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M I C R O B I O L O G Y

In situ monitoring of exopolymer-dependent  
Mn mineralization on bacterial surfaces
Thaïs Couasnon1*, Damien Alloyeau2†, Bénédicte Ménez1, François Guyot3,  
Jean-Marc Ghigo4, Alexandre Gélabert1†

Bacterial biomineralization is a widespread process that affects cycling of metals in the environment. Functionalized 
bacterial cell surfaces and exopolymers are thought to initiate mineral formation, however, direct evidences are 
hampered by technical challenges. Here, we present a breakthrough in the use of liquid-cell scanning transmission 
electron microscopy to observe mineral growth on bacteria and the exopolymers they secrete. Two Escherichia coli 
mutants producing distinct exopolymers are investigated. We use the incident electron beam to provoke and 
observe the precipitation of Mn-bearing minerals. Differences in the morphology and distribution of Mn precipitates 
on the two strains reflect differences in nucleation site density and accessibility. Direct observation under liquid 
conditions highlights the critical role of bacterial cell surface charges and exopolymer types in metal mineralization. 
This has strong environmental implications because biofilms structured by exopolymers are widespread in nature 
and constitute the main form of microbial life on Earth. 

INTRODUCTION
Biomineralization driven by bacteria is a major environmental pro-
cess that controls immobilization, transport, speciation, and even 
toxicity of metal(loid)s (1). Hence, it constitutes a critical mechanism 
that governs metal(loid)s cycling on Earth, from soils to several kilo-
meters below the ground’s surface (2). Mineral precipitation primarily 
depends on the supersaturation of chemical species in a defined vol-
ume. In the vicinity of bacteria, this supersaturation can be locally 
favored by negatively charged functional groups located on bacterial 
cell walls (3), which attract and concentrate metallic cations. Biofilms 
are three-dimensional (3D) biological structures composed of extra-
cellular polymeric substances in which microbial cells are encased. 
They represent the main organization mode of microorganisms on 
Earth, accounting for about 80% of all bacteria in surface environ-
ments (4). In these widespread biological structures, exopolymers 
are also thought to control metal(loids) mineralization (5–7). How-
ever, the exact role of bacterial cell envelopes and of exopolymers 
as nucleation templates for mineral formation remains largely un-
explored under environmentally relevant conditions.

Given the high spatial resolution required to observe mineral/
organic interactions at the submicrometer scale (8), conventional 
electron microscopy remains the preferred method for studying 
biominerals formation. However, this approach is limited by con-
straining preparation steps, including sample dehydration and chem-
ical fixation. Among the main artifacts inherent to dehydration, 
shrinking of the fragile 3D structure of biofilms generates misleading 
information regarding the spatial location of mineralization at the 
bacterial cell surfaces and the exopolymer/mineral spatial relation-

ships. Liquid-cell transmission electron microscopy has the potential 
to overcome these limitations by providing direct and time-resolved 
observations in aqueous media at the submicrometric scale (9, 10). 
While this in situ technique has been extensively used to visualize 
the formation of inorganic nanostructures (11–13), including min-
erals (14–16), it has also emerged as a reliable method for studying 
the structure of biological materials—e.g., individual cells (17), ex-
tracellular vesicles (18), bacteria (19), bacteriophages (20), and their 
interactions (21)—in liquid media. Nevertheless, the possibility of 
directly observing mineralization processes on microbial cells and 
their exopolymeric matrix under realistic conditions would constitute 
an undeniable advance opening new research avenues. It is well 
established, however, that during liquid-cell scanning transmission 
electron microscopy (LC-STEM) experiments, beam-induced radiolysis 
of water generates hydrated electrons and reactive oxygen species. 
These species reach a steady-state concentration within a second, 
depending on the electron dose rate (22). We have taken advantage 
of these radiolytic effects to study the mineralization of redox-
sensitive Mn on bacterial cell wall and surrounding self-secreted 
exopolymers.

To better understand the role of the physical and chemical prop-
erties of bacterial surfaces (i.e., of cell walls and associated exo-
polymers) in providing sites for mineral nucleation and growth, we 
used, in Mn-bearing aqueous solutions, two strains of Escherichia coli 
that differ in the nature of the exopolymers they secrete. The strain 
E. coli 1094 2K7 (hereafter referred to as 2K7) produces abundant 
and dense cellulosic polymers constitutive of the biofilm matrix 
(23, 24), while the strain E. coli K12 MG1655 MGF-∆traD (hereafter 
referred to as MGF), carrying the F plasmid, is characterized by the 
production of a proteinaceous conjugative F pilus, allowing cell sur-
face contact promoting biofilm formation (25). In its planktonic 
form, MGF does not produce bulky exopolymers around the bacterial 
cell but rather nascent pili on the bacteria surface. To compare the 
role of each exopolymer in nucleation and mineral growth, bacteria 
were loaded in a liquid cell with an aqueous solution containing Mn, 
in two duplicate independent experiments, and the effects of expo-
sure to an electron beam were studied.
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RESULTS AND DISCUSSION
In situ observations of mineralizing bacterial cells
First, we highlight the effect of Mn precursors on the contrast and 
stability of bacterial cells during LC-STEM imaging. Because of the 
low electron contrast of biological materials through 250 to 500 nm 
of liquid (see Materials and Methods), LC-STEM imaging usually 
requires contrasting agents such as uranyl acetate (26) or gold 
nanoparticles (18, 27). However, the study of metal mineralization 
processes is impossible in the presence of other metals that may 
interfere in mineral formation. When bacterial cells are imaged in 
an aqueous solution containing Mn2+ precursors, their signal-to-noise 
ratio increases with time under electron irradiation (Figs. 1 and 2). 
This results from the electron beam–induced formation of a Mn-
bearing mineral shell on bacterial cell surfaces, as revealed by energy-
dispersive X-ray spectrometry (EDXS) (Fig. 3). Moreover, although 
this continuous in situ monitoring exposes the bacteria to a high 
cumulative electron dose (dTOT) of up to 845 e− Å−2 (Fig. 1A), no 
breaking of the bacterial cell wall or notable shrinkage of the 
inner volume of bacterial cells is observed. On the contrary, in the 
absence of MnCl2 in the experimental solution, there is no mineral-
ization on the cell surface and the bacterial cell wall is systematically 
disrupted as of a dTOT of 100 e− Å−2, as highlighted in the control 
experiment shown in fig. S1. We postulate that Mn protects the cell 
wall from deleterious oxidoreductive damages, thus avoiding visible 
destruction of the bacterial structure and cell interior leakage during 
LC-STEM experiments. We acknowledge that this in situ LC-STEM 
imaging does not allow visualization of possible nano- to molecular-
scale damage to cell membranes and their components. Controversial 
studies have examined the viability of living cells, including bacteria, 
during LC-STEM experiments (26, 28, 29), but it is very likely 
that these microorganisms are no longer in a physiologically 
active state when exposed to electron doses higher than 10−5 e− 
Å−2 (30). Nevertheless, regardless of their living state, the precipita-
tion observed on the two bacterial strains investigated here provides 
new insights into the role as template of cell surface and exopolymer 
on Mn mineralization processes under hydrous conditions.

Homogeneous mineral formation on MGF cell surface
Mn accumulation on single MGF and 2K7 bacterial cells is illustrated 
in Figs. 1 and 2, respectively, with duplicate experiments presented 
in fig. S2. Under low–electron dose rate conditions (0.30 e− Å−2 s−1), 
Mn precipitation on MGF cells results in the formation of a thin 
and smooth layer that homogeneously covers the cell surface (Fig. 1A). 
The thickness of this Mn-rich shell reaches 11 nm after 420 s of 
irradiation, with an electron dose rate of 0.30 e− Å−2 s−1. Therefore, 
at this electron dose rate, the mineral growth rate is calculated 
at 1.6 nm min−1 (Materials and Methods). However, when the 
same bacterial cell is then exposed to a higher electron dose rate 
(5.23 e− Å−2 s−1), we observe the formation of a 84-nm-thick shell 
with increasingly rougher surfaces in 110 s (Fig. 1B). Therefore, at 
an electron dose rate of 5.23 e− Å−2 s−1, the mineral growth rate is 
45.8 nm min−1. The evolution of the mineralized cell surface area as 
a function of dTOT (Fig. 1C) indicates the increase in Mn growth rate 
with the electron dose rate. This, in turn, indicates that radiolysis is the 
driving force of the precipitation reaction in the system investigated. 
Nevertheless, the key role of biological matrices as a nucleation 
template is demonstrated by the absence of Mn precipitate in the 
surrounding aqueous medium or in blank experiments (i.e., with-
out bacterial cells) performed at similar electron dose rates (fig. S3).

dTOT = 27 e– Å–2A

B

dTOT = 73 e– Å–2

dTOT = 154 e– Å–2dTOT = 111 e– Å–2

dTOT = 270 e– Å–2 dTOT = 448 e– Å–2

dTOT = 845 e– Å–2dTOT = 641 e– Å–2

C

Fig. 1. In situ monitoring of Mn bacterial mineralization. (A) Time series of 
LC-STEM images acquired with a continuous electron dose rate of 0.30 e− Å−2 s−1 
on a cell of E. coli MGF bathed in an aqueous solution containing Mn. Scale bars, 
1 m. (B) Time series of LC-STEM images of the same cell subsequently irradiated 
with a continuous electron dose rate of 5.23 e− Å−2 s−1 at increased magnification. 
Scale bars, 200 nm. dTOT is the cumulative electron dose in e− Å−2 calculated for 
each image. (C) Mineralized bacterial cell surface area as a function of cumulative 
electron dose. Dashed line indicates the change in magnification (i.e., increase in 
the dose rate).
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Heterogeneous mineral formation on 2K7 cell surface and  
its surrounding
The dense cellulosic matrix secreted by strain 2K7 provides a differ-
ent reactive environment for Mn mineralization. As a result, two 
notable differences in mineral formation characteristics are observed 

between MGF and 2K7 strains. The first difference observed between 
the two strains is that under an electron dose rate of 0.30 e− Å−2 s−1, 
nucleation and growth of individual Mn-containing nanoparticles 
on the surface of 2K7 cells are observed (Fig. 2A). The size of these 
isolated nanoparticles increases linearly with dTOT (Fig. 2B), with 
diameters ranging between 200 and 300 nm at dTOT of 68 e− Å−2. 
Thus, under similar low–electron dose conditions (0.30 e− Å−2 s−1), 
while a continuous shell forms on MGF cells (Fig. 1A and fig. S2A), 
a heterogeneous distribution of quasi-spherical Mn nanoparticles 
appears on 2K7 cells (Fig. 2A and fig. S2B). The two final mineral-
ization morphologies are quantitatively differentiated by measuring 
the evolution in cell convexity (Fig. 4A and Materials and Methods). 
For both strains, convexity decreases with dTOT and Mn particle/shell 
growth, hence reflecting an increase in surface roughness (Fig. 4B). 
For 2K7 strain, the steep drop in convexity at increasing dTOT re-
flects the formation of individual 3D islands of Mn, while the overall 
homogeneous Mn shell formed around MGF cells shows a weaker 
decrease in convexity. The second difference observed between the 
two strains is the growth of Mn nanoparticles in the aqueous 
medium, in vicinity of 2K7 cells (Fig. 2). As such a mineraliza-
tion is not observed in solution around MGF cells (Fig. 1), we 
infer that extracellular material is present in solution around 2K7 
cells. It is worth noting that the presence of cellulose exopolymers 
near the surface of 2K7 cells was observed by Le Quéré and Ghigo 
(31). The size evolution of Mn particles growing on E. coli 2K7 
exopolymers is identical to that of the particles growing on associ-
ated bacterial cell walls (Fig. 2B), suggesting similar growth process-
es. Under similar irradiation conditions, no precipitation occurs 
in the solution at a distance from the cells (fig. S3), indicating 
that the extracellular material is mainly located around 2K7 bac-
terial cells.

Surface charge as a control of the dynamics of  
mineral formation
These two distinct Mn mineralization mechanisms revealed by 
LC-STEM (summarized in Fig. 4C), namely, the formation of individual 
nanoparticles versus homogeneous precipitation around bacterial 

dTOT = 3 e– Å–2A dTOT = 9 e– Å–2

dTOT = 22 e– Å–2
dTOT = 41 e– Å–2

dTOT = 68 e– Å–2
dTOT = 59 e– Å–2

B

Fig. 2. Exopolymers secreted by bacteria influence Mn mineralization. (A) Time series 
of LC-STEM images acquired with a continuous electron dose rate of 0.30 e− Å−2 s−1 
on a cell of E. coli 2K7 bathed in an aqueous solution containing Mn. Scale bars, 1 m. 
Black arrows show mineral particles that nucleate on the bacterial cell wall and in 
the Mn-bearing solution. dTOT is the cumulative electron dose in e− Å−2 calculated 
for each image. (B) Size of mineral particles grown on (white circles) or near (black tri-
angles) the bacterial cell wall as a function of the cumulative electron dose.

Fig. 3. STEM-EDXS characterization of the mineral crusts formed on the bacte-
rial cell wall. Solid line spectrum is the signal obtained with the electron probe on 
the mineralized bacteria E. coli MGF, and dashed spectrum corresponds to the 
signal obtained in the surrounding aqueous solution. The strong oxygen signal in 
the latter likely relates to water.
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cells, depend on chemical site density on the cell surface and within 
the exopolymers produced by these bacterial strains. Bacterial 
surfaces are negatively charged at neutral pH due to the presence of 
deprotonated carboxylic groups (pKa, where Ka is the acid dissocia-
tion constant, in the range of 4.6 to 5.4) and partially deprotonated 
phosphoryl groups (pKa in the range of 6.6 to 7.8) (32). Such nega-
tively charged functional sites promote cation adsorption and 
subsequent mineral precipitation (3, 5). Electrophoretic mobility, 
which is directly related to the overall charge on the bacterial cell 
surface, was determined by measuring bacterial cell migration ve-
locity in an applied electric field of known intensity. This electro-
phoretic mobility is 10 times more negative for MGF strain over the 
entire pH range investigated (between pH 4 and 11), as compared 
to 2K7 strain (Fig. 5). This reflects a substantially higher density of 
negatively charged sites on MGF cell surfaces, compared to 2K7 cell 
surfaces and their associated cellulosic exopolymers. With regard to 
the mineralization processes, a high density of negatively charged 
functional groups provides numerous sites for cation adsorption, 
which results in a high number of nucleation sites and favors homo-
geneous mineralization on MGF cell surfaces (Fig. 4C). On the con-
trary, cellulose produced around 2K7 cells only exhibits poorly 
polarized hydroxyl functions, while the bulky structure of this bio-
polymeric layer would reduce access to the functionalized bacterial 
surfaces. Therefore, 2K7 cells have a limited number of negatively 
charged reactive sites that promote nucleation, resulting in the growth 
of isolated Mn-mineral islands. In addition, the formation of Mn 
particles with similar growth dynamics in the vicinity of 2K7 bacterial 

cells indicates the presence of nucleation sites in the surrounding 
cellulose matrix (Figs. 2A and 4C and fig. S2B).

From a technical perspective, the present study demonstrates the 
possibility of using radiolysis induced by the incident electron beam 
to trigger and monitor mineralization processes involving redox-
sensitive elements during LC-STEM experiments. Noticeably, all these 
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Fig. 4. Contrasted nucleation and growth mechanisms of Mn precipitates as a function of bacterial exopolymers. (A) Schematic representation of convexity. It 
corresponds to the ratio between effective perimeter (P, in blue) and convex perimeter (Pc, in red) of a 2D shape. (B) Convexity of mineralized bacterial cells and their 
exopolymers as a function of the cumulative electron dose. Black squares and circles were obtained from two duplicate measurements on individual E. coli MGF cells 
(Fig. 1 and fig. S2A). White squares and circles were obtained from two duplicate measurements on individual E. coli 2K7 cells (Fig. 2 and fig. S2B). (C) Schematic rep-
resentation of mineral formation for both strains. Black circles depict Mn precipitates.

Fig. 5. Electrophoretic mobility as a function of pH. Black and white diamonds 
refer to E. coli 2K7 and E. coli MGF, respectively.
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observations were conducted in the absence of additional contrasting 
agents. These in situ observations at the submicrometric scale con-
firm the predominant role of the physical and chemical properties 
of bacterial cell surfaces during mineralization, as already reported 
for specific proteins (33). The growth process and final morphology 
of Mn-bearing precipitates formed on bacterial cells depend on the 
density of cation fixation sites, which is dictated by their surface 
charge and by the nature and spatial distribution of the associated 
exopolymers. These findings emphasize the fundamental role of ex-
opolymers in biomineralization process and, consequently, in metal 
sequestration in the environment. Given the ubiquity of microbial 
biofilms in nature (4), and the recent evidence that microorganisms 
produce extracellular reactive oxygen species (34) capable of modify
ing the cycling of redox-active elements, these results find direct 
applications in assessing metal mobility and bioavailability in natural 
systems. However, given the large variability in the nature of exo-
polymers and in microbial surface properties, further investigations 
are required to better constrain the role of biofilm-forming micro-
organisms during mineralization and, consequently, their impact on 
metal cycling in the environment.

MATERIALS AND METHODS
Experimental design
Two different strains of E. coli forming different types of exopolymers 
were suspended in a Mn-bearing aqueous solution and loaded into 
a liquid cell in two independent and duplicate experiments. They were 
then observed under electron beam irradiation using LC-STEM.

Bacterial strains
This study was conducted using bacterial mutants of E. coli strains 
generated at Institut Pasteur (France). The first mutant was E. coli 
K12 MG1655 MGF-∆traD plasmid (referred to as MGF in this study) 
carrying a transfer-deficient F conjugative plasmid. The latter is re-
sponsible for the production of proteinaceous F pili that promote cell 
surface contact and hence biofilm formation (25). In terms of chemi-
cal functions carried, pili are made up of specific proteins called pilins. 
These proteins contain carboxylic and amine functions and some 
adsorbed residual phosphates. The second mutant was E. coli 1094 
2K7 (referred to as 2K7 in this study). This strain is characterized by an 
enhanced production of cellulose around the bacterial cell (23, 24), 
with cellulose molecules exhibiting only poorly polarized hydroxyl 
functions.

Sample preparation
Bacteria were first grown overnight under agitation at 25°C in sterile 
Falcon tubes filled with 30 ml of lysogeny broth (LB)–rich medium. 
Cells were then washed three times with a sterile aqueous solution 
containing 10 mM NaCl and 5 mM Na-acetate. Then, 1 ml of the 
bacterial suspension at an optical density at 600 nm of 1 was ex-
posed to 50 mM MnCl2 in an aqueous solution composed of 2 mM 
(NH4)2SO4, 0.7 mM NaCl, 10 mM Hepes, and 1 mM d-glucose 
and directly observed by transmission electron microscopy. All the 
chemical reagents from Sigma-Aldrich were of high-purity grade.

Liquid-cell scanning transmission electron microscopy
LC-STEM experiments were performed on a JEOL ARM 200F micro-
scope equipped with a Correction Electron Optical System (CEOS) 
aberration corrector for the objective lens and a cold field-emission 

gun electron source. The experiments were carried out with an 
acceleration voltage of 200 kV.

The liquid cells are commercialized by Protochips Inc. (Morrisville, 
USA). They consist of two silicon wafers with dimensions of 2 mm 
by 2 mm and 4.5 mm by 6 mm, referred to as the small and large 
E-chips, respectively. Each E-chip has a 550 m–by–50 m window 
covered with a 50-nm-thick amorphous silicon nitride (SiN) film. A 
2-l drop of the sample containing the bacterial cells has been de-
posited on the electron-transparent SiN membrane of the small E-chip. 
The large E-chip was then placed over the small one with their windows 
in cross-configuration, giving a square field of view with an edge length 
of 50 m. Therefore, the drop of solution was squeezed between the 
two E-chips in a volume defined by the thickness of the gold spacers 
of the small E-chip (150 nm in our case). The lid of the holder tip 
resulting in a vacuum-sealed liquid cell then closed the entire chamber.

LC-STEM experiments were performed in STEM mode by using 
a high-angle annular dark-field detector (STEM-HAADF), without 
changing the condenser aperture (20 m) and the spot size (5C, be-
low 1 nm in size) to maintain a constant beam current of 9.07 × 106 
e− s−1. All the STEM-HAADF images were acquired with a size of 
1024 by 1024 pixels, a pixel dwell time of 10 s, and an angular range 
of detection of 54 to 200 mrad. Between the acquisitions of these 
images, Mn mineralization was observed continuously under high-
speed imaging conditions (image size of 512 by 512 pixels and dwell 
time of 5 s). The electron dose rate was calculated by dividing the 
beam current by the surface area irradiated by the beam (i.e., the size 
of the images in STEM mode). The cumulative electron dose (or total 
electron dose, dTOT) indicated in each image shown in Figs. 1 and 2 
and figs. S1 to S3 was calculated by multiplying the dose rate by the 
irradiation time, taking into account any possible changes in magni-
fication during observations. The contrast of the observation window 
was regularly checked in low-magnification mode to ensure that the 
liquid cell was always fully filled with the experimental aqueous 
solution during the experiment. STEM-HAADF imaging was pref-
erentially performed in the corner of the observation window where 
the smallest liquid thicknesses are found (between 250 and 500 nm 
with 150-nm gold spacers) (18). Because of the outward bowing 
of the SiN membranes under vacuum, the liquid thickness was not 
homogeneous in the liquid cell.

We have selected 10 images collected during the experiment 
performed using MGF cells (8 of them are shown in Fig. 1, A and B) 
to measure the surface area of the mineralized bacterial cells and 
the precipitate thickness using Digital Micrograph (Gatan). For 
2K7 cells, we focused on 11 representative growing particles. Five of 
these particles were on the bacterial cell wall, and six were among 
those that formed next to the bacterial cell. Their size was measured 
on five STEM images of increasing dTOT (only three of them are 
shown in Fig. 2A: 41, 59, and 68 e− Å−2) using ImageJ software (35).

Mineral growth measurements
To estimate mineral growth on the surface of E. coli MGF cells, 
we approximated that the 2D projection of the bacterial cell in the 
LC-STEM images is an ellipse. Therefore, before irradiation, the mea-
sured surface area of the bacteria corresponds to ab, with a and b 
being the major and minor radii, respectively. The electron beam 
irradiation has resulted in a homogeneous mineralization on the 
bacterial cell surface. Hence, after electron beam exposure, the in-
ferred mineralized bacterial surface area  becomes (a + x)(b + x), 
where x is the mineral thickness. As the surface areas before and 
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after electron beam irradiations were measured on the LC-STEM 
images, it was possible to solve the resulting quadratic equation 
x2 + ab2x + ab = 0 to estimate the mineral thickness formed 
during electron beam irradiation.

Convexity measurements
Three repeated contours of mineralized bacterial cells and particles 
were hand-performed on each image to estimate their surface areas 
while reducing possible bias in the measurements. Convexity values 
of the mineralized bacterial cells and of the particles carried by the 
exopolymers were then obtained using Digital Micrograph software.

Electrophoretic mobility
Electrophoretic mobility measurements were performed on Zetasizer 
Nano ZS (Malvern Panalytical). For these experiments, bacteria were 
first grown overnight in LB-rich medium and then washed three times 
with a sterile aqueous solution made of 10 mM NaCl and 5 mM Na-
acetate. They were further suspended in an aqueous solution con-
taining 2 mM (NH4)2SO4, 0.7 mM NaCl, and 10 mM Hepes for 
electrophoretic mobility analysis. Samples consisted of a 25-ml bac-
terial suspension with known pH. The pH was adjusted to values 
between 4 and 11 using NaOH and HNO3 solutions.

Statistical significance
Duplicate mineralization experiments were performed by exposing 
intact bacterial cells from each strain to the electron beam (Figs. 1 
and 2 and fig. S2). During data processing, each cell, particle size, 
and shape measurements were performed independently three times 
to assess measurement error.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/27/eaaz3125/DC1

View/request a protocol for this paper from Bio-protocol.
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