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Abstract—The objective of the present investigation was to
evaluate the morphology of Escherchia coli bacteria in interaction
with SiO, nanoparticles.

This study was made by atomic force microscopy and quartz
crystal microbalance using SiO, nanoparticles with 10nm, 50nm and
100nm diameter and bacteria immobilized on polyelectrolyte
multilayer films obtained by spin coating or by “layer by layer”
(LbL) method.
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1. INTRODUCTION

HE development of nanosciences is a technological

revolution, and many industrial and medical applications
are already available, using for instance nanoparticles (NPs).
Today, although NPs are permitted in numerous technologies
in the world, their long-term toxicity on the environment and
on humans is still poorly understood. It is clear from studies to
date that NPs may affect the biological behavior at the
cellular, subcellular and protein levels. Some NPs easily
penetrate in the body, cross cell membranes, lodge in
mitochondria and can trigger adverse reactions [1].

A major emphasis regarding the impact of nanoparticles
focuses on their toxicity to microorganisms such as bacteria,
and many studies aim to examine SiO, toxicity mechanisms
on microorganisms [2], [3].

Whilst there are many powerful techniques for studying
biofilm formation, including confocal optical microscopy [4],
scanning electron microscopy, transmission electron
microscopy (TEM) [5], etc., the ability to examine in details
their interfacial properties especially under in situ conditions
is still limited. In comparison with optical microscopy, atomic
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force microscopy (AFM) can probe structural details with a
high spatial resolution (atomic and molecular scales). The
AFM not only gives us access to the topography (height
image) but can also go back to the mechanical properties
(elasticity, viscosity) through tribological (friction in contact
mode) or phase images (surface charge, elasticity in tapping
mode). Spectroscopy mode can also be used leading to the
force curves (in contact) and approach-withdrawal curves (by
tapping). This technique has been used in liquid medium and
under ambient conditions for imaging different bacterial
systems [6], [7].

In our study, we want to follow by AFM the interaction of
the Escherichia coli (E. coli) bacteria with SiO,-NPs with
various diameters from 10 to 100nm and more particularly
their potential stress, giving information about the NPs
toxicity. Indeed, some studies suggest that various parameters
such as the size, shape, surface chemistry, composition, and
aggregation state of NPs would be determining in NPs-
bacteria membrane interaction [8], [9].

E. coli bacteria were immobilized on polyelectrolyte
multilayer (PEM) films [10], [11], realized using the layer by
layer technique (LbL), each layer being alternatively
positively or negatively charged. AFM method allows first to
characterize the PEM deposition process, and secondly the
morphology of bacteria in the absence or in the presence of
SiO,-NPs, in the nanometer range. The monitoring of PEM
deposition was also followed by the quartz-crystal
microbalance method (QCM-D) in real time.

II. MATERIALS AND METHODS

A. Material

SiO,-NPs (10nm, 50nm and 100nm in diameter) were
purchased from Biovalley (Marne-la-Vallée, France).
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Fig. 1 Chemical structures of (A) PSS and (B) PAH
Commercial  polyelectrolytes  used  for  bacteria

immobilization were cationic poly allylamine hydrochloride
(PAH, MW =56kDa), and anionic polystyrene sulfonate (PSS,
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MW =70 kDa) (Fig. 1). They were purchased from Sigma
Aldrich.

E. coli bacteria were obtained from the Centre d’Etudes du
Bouchet (DGA, France). Millipore water (pH 5.5, resistivity >
18.2MQ.cm) was used for the preparation of all solutions.
Mica was used as support for AFM measurements, and was
purchased from Electron Microscopy Sciences”. QCM-D
sensor crystal (AT-cut) with a fundamental resonance
frequency of 5SMHz and gold electrode (area: 0.1cm?) and thin
upper layer of silicon oxide (50nm) were purchased from
LOT-Quantum Design.

B. Methods

1. Bacteria Biofilm Preparation on a PEM Surface

Polyelectrolytes (PE) were dissolved in Millipore water at a
concentration of 0.5g/l. Each PE layer was deposited through
the LbL method resulting in self-assembled molecular
multilayers PAH-(PSS-PAH),. Typically, PAH and PSS
solutions were alternatively deposited, adsorption and rinsing
steps being repeated to obtain the desired number of PE layers
(Fig. 2). In this work the last layer was made of positively
charged PAH layer to immobilize negatively charged E. coli

bacteria.
D LD %}

Stepl: Step 2:

\PAH + pss-)

Stepsrepeated three times

Quartz substrate

Incubation ina solution
of E. Coli+Si0, -NPs

Fig. 2 LbL method for E.coli bacteria immobilization on a surface

For all measurements, the conditions were maintained at
pH=5.5 and T=28°C. The injection was made in macro-flow
with an optimal through put set at 65ul/min for both PE
alternatively, followed by signal stabilization in a few minutes
after each PE layer deposition indicating the end of the
adsorption step. A baseline was systematically made using an
injection of Millipore water.

E. coli were grown overnight in Petri dishes containing
Luria-Bertani (LB) solid agar nutritive medium at 37°C. They
were suspended in ultrapure water to obtain an optical density
of 0.6 (at 600nm) corresponding to a cell concentration of 10°
cells/ ml.

2. Quartz Crystal Microbalance (QCM-D)

The QCM technique (thoroughly described by Rodahl et al.
[12]) is known as a very sensitive mass sensor. Its principle is
based on the piezoelectric effect of a quartz crystal oscillating
at a characteristic resonant frequency, f;. An increase of the
mass in contact with the crystal surface shifts this frequency
[13]. It is thus possible to measure in real time sub-nanogram
changes at the liquid-crystal interface thanks to the Sauerbrey
equation [14]:

_ _Patehfa
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where 4m is the apparent mass, p,, is the specific density of the
quartz crystal (2.648g-cm™), f; is the fundamental frequency
of the crystal in air (4.95 MHz), ¢, is the thickness of the
quartz crystal (30nm) and A4f, is the change of resonance
frequency at the first overtone (n=1).

It is also possible to follow in real time the change in energy
dissipation, 4D, the dissipation energy being defined as:

D:Edis/(Es/ x 277:)

where E,, is the energy dissipated during one period of
oscillation and E,, is the energy stored in the oscillating
system.

3. Optimization of Concentration of the NPs Solution

We tried first to optimize the concentration of SiO,-NPs
used in order to obtain a homogeneous distribution devoid of
NPs aggregates.

NPs suspensions were first cleaned by three cycles of
centrifugation, NPs being dispersed in ultra pure water after
each centrifugation to ensure to remove surfactant impurity
from the final colloidal suspensions. Then different dilutions
were achieved. In order to determine the presence or not of
NPs aggregates, the obtained solutions were deposited on
substrates by spin-coating (300rpm, 1 minute) leading to
nanostructured surfaces which were dried under a desiccator
overnight at ambient temperature, before AFM observation.

In addition, bacteria were also put in contact with NPs
before the formation of the biofilm. In this case, the bacteria
suspension previously described was diluted to a concentration
of 10°ells/ml, and 500pL of this diluted suspension was
added to 4.5mL of Millipore water. Bacteria were then
incubated in the presence of an equal volume of SiO,-NPs
suspension during 1 to 24 hours. Finally they were deposited
on a surface functionalized by PEM and kept protected from
dust under a desiccator overnight.

4. Atomic Force Microscopy (AFM)

Briefly, AFM technique [15] (described in Fig. 3) is based
on the detection of weak forces existing between a tip and an
object (the surface sample) which is scanned along the tip with
a piezo scanner (maximum XYZ scan range of 150um*150
um*12um). The tip is attached on a cantilever, and the tip-
sample forces are measured directly by the deflection of the
cantilever on which is reflected a laser spot into an array of
photodiodes. This technique can generate information such as
topography and mechanical properties (adhesion, elasticity,
viscoelasticity or chemical composition) at the nanometer
level, thanks to friction and/or phase images.
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Fig. 3 Atomic Force Microscopy (AFM) principle

Two AFM setups were used in this work, a MultiMode
NanoScope II apparatus (AFM imaging), and a Bioscope II,
mounted on an Olympus inverted optical microscope and
operating with the NanoScope V controller (Veeco-Brucker,
Santa Barbara, CA). The AFM characterization of samples
was performed in tapping mode under ambient conditions in
air, depending on the nature of the samples.

All data presented in this paper were generated with the
same cantilever (with a spring constant and a corresponding
measured resonance frequency (f,) ranging between 21mN/m
and 98mN/m, and 146 KHz and 236 KHz respectively). For
each experiment, four images were recorded at the same time:
trace and retrace height images (topography), trace deflection
images (error signal) and phase images (mechanical
proprieties).

III. RESULTS AND DISCUSSION

A. Optimization of the NPs Organization and PEM Film
Formation

Several nanoparticles size have been used the
corresponding NPs solution have been optimized such as ®= 4
nm, ®=10nm, ®=50nm and ®=100nm. In this paper we present
only the results for NPs with ®= 100nm

To optimize the concentration of NPs while avoiding the
formation of aggregates, different solutions dilutions were
tested and the corresponding solution were deposited on mica
leading to nanostructured surfaces which were observed by

AFM.
M 0B
ST )
3 I

Fig. 4 AFM results on nanostructured surface with SiO,-NPs
(®=100nm). Amplitude images 10um*10um obtained with the
tapping mode (A: dilution 500%, B: 1000x dilution)

Let us note that the main part of NPs was washed from the
surface, only NPs adsorbed on the mica (in a sufficient
amount) remaining on the surface. As shown in Fig. 4, the
suitable NPs solution, avoiding aggregates, was diluted 1000
times from a stock solution of concentration 5.7 % (W/w).
Bacteria were incubated in the optimized NPs solution. Also
the mixtures Bacteria-NPs is deposited on a surface
functionalized by a polyelectrolytes film which has been
optimized its construction by QCM-D.

The preparation of the PE multilayers was followed by the
QCM-D technique and the obtained multilayer film was
observed with AFM.
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Fig. 5 Frequency shifts (Hz) as a function of time, due to the PEM
deposition on the crystal surface

Typical in situ frequency shifts obtained during the
alternative deposition of PAH and PSS layers are shown in
Fig. 5. After each injection, the frequency shift decreases
rapidly, due to the adsorption of the polymer on the surface,
and then stabilizes in a few minutes, showing the saturation of
the surface. Each adsorption step lasts between 5 and 10
minutes.

Then, AFM experiments enabled us to characterize the
morphology of these samples and to confirm QCM-D results.

538



International Journal of Chemical, Materials and Biomolecular Sciences
ISSN: 2415-6620
Vol:7, No:7, 2013

Heightimages

Phase images

Fig. 6 Topographic images (Sum * 5um) obtained in AFM tapping
mode on bare surface (A and C, height and phase respectively), and
on surface recovered with PEM (B and D, height and phase
respectively). Scale bar for height and phase image are 50nm and
360°, respectively

AFM results on the substrate before and after the PEM
deposition show an evolution of the surface topography
(height images) after the deposition of the film. The increasing
of the grain sizes and of the average roughness suggests that
the polyelectrolyte multilayers ((PAH-PSS);-PAH) have been
effectively deposited on the surface. The low variations in the
contrast of phase images indicate that the sample surface is
relatively homogeneous and hence confirms that the PEM
covers the entire surface.

B. Morphology of E. coli Bacteria Observed by AFM

Let us recall that the biofilm of bacteria was formed using
two methods: first on bare surface by spin coating, and
secondly by immobilization through the PEM process (Fig. 2).
The first method is limited, since the surface density of
immobilized bacteria is weak and a lot of them are removed
during the rinsing phase (results not shown) leading to poorly
reproducible results.

Fig. 7 AFM results obtained in tapping mode in air. Topography of
bacteria immobilized on a surface functionalized by PAH-(PSS-
PAH);. Bacteria population (A: 30pm *30um, B: Sum * 5um); an
isolated bacterium (C: 3um * 3pum)

The second method, as shown in Fig. 7A and 7B, gives
more reproducible results, thanks to the formation of a stable
biofilm, even after three rinsing steps. Fig. 7C enabled us to
determine the following bacterium dimensions: length, width
(half bacterium height) and height of 1.8um, 1.2um and 150

nm, respectively. These dimensions are in agreement with
those obtained in the case of healthy bacteria [16].

C. NPs-Bacteria Interaction

The first experiments to test the bacteria-NPs interaction
and to implement the protocol were performed on high size
nanoparticule (®=100nm). The choice, at this first step, of
such a large size of NPs is done in order to have images with
sufficient contrast, where it is possible to observe both
bacteria and NPs.

In Fig. 8, height images (8A and 8B) including
topographical information, shows that the bacteria
morphology (shape and size) does not change after their
incubation in the presence of NPs. This suggests that bacteria
are always healthy. We note also the presence of aggregated
NPs on the surface of the bacteria membrane. Moreover, we
guess that NPs are aggregated at the interface between the
bacterium contours and the substrate interface. The
corresponding amplitude images (8C and 8D) confirm these
observations by providing higher contrast. This result was
expected since the size of NPs is large enough to prevent the
penetration of NPs into bacteria.

A

Height images

Amplitude images

Fig. 8 AFM topography images (Sum * Spum) obtained in tapping
mode. Bacteria were incubated in a SiO,-NPs solution (®=100nm)
during 1 hour on mica substrate for two separate bacteria (A, C) and
(B, D). Scale bar for height and amplitude images are 500 nm and
100mV, respectively

Other information may be extracted from the AFM
experiments. For example, phase images provide information
such as the heterogeneity of the surface sample (in terms of
charge, hardness, viscoelasticity, etc.). In this study, one can
expect that phase images tell us more about the evolution of
the mechanical properties of the bacteria according to the
presence or absence of nanoparticles.
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Dominant repulsif mode

Dominant attractive mode

Fig. 9 AFM Phase images (Spm * 5um) of two distinct E. coli
bacteria (A and B) interacting with SiO,-NPs (®=100nm) Dominant
repulsive AFM mode (A and B) and dominant attractive AFM mode

(C and D) Scale bar for phase 90°

Indeed, a variation of the oscillating AFM probe induces a
variation of its interaction with the bacterium surface. So,
small oscillating amplitudes correspond to dominant attractive
mode (mechanical contrast) while high amplitudes correspond
to repulsive dominant mode (topographic contrast). Fig. 9
shows such typical results for two different bacteria
interacting with a high amount of NPs (9A, 9C) or a low one
(9B, 9D). In the first case, the bacterium shows no change in
the phase image (both in repulsive and attractive modes)
suggesting that this bacterium is rigid and its surface is
smooth. The presence of aggregates of NPs (hard matter) on
its surface enhanced the contrast of the phase image between
bacterium and NPs (repulsive interaction). In the case of the
second bacterium (Fig. 9B and 9D) the evolution of the
corresponding phase contrast between the repulsive and
attractive mode is a sign of its low stiffness which leads to
greater dissipation between the AFM probe and the bacterium
surface.

The contact of NPs and the bacterial membrane and their
aggregation 1is probably due simply to electrostatic
interactions. However, the hypothesis related to the toxicity of
Nano cannot be eliminated definitively. Indeed, although the
passage of NPs through an intact bacterial membrane seems
unlikely, because the great size of the latter (d=100nm), their
accumulation in the cytoplasm, probably after the rupture of
membranes, is often observed. So, the difference observed
between all these cases (9A & 9B, 9C & 9D) indicates a
relationship between rigidity of the bacteria and the
attachment (or not) of NPs on the membrane.

Now that the full protocol for the study of NPs-bacteria
interaction is established, we have attempted to test the effect
of NPs sizes. We used the diameters: ®=4nm, 100nm and 50
nm. As an example Fig. 10 shows the results obtained recently

on NPs with a diameter of 10nm. Different image sizes are
shown in this figure. The amplitude (A2, B2, C2) and phase
ones (A3, B3, C3) complete information obtained with the
height ones (A1, B1, C1) with providing better contrast.

‘
‘

Height images

Amplitude images

'
'

Fig. 10 AFM images in tapping mode for E. coli bacteria after
incubation in SiO,-NPs solution (®=10nm) during 24 hours on mica
substrate for three different scale (A: 20um x 20 pm; B: 8um x8 pum;
C: 5um x5pum). Scale bar for height, amplitude and phase image are

500nm, 100mV and 92° respectively

'
‘

Phase images

A first observation can be made when analyzing all of these
results: the coverage of the surface by bacteria is much less
important than in other cases such as bacteria in the absence or
in the presence of NPs of 100nm in diameter. Furthermore, the
surface is covered with an inhomogeneous bacterial
population: some bacteria show the typical cylindrical
morphology of a healthy state previously described, whereas
as other ones are rather spherical. Other bacteria have less
contrast and seem to have much lower heights as if they were
emptied of their content. The toxic effect of these small NPs
(®=10nm) is thus clearly visible. These preliminary results are
encouraging and need other complementary experiments such
as fluorescence microscopy and will also be deepened with a
study of other sizes of NPs (0=4nm and 20nm).

IV.CONCLUSIONS

In this work we have first optimized our protocol namely
the optimization of the NPs concentration and the
immobilization of the bacteria on our surface. In a second
step, the study by AFM shows that NPs are able to interact
with bacteria, the mode of interaction, and more particularly
their ability to penetrate into the membrane, depending
probably on the size of the NPs. This study may provide
insightful information toward our understanding of the NPs-
biosystems interactions and other interfacial phenomena at
nanoscale.
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