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ABSTRACT

In various contexts such as pathogen detection or analysis of microbial diversity where cellular
heterogeneity must be taken into account, there is a growing need for tools and methods that enable
microbiologists to analyze bacterial cells individually. One of the main challenges in the development of
new platforms for single cell studies is to perform precise cell positioning, but the ability to specifically
target cells is also important in many applications. In this work, we report the development of new
strategies to selectively trap single bacterial cells upon large arrays, based on the use of micro-magnets.
Escherichia coli bacteria were used to demonstrate magnetically driven bacterial cell organization. In
order to provide a flexible approach adaptable to several applications in the field of microbiology, cells
were magnetically and specifically labeled using two different strategies, namely immunomagnetic
labeling and magnetic in situ hybridization. Results show that centimeter-sized arrays of targeted,
isolated bacteria can be successfully created upon the surface of a flat magnetically patterned hard
magnetic film. Efforts are now being directed towards the integration of a detection tool to provide a
complete micro-system device for a variety of microbiological applications.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Since many years, single-cell analysis has become increasingly
important in the field of microbiology [1]. Microbiological assays
have been traditionally performed at the population scale, by
probing a group of bacterial cells and averaging the values of the
measured parameters. However, isolating and analyzing cells
individually allows researchers to gain a deeper insight into
cellular heterogeneities within populations, which is an important
requirement for many biological applications. [2] For instance,
studies involving antibiotic resistance analysis [3,4] or pathogen
detection [5,6] are common examples where an accurate percep-
tion of cellular heterogeneities is needed, as such biological
phenomena might often originate from rare bacteria randomly
mutated in a whole population [7].

So far, microscopy imaging and flow cytometry have been the
most popular methods to study cells individually [8]. However,
recent advances in micro- and nano-fabrication technologies
have provided new valuable tools for single cell studies [9,10].
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Microsystems have emerged as powerful platforms for investigat-
ing the inherent heterogeneity of cellular systems. Their charac-
teristic dimensions, adapted to bacterial cell size, offer the possi-
bility to form large scale single-cell arrays on a substrate where a
set of miniaturized tools can be integrated for high throughput
chemical or physical analysis of individual cells [11].

Gaining the ability to place bacterial cells at defined positions
on a substrate remains one of the main challenges in the devel-
opment of such microsystems [12-14]. Several methods were
investigated to achieve this goal [9]. For instance, many attempts
have been made to build microwell arrays. Cells can be individu-
ally, simply and passively confined within uniform micron-sized
cavities engraved in a substrate over a large area by using diverse
microfabrication methods [15,16]. In other approaches, cells have
also been arrayed using force-based methods such as dielectro-
phoresis [17], optical tweezers [18], or acoustic traps [19,20].
Selective cell separation or trapping can be achieved using these
manipulation tools based on criteria such as size [21], dielectric
properties [22,23], density [24] or refractive index [25]. However,
such approaches are not adapted to the trapping of specifically
targeted bacteria from a complex mixture containing unidentified
microorganisms.
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One way to provide specificity in single-cell patterning is to
graft specific cell-adhesion mediating biomolecules to the sub-
strate. This approach typically relies on specific antibody-antigen
interactions [26]. Such surface-chemistry based patterning meth-
ods have proven efficient for arraying individual cells of particular
species on a substrate [26,27]. However, cells cannot be easily
released from the traps if required and this approach often
involves advanced surface chemistry steps, possibly difficult to
implement.

In an alternative approach, the selective isolation of magneti-
cally labeled cells with magnets was investigated to pattern cells
individually [28]. However, as regards cell manipulation using
micro-magnetic devices, most studies reported in the literature
were performed either on eukaryotic cells [29,30], of size typically
ten times larger than bacterial cells, or on magnetotactic bacteria
[31], which naturally synthesize intracellular chains of nano-
magnets. Moreover, the micron scaled magnetic flux sources
employed in these studies were either based on soft magnetic
materials requiring external magnetic fields or on the use of
micro-electromagnets requiring an external power supply and
generating Joule heating.

In this work, we demonstrate that micro-patterned hard
magnetic structures can be used to achieve selective individual
patterning of magnetically labeled Escherichia coli bacteria
(~2upm in size). These micron scaled magnetic flux sources,
requiring neither an external magnetic field nor a power supply,
have been used to fabricate compact autonomous devices for the
trapping of magnetic particles [32] and of magnetically-labeled
eukaryotic cells [33]. So as to be adaptable to several applications
in the field of microbiology, two different strategies were em-
ployed to label cells magnetically and specifically using (1) im-
munomagnetic labeling, based on antibody-antigen interactions
and (2) magnetic in situ hybridization relying on a specific DNA
sequence detection [34]. In both cases, we show that selective
arraying of individual bacteria can be achieved using micro-
magnets of a size approaching that of bacteria.

2. Materials and methods
2.1. Micro-magnet design and fabrication

5 pm thick hard magnetic neodymium iron boron (NdFeB)
films were sputtered on Si wafers covered by a 100 nm Ta buffer
layer. A 100 nm Ta protecting overlayer was then deposited to
prevent oxidation of the magnetic thin film. NdFeB films present a
coercivity of around 2T and a remanence up to 1.3 T. Micro-
magnet arrays were obtained by the Thermo-Magnetic Patterning
technique (TMP), which consists in exploiting the temperature
dependence of coercivity to locally switch magnetization [35]. The
magnetized hard magnetic films were irradiated with a KrF
(248 nm) pulsed excimer laser, through a TEM grid (5 pm wide
metal stripes defining an array of 7.5 pm x 7.5 um holes), used as
the contact mask for patterning. At the same time, an external
magnetic field was applied opposite to the initial magnetization
direction, which induced magnetization reversal in the areas
heated up by the laser. The resulting structures consist of arrays
of oppositely magnetized micromagnets. The stray magnetic field
patterns above the micro-magnet array were visualized using
Magnetic Force Microscopy. The magnetic field and magnetic field
gradient at the surface of the micro-magnet array are maximum at
the interfaces between oppositely magnetized regions [36].
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Fig. 1. Principle of bacterial cell labeling using immunomagnetic labeling.
2.2. Bacterial cell labeling

For all experiments, the organisms used were E. coli DH10 and
Acinetobacter sp. ADP1 cultured in Luria Bertani (LB) broth at 37 °C.
Bacterial cell labeling was performed using two different strate-
gies: (1) immunomagnetic labeling and (2) magnetic in situ
hybridization. Schematic illustrations of each labeling concept
are shown in Figs. 1 and 2.

2.2.1. Immunomagnetic labeling

For immunomagnetic labeling, commercially available biotiny-
lated anti-E. coli antibodies were purchased from AbD Serotec. A
sample of 250 ul of cultured bacterial cells (ODggonm=0.25) were
washed 3 times and re-suspended in 500 ul of phosphate buffer
saline (PBS: 130 mM NaCl, 10 mM sodium phosphate buffer, pH
7.2). Avolume of 1 pl of biotinylated anti Escherichia coli antibodies
(Serotec®), Rabbit anti E. coli antibody: Biotin) were then mixed
with bacteria. The sample was incubated at room temperature for
1 h, washed 3 times and re-suspended in 500 pul of PBS. A volume
of 25ul of streptavidin-coated superparamagnetic beads (Mi-
croBeads, diameter 50 nm) was then added to the mixture before
1 h incubation at room temperature.

2.2.2. Magnetic in situ hybridization

2.2.2.1. Cell fixation. Two milliliters of cells in exponential growth
phase (optical density=0.8-1) were collected by centrifugation
(10 min at 2500 x g) and fixed in 500 pl of 3% paraformaldehyde
solution (PFA) diluted in phosphate-buffered saline (130 mM NacCl,
10 mM sodium phosphate buffer, pH 7.2). The sample was then
incubated 12 h at 4 °C. After incubation, cells were washed 3 times
with PBS and re-suspended in 500 ul of the same buffer. For
storage at —20°C, 50% (v/v) absolute ethanol was added to
samples.

2.2.2.2. Preparation of rDNA templates for in vitro transcription. E.
coli DH10p genomic DNA was extracted using the NucleoSpin®
Tissue kit (Macherey-Nagel) following the manufacturer's
instructions. PCR amplification of 23S RNA gene fragments
encoding the variable region of domain III was then performed
with the E. coli DH10 DNA. The nucleotide sequences of the
primers used were 5'-MADGCGTAGBCGAWGG-3' (1900V>?) and
5’-TAATACGACTCACTATAGGGGGACCWGTGTCSGTTTHBGTAC-3’
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In situ
hybridization
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Fig. 2. Principle of bacterial cell labeling using magnetic in situ hybridization.
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(317RT>®). The latter primer contained the T7-RNA polymerase
promoter sequence (underlined) required for the in vitro
transcription. PCR assays were performed with Illustra Hot Start
Mix RTG PCR beads from GE Healthcare following the supplied
protocol. The cycling parameters for PCR were 95 °C for 10 min,
followed by 35 cycles at 95 °C for 30 s, 53 °C for 60 s and 72 °C for
90 s, followed by 72 °C for 10 min. The resulting rDNA fragments
with an expected size of about 236 nucleotides were controlled by
agarose gel electrophoresis (1% (w/v)) stained with ethidium
bromide (BET) (0.1 mg/ml). The purified PCR products (GFX PCR
DNA and Gel Band purification Kit, GE Healthcare) obtained were
then used as templates for in vitro transcription.

2.2.2.3. Preparation and labeling of transcript probes. Transcipts of
23S rDNA fragments were obtained using an RNA transcription kit
(Invitrogen). The resulting RNA probe products were purified
using the NucleoSpin® RNA purification kit (Macherey-Nagel)
and subsequently labeled with a biotin labeling kit (MIRUS®)
which offered a labeling density of about 1 labeled nucleotide
every 50 nt.

2.2.2.4. Magnetic labeling of bacterial cells. A volume of 10 ul of
PFA-fixed cells was washed with 200 ul of PBS (130 mM NaCl,
10 mM sodium phosphate buffer, pH 7.2), centrifuged for 3 min at
10,000 x g, and re-suspended in 30 ul of a hybridization buffer
(100 mM Nacl, 0.01% SDS, 20 mM Tris-HCI (pH 8.0), 5 mM EDTA
(pH 8.0) containing 80% formamide and 1 pg of labeled transcript
probes). The solution was then incubated at 80 °C for 20 min and
hybridization was performed at 53°C for 4h. After cell
hybridization, 60 ul of PBS (130 mM NaCl, 10 mM Na,HPO,4/
NaH,PO,4, 0.5M EDTA, pH 7.2) and 10 ul of streptavidin-coated
superparamagnetic beads (Miltenyi Biotec MicroBeads, diameter
50 nm) were added to 40 ul samples. An incubation step was then
performed overnight at 4 °C.

2.3. Single-cell micro-patterning

Cell suspensions from labeled samples were stained with 1 pl
of ethydium bromide (BET) (0.1 mg/mL) for subsequent micro-
scopic observation. Ten microliters of this suspension were placed
upon magnetically patterned hard magnetic films. We used an
epifluorescence microscope (Carl Zeiss Axiolmager/AxioCam HSm
camera) to visualize the emergence of the magnetic patterns,
revealed by the attraction of bacteria to the regions of highest
stray magnetic field.

3. Results and discussion

Although microsystem technologies are providing new oppor-
tunities for single cell analysis in microbiology, a key step in their
development is to be able to micro-pattern bacterial cells selec-
tively and individually upon defined areas of a substrate. In this
paper, we propose the use of a magnetic micro device as a tool to
individually micro-pattern bacterial cells selectively. As a first
proof of concept, we used E. coli bacterial cells as a model. We
demonstrate that E. coli can be magnetically labeled selectively
and subsequently micro-patterned upon a flat array of 7.5 x
7.5 um? magnets.

3.1. Micro-magnet array for single cell micro-patterning

Micromagnetic patterns (Fig. 3a) produced by applying the
TMP technique to a flat hard magnetic film can be visualized using
Magnetic Force Microscopy. Fig. 3b shows the reconstructed image
obtained from the measurement of the interaction force between a
magnetized tip and the magnetic stray field of the 7.5 x 7.5 pm2
patterns. Fig. 3c. and d show, respectively, the norm of the
magnetic flux density (B) and the modulus of the magnetic field
gradient along the z-axis (0B/oz) calculated 1 um above such a
patterned film (COMSOL). The most intense gradients (2.5 x
10° T/m) are found at the boundary separating two regions of
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Fig. 3. Micro-magnet arrays: (a) schematic of a Thermo-Magnetically Patterned (TMP) hard magnetic film, (b) MFM (Magnetic Force Microscope) image of an array of
7.5 x 7.5 pm? micro-magnets produced by TMP, (c) magnetic flux density norm 1 um above the micro-magnet array (COMSOL) and (d) magnitude of the magnetic field

gradient (0B/oz).
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opposite magnetization. It should be noted that the strong field
gradients obtained with such micro-magnets are required to trap
small size bacteria labeled with magnetic nanoparticles [39]. These
high field gradients should maintain the trapped cells immobilized
when performing long-term experiments such as cell culture.

3.2. Selective labeling of bacterial cells

Prior to placement upon the micro-magnet array, cells were
specifically marked with magnetic nanoparticles using two differ-
ent strategies. The first strategy was based on immunomagnetic
labeling while the second one relied on magnetic in situ
hybridization.

Each strategy has its own advantages and limitations that can
meet different requirements depending on the study carried out in
microbiology. Immunomagnetic labeling is a technique based on
antibody-antigen recognition. In this work, targeted E. coli bacter-
ia were labeled using a biotinylated antibody directed against
those cells, onto which magnetic nanoparticles were subsequently
attached. The main advantage of this strategy is its high specificity
and the fact that antibody-based cell manipulation tools preserve
cell viability [40], which allows to study complex biological
responses of bacteria to a wide range of environments, stressors,
and growth conditions. On the other hand, the use of immunola-
beling techniques in microbiology is limited by the need to recover
enough antigenic molecules to produce antibodies. This will
generally restrict its application to bacteria than can be grown in
a laboratory, which represents a low percentage of bacteria ( ~ 1-10%).
Consequently, this approach is mostly employed for the detection
of well-characterized bacteria [41].

Magnetic in situ hybridization (MISH) is a molecular biology
technique that allows to identify specific cells through nucleic acid
sequences (DNA or RNA) [34]. This method is based on the specific
base pairing interaction between nucleic acids. After identifying a
specific bacterial nucleic acid sequence, a complementary nucleo-
tide probe is synthesized and directed against the cells of interest.
In this study, biotinylated polynucleotide transcript probes were
used. These probes, once hybridized to their target sequences,
allowed an anchorage of streptavidin-coated superparamagnetic
beads [38]. The polynucleotide probes used for in situ hybridiza-
tion were RNA transcripts from PCR-amplified fragments of E. coli
DNA corresponding to a specific part of the 23S rDNA domain III.
The 23S rDNA domain III being considered as a phylogenetic
marker [37], probes used are specific to the strain from which
they originate. Here the probes specifically targeted E. coli. How-
ever, the method described in this paper can be used to specifically
label other target cells from a complex mixture. In MISH, prior
isolation of targeted microorganisms in pure culture is not

required, which broadens the application to unculturable bacteria.
A DNA sequencing step is generally performed to obtain the DNA
(or RNA) template which will be used to synthesize the probe in
vitro [42]. Cells labeled by this method are not viable due to the
fixation step performed with a chemical fixative (here parafor-
maldehyde) to preserve cell integrity. This fixation step aims at
denaturing the bacterial cell wall and achieving crosslinking of
proteins [43]. Nevertheless, fixed bacteria remain whole cells
genetically viable for subsequent genomic applications [44,45].

3.3. Selective micro-patterning of single bacterial cells upon a micro-
magnet array

After magnetic labeling of target cells, micro-patterning experi-
ments were performed. Before attraction experiments, bacteria
samples were stained with ethidium bromide to facilitate their
observation and consequently displayed orange fluorescence un-
der an excitation wavelength of 524 nm. Fig. 4 and Fig. 5 show
results of experiments carried out using immunomagnetic labeling
and magnetic in situ hybridization, respectively.

Trapping of target cells resulted in fluorescent patterns reveal-
ing the magnetization patterns of the NdFeB film. Bacterial cells
were attracted towards magnetic field maxima and for an initial
concentration of 10° bacteria/mL, small groups (<10 bacteria)
were localized at each micro-magnet (Fig. 4c). For a concentration
of 108 bacteria/mL, bacteria were overall individually positioned
onto 7.5 x 7.5 pm? sites (Fig. 5 c-f), but it could happen that two
cells were captured in a single trap. When the labeling step was
skipped, no fluorescent pattern could be observed (Figs. 4a and
5a). In a second control experiment, to confirm the specificity of E.
coli DH10f micro-patterning, we used another bacteria strain,
Acinetobacter sp. ADP1, as a negative control. E. coli cells were
therefore replaced with Acinetobacter cells. The random position-
ing of the Acinetobacter sp. ADP1 bacteria on the micro-magnet
array confirms trapping specificity with both labeling techniques
used. (Figs. 4b and 5b). Those results show that the use of micro-
magnets, combined with flexible labeling approaches, ensure
proper bacterial cell organization, in which precisely positioned
cells are sufficiently isolated from their neighbors.

4. Conclusion

In this study, we demonstrated the formation of a large 2D
array of single bacterial cells upon a magnetically patterned hard
magnetic film. For this purpose, flat micro-magnets of size
approaching that of bacteria were designed. E. coli bacterial cells
were selected as a model in our study. However, labeling

Fig. 4. Micro-patterning of E. coli bacterial cells magnetically labeled by immunomagnetic labeling upon an array of 7.5 x 7.5 pm? magnets: (a) control showing that non-
labeled E. coli are randomly positioned upon the micro-magnet surface; (b) negative control showing the randomly positioning of Acinetobacter sp. ADP1 exposed to the same
antibody and (c) micro- patterning of E. coli in small groups (concentration: 10° cells/mL).
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b

Fig. 5. Micro-patterning of E. coli bacterial cells magnetically labeled by magnetic in situ hybridization upon an array of 7.5 x 7.5 pm? magnets: (a) control showing that non-
labeled E. coli were randomly positioned upon the micro-magnet array, (b) negative control showing the random positioning of Acinetobacter sp. ADP1 exposed to the probes
selected for labeling of E. coli, (c—f) progressively zoomed views showing E. coli individually trapped upon 7.5 x 7.5 pm? micro-magnets (concentration: 10 cells/mL). In
pictures e and f, it can be noticed that free biotinylated RNA probes linked to streptavidin-coated superparamagnetic nanoparticles and labeled by ethidium bromide reveal

the magnetic pattern.

techniques used here could be easily applied to any other cell type.
This improvement in cell array technology provides new perspec-
tives for the development of innovative microsystem chips. We
have recently demonstrated that micro-magnets could be inte-
grated within microfluidic channels for future lab-on-chip appli-
cations [32,34]. This microfluidic integration can be exploited to
elute non-target cells, while keeping the others at their individual
trapping site. We are now working on improving the system
design through the integration of detection tools to provide a
complete micro-system device for a variety of microbiological
applications.
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