � 12.57 �13.58 � 0.13
4.25 89.68 � 1.60 366.83 � 2.70 �14.64 � 0.02
5.5 796.34 � 66.23 796.62 � 12.10 �16.56 � 0.04

Cell membrane 3 3.48 � 0.8 129.20 � 4.64 �12.05 � 0.09
4.25 8.73 � 0.22 189.21 � 2.19 �13.00 � 0.03
5.5 170.76 � 32.28 539.93 � 32.80 �15.59 � 0.15
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from contaminated waters at the cell envelope, in comparison to

the cell membrane, whole intact cells and previous studies.56,57

An increase in KD and negative values of DG1 as the pH increased

suggests energetically favourable biosorption conditions towards

circumneutral pH due to deprotonation of functional groups and

an increase in the bioavailability of uranium-favourable biosorption

sites. Comparison of theoretical and experimental qe values is

shown in Fig. S4 (ESI†).

The Langmuir isotherm model was also used to examine the

data, however, the quality of fits obtained was not adequate and

hence it was deemed not appropriate to report here (but see

Table S2 and Fig. S5, ESI†).

3.3 ATR-FT-IR

ATR-FT-IR was used to identify the functional groups for each

component of the cell envelope. Using this technique, any

changes in adsorption band shape and position in a spectrum

provides identification of the functional groups of chemical

molecules involved in uranium biosorption. The main infrared

bands and functional groups identified for intact cells, cell

wall and membrane components of P. putida and B. subtilis are

summarised in Table 4.5,12–14,38–41,58–63 FT-IR spectra of the

intact cells, cell wall and cell surface membrane of P. putida

and B. subtilis, before and after U(VI) biosorption at pH 5.5 are

shown in Fig. 3. Detailed interpretation of control spectra is

given in Supplementary Information 2 (ESI†). Adsorption spec-

tra were normalised with respect to the amide I absorption

band, the adsorption band characteristic of functional groups

associated with bacterial proteins,41 present in all isolates.

Differences in adsorption band intensity, in comparison to

intact cells, corresponded to changes in the relative abundance

of biomolecules following the extraction, isolation and purification

of the cell wall and cell membrane from both bacterial strains.

Futhermore, this eliminated interference from IR radiation inter-

acting with functional groups associated with intracellular

components of intact cells.38,39,41 The spectra for the intact cell

control, the cell wall and cell membrane (control) shows the

signal characteristic of the components obtained through the

XPS characterisation: peptides, polysaccharides and hydrocarbons.

The spectra shows that the extraction process caused little changes

to the structure at macromolecular level, the shape and position of

the peaks in the spectra corresponds to previously reported FT-IR

for bacteria cell wall.41,42 The intensity of the band in the finger-

print region for the polysaccharides (1080 cm�1) in the cell wall

control spectrum is slightly higher than the cell membrane, since

it is expected that there is more polysaccharides in this fraction

since polysaccharides are the mainly located at the cell wall. This

corroborates the results obtained from the calculated distribution

of components using XPS.

3.3.1 Uranium biosorption mechanisms. Changes in adsorp-

tion band position and intensity suggest different mechanisms of

uranium binding to the different functional moieties of each

component of the cell envelope. Uranium biosorption was

confirmed by the n(U–Oligand) absorption band in ATR-FT-IR

spectra. Changes in shape and intensity of the broad and strong

adsorption band between 3700–3000 cm�1 from O–H stretching

vibrations of hydroxyl groups and N–H stretching of amino

groups were associated with uranium binding in intact cells

and isolated surface components.40,61,64 Changes in absorption

band position of spectra for intact cells of both bacterial strains

studied suggested that phosphorylated biopolymers, amide and

carboxyl groups from proteins and polysaccharides associated

with the cell envelope were responsible for uranium retention

within the pH range studied. Changes in absorption band

position corresponding to the nas(PO2) of phosphate and broad-

ening of the ns(COO
�) band from proteins were observed for

intact P. putida and B. subtilis cells that retained uranium. These

changes were more apparent at pH 5.5. Deprotonation of

functional groups as the pH increased resulted in a greater

retention of uranium and hence a greater change in absorption

band position and shape. Differences in the absorption band

position, corresponding to the n(C–O, C–O–C, C–C) were

observed in spectra when intact P. putida cells biosorbed

uranium. No significant change in the absorption band position

was observed for intact B. subtilis cells, suggesting that peptido-

glycan within the cell envelope was not a significant contributing

factor in uranium biosorption. These results support the

Table 4 Infrared absorption bands and their corresponding function group assignments in intact cells, cell wall and membrane fractions. n denotes
stretching vibrations, d denotes bending vibrations. Subscript s labels symmetric stretching and subscript as labels asymmetric stretching

Wavenumber
(s (cm�1)) Functional group assignmenta

B3300 n(O–H) of hydroxyl groups
B3000–2850 nas(CH3), nas(CH2) and ns(CH2) from lipids
B1740–1720 ns(CQO) from esters in lipids, (lipo)teichoic acids, stretching of CQO from carboxylic acids
B1650 n(CQO) from proteins (Amide I)
B1540 d(N–H) from proteins (Amide II)
B1470–1450 ds(CH2) from lipids and fatty acids
B1420–1380 ns(COO

�) from proteins
B1320 n(C–N) from proteins
B1240–1220 nas(PO2) from DNA, phospholipids and phosphorylated biopolymers
B1175 ns(PO2) from DNA, phospholipids and phosphorylated biopolymers
B1080–1040 ns(PO2, PO3

2�) from DNA, phospholipids and phosphorylated biopolymers; n(C–OH, C—O–C, C–C)
from polysaccharides, peptidoglycan

B976 ns(PO2) from DNA, phospholipids and phosphorylated biopolymers
B915–925 n(U–Oligand) from uranium following biomass accumulation.
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suggestion that phosphate and carboxyl groups from phosphory-

lated biomolecules and proteins at the surface of intact cells are

important for uranium biosorption from solution, with preferential

binding to different functional groups, depending on cell type. The

results were comparable with other studies using FT-IR to investi-

gate uranium interactions with intact cells that suggested that

phosphate, carboxyl, hydroxyl and amino groups were the predo-

minant functional groups responsible for uranium retention.61,64–67

Furthermore, other spectroscopic techniques, including EXAFS and

TRFLS, used to investigate uranium interactions with intact bacterial

cells, suggested a similar process of uranium sequestration i.e.

predominantly through phosphate groups.17,20,22,24,26,67–69

The cell wall isolates from P. putida and B. subtilis exhibited

different uranium biosorption mechanisms due to differences

in cell wall architecture. Spectra suggested that biomolecules

within the outer membrane of the Gram-negative cell wall of

P. putida were responsible for uranium biosorption. A decrease

in intensity of the nas(CH3), nas(CH2) and ns(CH2) absorption

bands (B3000–2850 cm�1), associated with lipid material, was

seen following uranium binding. Broadening and changes in

shape of protein adsorption bands (amide II and ns(COO
�))

suggested uranium-favourable interactions with proteins in the

cell wall. As for intact cells, broadening in absorption bands,

the corresponding nas(PO2) of phosphorylated polymers and

n(C–O, C–O–C, C–C) of polysaccharides, suggested that phos-

pholipids from the outer membrane and lipopolysaccharides

(LPS) were involved in uranium biosorption by the Gram-

negative bacterial cell wall.14,15,39,40,63 This was supported by

previous studies suggesting that LPS sequestered uranium

from solution using phosphate and carboxyl groups.30,32

There was no significant shift in absorption bands corres-

ponding to the n(C–O, C–O–C, C–C) of polysaccharides follow-

ing uranium biosorption to cell wall components, except at

high concentrations of uranium at pH 5.5, similar to the results

observed for intact B. subtilis cells. This suggested that the

biosorption of uranium with peptidoglycan within the Gram-

positive cell wall was a pH dependent process and occurred to a

greater extent when it was exposed to high uranium concentrations.

The pKa values of purified peptidoglycan have been reported to

be 4.55, 6.31 and 9.56, corresponding to the carboxyl groups of

glutamic acid, diaminopimelic acid and a combination of

hydroxyl/amino groups, respectively.31 Considering the experi-

mental conditions used in this study, a deprotonation of the

majority of functional groups associated with polysaccharides

within the cell wall isolate at pH 5.5 was expected, enabling the

biosorption of uranium by cell wall components. Shifts corres-

ponding to changes in the nas(PO2) absorption band position

indicated uranium biosorption with phosphate groups within

the Gram-positive cell wall, such as those in (lipo)teichoic acids

and proteins associated with the phosphorylated cell wall.41 The

latter was further confirmed by changes in the shape of protein

associated absorption bands following uranium exposure within

the pH range studied. Broadening of the d(N–H) and the ns(COO
�)

absorption bands indicate interactions with carboxyl groups

associated with cell wall proteins.64,70 Conformational changes

in protein structure following uranium binding would probably

contribute to changes in d(N–H) adsorption band shape rather

than being due to uranium binding with amino groups. This is

due to the pKa of amino groups being 9.0. Therefore, within the

Fig. 3 FTIR spectra of control and uranium loaded biomass (pH 5.5)
from P. putida 33015 [A] and B. subtilis 168 [B] within the region of
2000–800 cm�1. Insets in the region of 3000–2800 cm�1.
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pH range studied, no binding interactions were expected since

the positively charged amino groups prevent electrostatic binding

with the positively charged U(VI) species. The small ns(CQO) band

at 1734 cm�1 from (lipo)teichoic acids disappeared upon uranium

biosorption suggested favourable interactions, with these cell wall

constituents also anchored to the cell surface membrane.41

The results from uranium biosorption to cell membrane

isolates from P. putida and B. subtilis were comparable, prob-

ably due to similarities in macromolecular composition. A

decrease in the intensity of the absorption bands for nas(CH3),

nas(CH2) and ns(CH2) was observed following uranium biosorption.

This was attributed to overall changes in membrane structure

following uranium biosorption, rather than direct binding to

unreactive non-polar lipid material.23,24,26 Similarly, the additional

adsorption band at 1740 cm�1, attributed to the vibrational

stretching of the CQO lipid bond and characteristic of cell

membrane components following isolation from intact cells,

disappeared following uranium biosorption. Shifts and broadening

of nas(PO2) and ns(PO2) absorption bands from isolates of both

bacterial strains suggested favourable U(VI)–phosphate interactions

with phospholipids of the cell surface membrane. Finally, the

broadening of the protein absorption bands associated with car-

boxyl groups in both membrane isolates indicated that there were

interactions with membrane associated proteins.

Overall, the ATR-FT-IR data suggested that numerous functional

groups are responsible for uranium biosorption at the cell surface

and that this process is predominantly dependent on those groups

associated with the cell wall. The level of biosorption varies due to

solution pH and is influenced by the composition of bacterial cell

envelope; whether it be of Gram-negative or Gram-positive origin.

The major functional groups associated with uranium biosorption

were phosphate and carboxyl, from phosphorylated proteins,

phospholipids and polysaccharides. Differences in uranium bio-

sorption mechanisms were observed between the intact cells and

cell wall isolates of P. putida and B. subtilis. Cell membrane

components exhibited a similarmechanism of uraniumbiosorption

due to similarities in macromolecular composition, regardless of

bacterial origin.

Based on these results, Fig. 4 shows the different interactions of

the cell envelope of both Gram-negative and Gram-positive bacteria.

U(VI) species will interact with negatively charged components of the

outer membrane of the cell wall of Gram-negative bacteria,

including lipopolysaccharides and capsular polysaccharides,

membrane and surface proteins, and components of outer

membrane phospholipids. Further interactions will occur with

the small amounts of peptidoglycan below the outer membrane.

In the case of Gram-positive bacteria, U(VI) species will readily

bind to phosphorylated polysaccharides, including teichoic

acids, and cell surface and wall associated proteins. U(VI) will also

interact favourably with peptidogyclan towards circumneutral pH.

In the case of the cell membrane, both Gram-negative and

Gram-positive bacteria display similar mechanisms of inter-

action with U(VI), mainly through phospholipids and membrane

associated proteins. Additionally, U(VI) will interact with cell

membrane bound lipoteichoic acids associated solely with

Gram-positive bacteria. The sorption process is favoured by

the ability of U(VI) to travel through the outer membrane layer

of the Gram-negative cell wall and peptidoglycan layers of both

cell envelopes The size of the uranyl ion is significantly smaller

(approximately 0.242 nm71) compared to the pore size of peptido-

glycan for B. subtilis (2.12–2.5 nm72–74), for example, suggesting

that diffusion of uranyl that is not bound by the outer membrane

layer can occur, facilitating the sorption process with cell

membrane compounds.

Fig. 4 The proposed interactions of uranium(VI) with the cell wall and cell surface membrane from Gram negative and Gram positive bacteria in aerobic
conditions. OM: outer membrane, Pep: peptidoglycan layer, PS: periplasmic space, CM: cell surface membrane, LPS: lipopolysaccharides.
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4 Conclusions

The current study demonstrated that the bacterial cell wall is

the vital component in the biosorption of U(VI). The capacity of

cell wall components to retain uranium(VI) is larger than any

other component of the cell envelope. The findings from this

study indicate that Gram-positive bacteria and associated com-

ponents of their cell envelope exhibited a greater biosorption

capacity than components of the Gram-negative cell envelope.

The preference for uranium biosorption with isolated cell

envelope components and intact cells can be summarised as;

Cell wall 4 Intact cells 4 Cell membrane

It was also found that carboxyl and phosphate functional

moieties from proteins and phosphorylated biopolymers, associated

with the cell wall, predominantly mediate U(VI) biosorption from

aqueous solutions. This confirms that the biosorption mechanism

is predominantly a surface process with the outermost components

of the bacterial cell envelope. Furthermore, this study showed the

cell membrane exhibits a lower capacity for U(VI) biosorption.

Therefore uranium(VI) in solution will not be retained by cell

membrane functional groups and accumulate at the cell wall since

the chemical environment is more favourable for its retention. The

question remains whether this is a diffusion or kinetically driven

process, but this issue was beyond the scope of this study.

Overall, the findings from this study further aid with the

design and use of bacteria for the remediation of uranium

contaminated environments. A remediation process that uses

Gram-positive bacteria would have a higher chance of success

based on the superior ability of the components of their cell

envelope to remove U(VI) from solution.
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