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ABSTRACT

Keywords: The present study aims at evaluating intrinsic changes in Escherichia coli (E. coli) surface over time, by

Atomic Force Microscopy

Gram negative bacteria

Atomic Force Microscopy (AFM). For that purpose, bacteria were immobilized on mica or on mica pre-
viously functionalized by the deposition of a polyelectrolyte multilayer cushion. AFM images reveal that

i\fgeerir:]bgrane E. coli population goes through different stages. Firstly, afFer a week, the nqmber of healthy bacteria

Lipopolysaccharide decreases resulting in a release of cellular components which likely become, in turn, a nutrition source

Escherichia coli for increasing the healthy population after around two weeks. Finally, after one month, most of the bac-
teria is dead. Our study shows a transition of a healthy rod-shaped bacterium to a dead collapsed one.
Most importantly, along with the morphological evolution of bacteria, are the structure changes and the
mechanical properties of their outer membrane, emphasized by AFM phase images with very high reso-
lution. Indeed, the surface of healthy bacteria is characterized by a phase separation pattern, thereafter
mentioned as “ripples”. Bacterial ageing goes along with the loss of this organized structure, turning into
circular areas with irregular boundaries. These changes are likely caused by a re-organization, due to
external stress, of mainly lipopolysaccharides (LPS) present in the outer membrane of E. coli.
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1. Introduction

Bacterial adhesion and biofilm formation have a great interest
both in natural environments and in industrial processes, biofilms
being the predominant life form for bacteria to multiply and to pro-
tect themselves from environmental stresses such as UV radiation,
osmotic shock and anti-microbial agents [1-4]. Bacterial biofilms
undergo several stages of development from the initial attach-
ment of bacteria to detachment and colonization of new interfaces
[5].

To better understand mechanisms of such biofilm formation
and bacterial metabolism inside over time, the detailed study of
the biological envelop, a vital component of bacteria, might be
helpful [6]. Gram negative bacteria, like Escherichia coli (E. coli), pos-
sess, along with a peptidoglycan cell wall, an outer membrane, this
particular one being absent in Gram positive bacteria. This outer
membrane consists of an asymmetric lipid bilayer and lipopolysac-
charide (LPS) molecules as the outermost constituent, overlying
a gel-like periplasm and a thin peptidoglycan layer [7]. It serves,
especially LPS, as a selective permeability barrier and a protec-
tion (for instance, mutants without LPS are more permeable to
mutagens) while proteins embedded or anchored to this mem-
brane allow specific transmembrane exchanges [8]. LPS possess
(i) an endotoxic part enchored to the membrane, the lipid moi-
ety called lipid A, (ii) a long polycaccharide chain, (iii) sometimes
ended by a third part pointing outwards the membrane, the O-
chain, responsible for the bacterial antigenic specificity [9]. These
extracellular sugar extensions create mutual attraction forces that
curve the membrane. Part of Gram-negative bacteria’s danger lies in
LPS. In bacterial infections, LPS fragments from damaged bits of the
bacterial walls are released locally, triggering an immune response
in human organism [7,10].

Consequently, investigating the structure and properties of
bacterial surfaces with high resolution is of great importance to
understand how biofilms behave. The ultrastructure of micro-
bial surfaces has been extensively studied and their chemical
composition and physicochemical properties have been probed,
for instance, by X-ray photoelectron spectroscopy and infrared
spectroscopy [11,12]. However, none of these techniques can pro-
vide direct information with a nanometer scale lateral resolution.
Because of its high spatial resolution and its ability to image in
real time under physiological conditions, Atomic Force Microscopy
(AFM) has been used more and more frequently in biological field
[13]. Indeed, AFM, as a scanning probe technique, is ideally suited
to study surface properties of biological systems, such as bacteria,
from topographical to nanomechanical properties, including com-
position and adhesion [13,14]. The non intrusive tapping mode is
particularly interesting for those fragile systems as phase imaging
gives access to physico-chemical properties of sample surfaces at
the local scale to hundreds of wmZ.

In this work, we probed the surface structure of E. coli using
AFM in tapping mode. Bacterial populations were followed over
a month to determine their viability. More precisely, morpho-
logical and mechanical properties of E. coli bacteria, especially
the outer membrane ones, were investigated with high resolu-
tion, revealing fine details of its structure. We also showed that
this specific organization underwent major changes with time,
corresponding to modifications of the intrinsic behavior of LPS
molecules. These changes allow for a rapid and accurate quanti-
tative discrimination between viable and dead bacteria. Moreover,
we proceeded with AFM, for the first time, in a complete study on
E.coli bacteria: different cell divisions patterns, bacteria population
organizations, morphology and rheology evolution were observed
in real time.

2. Materials and methods
2.1. Materials

Gram negative E. coli bacteria (MRE 162 strain) were a kind
gift from the Centre d’Etudes du Bouchet, DGA (Direction Générale
de ’Armement, France). Bacteria were grown on a solid Luria
medium and incubated for 16 h at 37 °C. After scraping, bacteria
were suspended in purified water (pH 5.5, resistivity > 18.2 M2 cm)
and placed in 1.5 mL microtubes for a centrifugation at 3000 g for
20 min. Cells were then washed twice with purified water and
adjusted to 108 cells/mL.

Mica, purchased from Electron Microscopy Sciences, was used
for all AFM measurements and images. With an average roughness
of 0.3 nm/wm?, it is one of the best substrate to work with if one
wants to get free from the substrate roughness.

2.2. Bacteria imaged on nude mica

Freshly cleaved mica is appropriate when imaging in air, as bac-
teria will not be submitted to a fluid flow. As mentioned above,
mica has also a homogeneous surface which allows discriminating
any topographic contrast. A5 pL droplet of bacteria suspension was
directly applied on the mica and left to dry under a desiccator. To
avoid aggregation and the presence of non-fixed bacteria, the sam-
ple was then rinsed with ultrapure water before imaging (Fig. 1a).
Consequently, this process led to more frequent isolated bacteria
and, thus, was preferred when a detailed study of the bacterium
was required. For over-time experiments, we kept samples either
under the AFM setup, protected from dust, to follow the same pop-
ulation at each step, or under a desiccator to check their general
behavior over time.

2.3. Bacteria immobilization on a polyelectrolyte multilayer
surface

To image in liquid medium or to study the morphological and
rheological changes over time, we needed to immobilize bacteria
on the substrate. To do so, alternative polycationic/anionic treat-
ment of the substrate was previously used successfully [15]. Indeed,
Layer by layer (LbL) self-assembly is one of the most versatile tech-
niques to make multilayer composite films. It consists in sequential
depositions of oppositely charged solutions of polyelectrolytes (PE)
to form, in an inexpensive and easy way, a self-assembled molec-
ular multilayer [16]. Biological applications are numerous; among
them, worth mentioning is the immobilization of biological sys-
tems (such as DNA, proteins, enzymes or cells) and the production
of multifunctional nano-scaled structures and materials [17]. This
method was successfully applied in one of our previous AFM study
[15].

PE considered in this work are cationic poly(allylamine
hydrochlorure) (PAH, Mw = 56000), and anionic poly (styrene sul-
fonate) (PSS, Mw =70000). They were purchased from Sigma
Aldrich. PAH and PSS were dissolved in ultrapure water at a con-
centration of 0.5 g/L. Each PE layer was deposited through the LbL
method resulting in self-assembled molecular multilayers PAH-
(PSS-PAH);, on the mica substrate. Typically, PAH and PSS solutions
were alternatively deposited during twenty minutes, adsorption
and rinsing steps being repeated to obtain the desired number of
PE layers, forming then polyelectrolytes multilayers (PEM, Fig. 1b).
In this work the last layer was made of positively charged PAH to
guarantee the fixation of negatively charged E. coli bacteria (Fig. 1b).
As for the direct drop-off, 5 wL of bacteria suspension was deposited
on the functionalized mica and left to dry under a desiccator before
imaging. Consequently, we applied this PEM technique to immobi-
lize bacteria on the substrate in order to prevent their potential shift
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Fig. 1. Schemes and associated AFM topography images of the surfaces of nude mica (a) and mica recovered by PEM (b).

Optic microscopy

-

Fig. 2. (a) Homogeneous distribution of E. coli bacteria on nude mica observed by optic microscopy and on functionalized (PEM) mica observed by AFM in tapping mode.
Morphology characteristics of E. coli deposited on either PEM (b) or nude mica (c) observed using AFM in tapping mode. For (b) and (c) height scales are the same: 300 nm.
Pili and flagelles are rarely observed still attached to the bacteria because of their fragility.



under the AFM tip. It was thus privileged for population and over-
time studies. For the later, samples were conserved in the same way
as for experiments on nude mica.

2.4. Optic microscopy experiments

For optical microscopy imaging, we used a fixed-stage upright
microscope (BX51WI from Olympus) equipped with a 100 W mer-
cury lamp (U-LH100HG), a BX-RFA illuminator and a LMPF1 x 100
objective. Several images were taken to ensure the homogeneity
of the sample and recorded using a ORCA-Flash 2.8CCD camera
from Hamamatsu (Japan) and the HCImage Live V3.0 software. The
lateral resolution of our setup is in the 0.4-0.6 pm range.

2.5. AFM experiments

AFM experiments were carried out with a Bioscope Il mounted
on an IX71 Olympus inverted optical microscope and operating
with the NanoScope V controller and also with a Multimode AFM
(Veeco-Brucker, Santa Barbara, CA). This technique is based on the
detection of small forces existing between a tip and an object (the
surface sample) which is scanned along the tip with a piezo scan-
ner (maximum XYZ scan range of 150 wm x 150 wm x 12 wm). The
tip is attached at one end to a cantilever which is “built in” at
the other end. This technique can generate information on surface
topography and mechanical properties at the nanometer level.

The AFM measurements were performed under ambient con-
ditions (air) to get advantage of the harmonic oscillator behavior
of the AFM cantilever. This operating mode involves very small
forces that prevent indentation of bacteria by the AFM tip avoiding
changes in the observed contrast or damage to the bacteria cells.
Although imaging of bacteria under physiological conditions would
make more sense, such process lowers the resolution and thus sub-
tle details on the outer membrane we are interested in became
unresolved. Anyway, ambient environment is believed not to affect
bacteria which are still viable under such conditions [18].

20um x 20pm

6,5um x 6,5um 3um x 3pym

All data presented in this paper were generated with cantilevers
whose spring constant was about 40 N/m and at a scan rate of
0.5-1 Hz. For each experiment achieved in this tapping mode, three
images were recorded at the same time: trace height, trace ampli-
tude (signal error) and phase images. The former gives information
on the topography and morphology of the system, the second
emphasizes the edges and the latter allows for mechanical proper-
ties investigation. Amplitude images will be used as they increase
contrasts and emphasize details. These images provide additional
information on cell morphology modifications, in particular those
corresponding to small changes not visible in the topographic
images (height images) which are saturated due to the importance
of the sample size. Phase images (phase difference between the
exciting signal and the response of the cantilever) are very sensi-
tive to the interaction between the AFM tip and the studied surface
and can be linked to dissipative process allowing the study of the
mechanical properties of bacteria membrane at the local scale.

Finally, to access the true topography of samples without being
biased by mechanical information in height images, we worked
with relatively high oscillation amplitudes to remain in the repul-
sive dominant mode [19,20].

3. Results and discussion

In this section, we will first investigate with AFM in tapping
mode the morphology of E. coli bacteria and the organization of its
population. Based on these results, we will then follow the evolu-
tion of E. coli with time (over a month), mainly its morphological
and structural changes, to determine its viability. Finally, we will
focus on the re-organization of the external membrane of E. coli.

3.1. Morphological study of healthy E. coli immobilized on nude
mica or PEM film substrates

Before starting the study on the evolution of bacteria popu-
lation, we first investigate the interaction between the substrate
and E. coli surface. Bacteria are deposited on either nude mica or

3,5um x 3,5um 3,5um x 3,5um

Fig. 3. Different organizations of bacterial sub-populations, observed with AFM in tapping mode. Amplitude images are shown. (a) Random organization on PEM with a
highlight on the minimized occupied area (hexagonal shape). (b) Organization following cell division events occurring for bacteria deposited on nude mica; from left to right:
single file, side by side and an emphasize on the septum during cell division and bridge across two bacteria.
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Fig. 4. AFM topographic images in tapping mode showing the evolution of E. coli population on a PEM-mica substrate over a month (DO: first day D7: after a week, D15: after
two weeks and D30: after a month).

Fig. 5. Loss of membrane integrity for some E. coli bacteria after 7 days on PEM. (a) A topographical overview of the population after 7 days; (b) 3D topography of a bacterium
releasing its components on the substrate, resulting in the collapse of the cell.
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Fig. 6. (a) AFM height image, in tapping mode, of an isolated bacterium on nude mica, on DO and its corresponding phase. (b) A zoom reveals the specific structure, in

“ripples”, of the outer membrane of E. coli: height image and the corresponding phase.

mica functionalized with PEM, both being studied just after samples
preparation. In the later process, the surface is formed of a smooth
multilayer of polyelectrolytes, sometimes composed of aggregates
(Figs. 1b and 2b).

Images obtained in air, on nude or functionalized PEM mica,
show a homogeneous and dense layer of bacteria (Fig. 2a). This
is possible thanks to the optimization of experimental conditions,
mainly the bacteria concentration and drop-off process. As men-
tioned in Section 2, a suspension of 108 cells/mL is deposited on
the substrate which is, in turn, rinsed after 30 min to keep only
the fixed bacteria on the surface. Optic microscopy image (Fig. 2a)
reveals rod-shaped bacteria close to other ones, though some are
isolated. A large scan in AFM (Fig. 2a) confirms the formation of
such a dense layer of bacteria.

Characteristics of bacterial morphology can be exploited thanks
to AFM height images. The first striking feature is the rod bumped
shape of E. coli (Fig. 2b and c) and its “textured” irregular membrane
(Fig. 3a,Image 1 wm x 1 wm). It is also worth mentioning the pres-

ence of flagella and pili, despite their fragility, in some observations
(Fig. 2c). The estimated length (L), width (W) and height (H) of E. coli
observed in air are 2.0 wm, 1.2 pm and 300 nm, respectively. These
values can vary in quite a narrow range among bacteria, notably
the height, which strongly depends on the environmental experi-
mental conditions (imaging in air or liquid), but are consistent with
other results [18].

Whatever the process of deposition is (on nude mica or on PEM),
morphological properties of E. coli do not change and cells are
organized in the same way. The only difference arises from the
immobilization guaranteed by PEM, which favors dense bacteria
population and less isolated cells than for experiments on nude
mica.

3.2. Different cell division patterns

The present study highlights different types of cells within the
bacterial population, some of them resulting from a recent divi-
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Fig. 7. Partial re-organization of molecules on the outer membrane of E. coli for two different bacteria population, observed on PEM, after a week (D7). (a) Amplitude images

and corresponding zooms in phase images (b) on weakened bacteria.

sion, as bacteria are still alive when observed by AFM. Also, cellular
processes like growth or division can occur in real time.

Bacteria are either randomly organized (Fig. 3a) or specifically
distributed (Fig. 3b) on the substrate. In the first case, they are
mostly packed close one to another in a way that the occupied
areas are minimized. This results in a hexagonal shape of each cell.
In the second case, bacteria organization depends on cell division.
In particular, E. coli in a single file or side by side are observed
(Fig. 3b), such organization being potentially explained by cell divi-
sion events. Indeed, E. coli grows and reproduces, for instance, by
dividing in the middle, resulting in a new pole and an old one [21],
as illustrated in Fig. 3b (septum). Other patterns of cell division,
along diverse planes, perpendicular or not, regularly or not, can be
observed with AFM. If the division is occurring in a unique plane, a
septum is observed; otherwise, one can assume that it results in a
specific arrangement of bacteria, side by side and grouped in 2-8
cells (Fig. 3b). Bacteria during and just after division are smaller in
terms of length and width but are as high as full grown bacteria,
resulting in a more spherical than rod shape. This spherical shape
is only observed for these bacteria, which are still attached; bac-
teria alone were always rod-shaped. Moreover, in some cases, it is
possible to see links between bacteria (right image in Fig. 3b) that
may allow transfer of cellular material from one cell to another.

3.3. Biofilm lifetime

PEM are used to keep E. coli bacteria immobilized on the sub-
strate [15,22] over time and to get a stable biofilm. Evolution of the
shape, surface morphology and size of bacteria are investigated by
AFM over a month. The first experiment is performed on the day
after bacteria deposition (DO0), then after 7 (D7), 15 days (D15) and
a month (D30). The whole study on bacteria ageing was made 4
times independently, and at least 3 different areas were observed
on each sample.

Fig. 4 shows typical images of bacteria population over time,
from which first qualitative observations can be deduced. After
the first day, bacteria cover most of the surface and are mostly in
rod shape. Seven days later, the covering density surface evolves.
Indeed, the topographic contrast is slightly lowered compared to
DO, as for some bacteria, cell integrity is questioned: changes in
cell shape and size appear. While the majority of bacteria are still
high and rod-shaped, a minority collapses and exhibits a rather
spherical shape. Surprisingly, 15 days later, area occupied by bacte-
ria highly increases compared to D7. Finally, after a month, mostly
dead bacteria cover the substrate. These E. coli are characterized
by a complete collapse of their envelop: only the external edges
remain high.
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Fig. 8. Comparison of bacteria imaged by AFM in tapping mode on (a) DO and (b) D7: Zooms reveal the re-organization of LPS molecules of the outer membrane of E. coli, in
aggregates instead of “ripples”. 2D height images (scale: 500 nm), zooms in 3D and their corresponding phase images (scale: 45°) are presented.

Despite unfavorable conditions, i.e. no external source of nutri-
ents, the dense film and even the growth and multiplication of
bacteria at D15 lead us to assume that materials released by dying
bacteria at D7 (Fig. 5) might act as an intrinsic nutrition source for
the weakened cells. Even with this nutrient alternative, bacteria
end up mostly dead after a month. This might be explained (i) by
the lack of sufficient amounts of nutrients which stops the bacterial
metabolism, (ii) by dehydration or (iii) by the production of toxins
by some E. coli cells. Further experiments will be needed to check
these assumptions out.

We did not note in our images any sign which could reveal
changes in the EPS organization at the surface of E. coli bacteria,
and which could confirm that these molecules are a potential nutri-
ent source. It is rather unlikely that bacteria used EPS as nutrient
source, since it would imply for them to break some specific bounds
in EPS, using enzymes which are not present in such cells. To our
knowledge, there is no clear information in literature describing
such phenomenon. However, sharper morphology of bacteria at D7
could be due, indeed, to a dehydration of EPS. Another explanation
(which does not exclude the previous one) could be related to the
fact that bacteria suffer from nutrient starvation and are probably
dehydrated. It is well known that starved E. coli bacteria are smaller
than healthy ones, especially as they are stressed being initially in
exponential growth phase.

Thus the morphology of E. coli bacteria has been highlighted
with very fine details and, this, along with all processes occurring
in acell life. Indeed, AFM height images allow for the determination
of topographic characteristics of E. coli length around 2.0 wm, width
around 1.2 pm and height around 300 nm.

The results shown in our manuscript are reproducible, with, on
the whole, a lower contrast in the case of weakened cells having
lost their typical rounded shape. However, it is difficult to obtain
statistics from our images, because all cells do not age with the same

“speed”. Area-dependent variations can be observed, probably due
todifferencesin the bacteriaimmediate vicinity in terms of nutrient
concentration.

3.4. Restructuration of the E. coli outer membrane over
time—contribution of AFM phase images in tapping mode

In addition to morphological characteristics of a soft material
such as the outer membrane of E. coli, AFM provides rheological
information at the nanometer scale. Indeed, local variations of the
phase signal can be related to dissipation processes due to the
interaction between the AFM tip and the E. coli membrane. But the
correct interpretation of the observed contrast is a delicate point
which requires, in particular, the control of tip-surface interaction,
to be able to distinguish between the contributions of topogra-
phy and different mechanical properties. Therefore, and in order
to obtain representative topographic images, we performed exper-
iments using rather large amplitude oscillations of the cantilever
(dominant repulsive mode). In this case, if the composition of the
membrane and/or the organization of membrane molecules are
homogeneous, the corresponding phase images should not show
any contrast. This is not the case with the results obtained in this
study.

Fig. 6 shows an isolated bacterium, imaged after its deposition,
and a zoom on its membrane. The first striking feature is the E. coli
external surface outer membrane structure, which is mainly visible
thanks to AFM phase. Indeed, one can clearly see a phase separation
pattern with “hills and valleys”, composed of different materials
having specific mechanical properties as shown in phase image
(Fig. 6b). Another important observation, that can be made in par-
ticular in the zoom (Fig. 6b), is that the contrast of the phase images
is consistent with that of the corresponding topographic ones. The
same structure of the membrane with well-defined nanodomains



is observed in phase image, these domains appearing brighter than
their edges. The difference in mechanical properties between the
different areas is probably responsible for the observed phase con-
trast, which suggests a different composition and/or a different
molecular organization between the two areas (dark and bright).
For example, the phase contrast should be as well in the case of a
sample composed of different species (elastomer and glassy type)
or a mixture of components with different organizations (rigid
and fluid). The clearest areas would be the more organized/rigid
ones, whereas darker ones would correspond to medium/soft
ones.

The typical structure in nanodomains is referred as “ripples”
thereafter. The high lateral resolution of AFM allows getting the
dimensions of these linear structures. Their shape is not exactly
constant but we estimate their width to be in the range [20-50 nm],
their height in [2.5-5.0 nm] and their length up to several microns.
These estimations are in agreement with a previous study [23],
stating that these large observed ranges are probably due to the
number of O-units present in LPS. In between these “ripples”, soft
material is found compared to that within the structure which is,
hence, stiffer. These structures have been already described in the
literature [24,25] but without identification and explanations of the
phenomena.

Based on our study of bacteria evolution over time, we cor-
relate this particular organization with healthy E. coli cells. More
precisely,” ripples”, made of hard material, may be due to LPS, local-
ized in the outer membrane, this structure reminding copolymers
behavior [26,27]. This is not surprising as the typical polymeric
behavior of these macromolecules was proved, for instance, at the
air-water interface by Abraham et al. [28] who link the conforma-
tion of LPS to the lateral stress exposure. Consequently, the soft
material might be the peptidoglycan layer under the external mem-
brane of Gram negative bacteria.

After a week, this structure appears modified for some bacteria.
Indeed, on Fig. 7 (top), one can observe a reduction in the value
of the phase signal (increased dissipation) in the middle of the
bacterium, which comes along with the loss of the “ripples” orga-
nization. Instead, molecules are arranged in small, rather spherical,
aggregates, less tightly organized than “ripples” observed on the
edges. A second example is shown in Fig. 7 (bottom): in the bottom
right-hand corner, the bacterium exhibits this aggregate structure
whereas the other two present “ripples” on their outer membrane.
This rough heterogeneous surface comes along with a spread out
of the bacterium and a decrease in its height. Pits in between
aggregates represent soft material whereas the latter are made of
stiffer material as observed in the zoom phase image. Taking into
account the ageing of the sample, this specific re-structuration of
LPS molecules and the decreased height are likely characteristic of
a weakened E. coli. A comparison between healthy and weakened
E. coli bacteria is shown in Fig. 8.

This structural evolution might be explained by the re-
organization of molecules of the external membrane. As our
samples are left under the AFM setup, drying occurs and no culture
medium is added to reinforce bacteria. Under these circumstances,
the outer membrane is the first to endure any modifications,
notably in the organization of its molecules. Firstly, assembled in
“ripples”, ambient air could induce oxidative damage, resulting in
metal depletion. According to Amro et al. [29] this depletion forces
LPS molecules to re-organize and most of them are released out
of the membrane. The bumps observed on our samples might be
the left LPS molecules and the pits, zones where they are now
missing.

In addition, when exposed to lateral stress, LPS molecules are
more compact and packed together, as polymers behave [28],

which explain the aggregates and the sphere-cylindrical shape
observed on the surface of weakened bacteria.

4. Conclusion

To conclude, this study emphasizes the ageing of E. coli bac-
teria from a morphological and rheological point of view. These
bacteria were found to collapse and release some of their cellu-
lar components after a week, which became, in turn, a nutrient
source for weakened bacteria. Most importantly, along with the
morphological evolution of bacteria, their outer membrane exhibit
strong signs of re-organization with time: “ripples”, characteristic
of healthy bacteria, turn into spherical aggregates with irregular
boundaries. These modifications are likely due to the reorganiza-
tion of LPS molecules, major constituents of Gram negative bacteria
external membrane, under the exposure of external stress. The
understanding of how E. coli bacteria behave over time and in
contact with a surface might help, in turn, getting deeper infor-
mation on their predominant lifeform, i.e. biofilms. Indeed, our
AFM study allows discriminating, in quite a simple and fast way,
between alive and dead bacteria but also emphasizing the outer
surface modifications of bacteria, notably the specific structure of
LPS molecules.
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