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Nanowire Arrays as Force Sensors with Super-Resolved
Localization Position Detection: Application to Optical
Measurement of Bacterial Adhesion Forces

Aldeliane M. da Silva, Prasana K. Sahoo, Alessandro Cavalli, Alessandra A. de Souza,
Erik P. A. M. Bakkers, Carlos L. Cesar, Richard Janissen,* and Monica A. Cotta*

The design and application of indium phosphide (InP) nanowire arrays to
acquire Xylella fastidiosa bacterial cell vector force maps are discussed. The
nanowire deflections are measured with subdiffraction localization confocal
laser scanning microscopy (CLSM). The nanowire mechanical stability in
air and liquid media as well as methods to average out thermally induced
oscillations are investigated. The accuracy of center determination of the
CLSM reflected laser intensity profile at nanowire apex is studied using
Gaussian fitting and localization microscopy techniques. These results
show that the method is reliable for measuring nanowire displacements
above =25 nm. Corresponding force ranges probed by this method can

be customized depending on nanowire geometry and array configuration.
The method is applied to explore X. fastidiosa cell adhesion forces on the
InP nanowire surface, and in situ probes the effect of N-acetylcysteine on
adhered cells. Future perspectives for application of this method in micro-

1. Introduction

Understanding microbial cell adhesion to
a surface or to other cells is a fundamental
step toward the full comprehension of
microorganism interactions with both
hosts and natural environments. This is
an important research topic today due to
the large impact of microbial activities in
human health, biotechnology, agriculture,
animal farming, industry, and economy in
general.!3l Quantitative measurements of
cell forces are one of the approaches used
to probe bacterial motility and surface
interactions.ll However, force generation
and force transmission in bacteria are less
obvious than in eukaryotes; their arsenal

biology studies are also outlined.
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includes a refined system to polymerize

actin and acquire propulsion;>® flagellar

movement, for example, induces pertur-

bations in fluids.”# In addition, colonial
organization of bacterial cells, including the formation of bio-
films, endows these organisms with a plethora of new capaci-
ties in terms of cell—cell and cell-substrate adhesion, and hence
forces transmission.l*1 Investigations on single bacterial cell
adhesion, however, can be further complicated if we consider
that different surface properties, such as wettability,['>!3 chem-
ical constituents,™ compliance, >l and nanotopography,'’-2%
can influence cell behavior and adhesiveness. Moreover, envi-
ronmental conditions such as pH, temperature, etc., are obvi-
ously relevant because they can affect the charge state of surface
chemical groups.

Over the years, many techniques have been applied or spe-
cifically developed for measuring cell adhesion forces.>21-2]
Among them, flow chamber experiments have been widely
usedB%31 but they mostly capture shear forces in fluids. In the
last decade, available experimental methodology was expanded
by the introduction of new measurement modes based on
atomic force microscopy (AFM). In single-cell force spectros-
copy (SCFS), living single cellsP?33 can be immobilized on
the cantilever, thus replacing the AFM tip. This assembly is
then used to probe the interaction forces to another cell or a
solid substrate, and can be successfully applied to both bac-
teria and eukaryote investigations.**38 This setup can be fur-
ther improved by adding different techniques such as fluidic
force microscopy technology, in which reversible bacterial cell
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immobilization on the AFM tip was achieved by underpressure
using a microchanneled cantilever.?"?2l However, single point
force measurements, although very valuable, cannot provide a
broader picture of high data content of force networks of whole
cells or multicellular tissues. Bacterial clusters and biofilms, for
example, require the simultaneous measurement of forces in
several anchoring points, which cannot be obtained by SCFS.

Therefore, an AFM similar concept of optically measuring
a cantilever deflection to probe forces, was recently introduced
using polymeric or semiconductor nanopillar arrays,**! capable
to acquire vector force maps in parallel and real time.?” Sev-
eral groups have demonstrated the use of force sensors based
on vertical nanopillars or nanowires for mammalian cell
studies.'>293943] The use of crystalline materials with well-
defined elastic properties, and stiffer than the elastomeric mate-
rials originally used for that purpose,l'>?°! improves the method
accuracy. Moreover, the nanopillar aspect ratio can be varied
accordingly to the force ranges of interest and the spatial distri-
bution pattern can be fabricated to better accommodate different
cell shapes and sizes, as well as their corresponding forces.

The final procedure in these arrays of force sensors is the
measurement of the nanowire deflections imposed by cells
adhered to the substrate. A common method has been the use
of electron microscopy images***! in dry samples, with pos-
sible tension effects,*’l which is almost impossible to apply in
the case of living cells in culture. Therefore, preferable nanowire
deflection optical measurements in living cells include the use
of optically active semiconductor materials,*”! or immobilizing
fluorophores on the nanowire surface.*® In this work, we
address the use of indium phosphide (InP) nanowire arrays to
the map of Xylella fastidiosa bacterial cell adhesion forces. The
deflection of nanopillars was obtained with localization sub-
diffraction technique in confocal laser scanning microscopy
(CLSM), along with a discussion of the advantages and limi-
tations of this technique, including an extensive study of the
lower limit for the force measurement given by the precision
of tip localization or the thermal limit. Furthermore, as a proof
of concept for in situ, real time evaluation of cell processes, we
show that this method can be used to quantitatively probe the
inhibitory effect of N-acetylcysteine (NAC), a cysteine analog
used mainly to treat human diseases, exposure on X. fastidiosa
phytopathogenic cells which express green fluorescent protein
(GFP), attached to the InP nanowires.

2. The Phytopathogenic Bacteria X. fastidiosa as
Case Model

X. fastidiosa forms biofilms in xylem vessels in plants, causing
water and nutrition stresses which affect several types of crops
worldwide and causing substantial economic losses,*>>% and
is one of the top ten phytopathogens studied in the world.P"
Bacterial force measurements reported in literature vary signifi-
cantly in range, from few piconewtons to several micronewtons
in magnitude.?1222451-54] Despite the different microorganisms
used in these studies, the most likely reason for this variation is
that bacterial cells employ several adhesion mechanisms;/>>>¢
more importantly, if they form bacterial biofilms, adhesion
proceeds through several stages, which include the cell produc-
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tion of extracellular polymeric substances (EPSs), in order to
make surface adhesion irreversible.’”! Knowledge of temporal
dependence of different cell adhesion mechanisms is thus
important due to the expected variation in force ranges, which
consequently defines the best tools for their measurement.
X. fastidiosa biofilm formation and adhesion stages are well-
documented, and have been examined at nanoscale on different
biotic/abiotic surfaces® as well as with single cell resolution,
for bacterial strains affecting citrus plants; spatiotemporal
changes in EPS composition along the bacterial life cycle were
also reported.” This bacterium is, therefore, one of the most
suitable models for our force map investigation. More recently,
X. fastidiosa strains started to devastate olive trees in regions
of Southern Italy,®® and so far, no officially approved treat-
ments are available. Instead, infected trees are usually eradi-
cated to prevent transmission by the sharpshooters leathoppers
(Cicadellidae) and spittlebugs (Cercopidae) vectors, causing eco-
nomic losses and distress among farmers.®!l One of the few
treatments currently under study is the inhibitory effect of NAC
on X. fastidiosa biofilms. Bulk culture-based experiments and
the application of NAC in infested, symptomatic sweet orange
plants showed clear symptom remission and reduction in bac-
terial population, as analyzed by quantitative polymerase chain
reaction (PCR) and bacterial isolation.[®?l Despite these inter-
esting results, the mechanism behind the observed effects of
NAC is still unknown, particularly at single cell level. We exploit
here nanowire arrays to observe in situ the effect of NAC on
adhered X. fastidiosa cells, with the objective of narrowing down
possible action mechanisms and indicate potential directions of
subsequent investigation of corresponding molecular mecha-
nisms by more conventional, biological, and chemical methods.

3. Single Crystalline InP Nanowire Arrays
as Cell Force Sensors

Nanowire arrays can be fabricated using different materials
and processes. For applications at the biointerface, however,
some requirements are imposed by the biological system
under investigation. In our case, two conditions were consid-
ered. First, the geometry of the array was chosen to fit the bac-
terial cell dimensions. X. fastidiosa cells present diameters in
the range 300-500 nm and lengths which can vary from 1.5 to
5 um under normal conditions. The nanowire spatial distribu-
tion on the sample was then chosen to allow cell movement
close to the surface, keeping several nanowires around each
bacterial cell at any time.

A second requirement is the material system chosen for
the nanowires. Semiconductor surfaces, such as Si and InP,
have been shown as suitable supports for bacterial adhesion in
many studies.}%40%8] In fact, Si nanowires have been used to
demonstrate that Shewanella oneidensis MR-1 cells can recog-
nize nanoscale structures; their swimming patterns and initial
attachment locations are strongly influenced by the presence of
nanowires on a surface.*) In our case, preliminary tests on flat
substrates have shown that X. fastidiosa cells adhere and form
biofilms more easily on InP substrates than on silicon or glass,
among many other surfaces tested. For that reason, InP was
chosen as the nanowire material for X. fastidiosa adhesion studies.
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Regarding nanowire array fabrication, large areas are impor-
tant to more easily find single cells within the limited micro-
scope field of view. The nanowire positioning is determined by
the position of the metal catalyst, usually gold, on the surface;
patterning large areas can be quite time-consuming using tech-
niques like electron beam lithography. Instead, we used nano-
imprinting to create our array of Au dots.[?!

A schematic of the fabrication method for the nanowire arrays
is shown in Figure 1A; details can be found in the Experimental
Section. Briefly, the chosen InP substrate is covered by a soft resin,
such as poly(methyl methacrylate) (PMMA), and a silica-based
sol-gel layer; the pattern of interest is then mechanically trans-
ferred to both materials using a Si mold.®®l The metal layer (8 nm
thick Au) is deposited prior to a lift-off procedure which removes
all excess metal. In our case, 180 nm wide Au disks were pat-
terned, with a square symmetry and a pitch of 513 nm, on a 2 in.,
(111)B-oriented InP wafer.®®l The final nanowire diameter (90 nm
in this work) is defined by the amount of Au catalyst deposited.

The orientation of the substrate used here favors the for-
mation of vertically oriented wurtzite-phase InP nanowires,
with hexagonal cross-section, grown by the vapor-liquid—solid
mechanism in a low pressure metalorganic vapor phase epi-
taxy (MOVPE) reactor. Tri-methyl-indium (TMI) and phosphine
(PH;) were used as group III and V precursors, respectively. HCI
was used in situ to suppress tapering of the nanowires, which
normally occurs because of vapor—solid growth on the nanowire
sidewalls, unassisted by the Au particle.l*¥ This procedure pro-
vides nanowires with high aspect ratio and simple-to-model
mechanical behavior. Figure 1B shows scanning electron

A Nanoimprint Au deposition
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ﬁ

Soft resin

www.small-methods.com

microscopy (SEM) images of the nanowire array. We can
observe that the nanowire spatial distribution is rather uniform,
with approximately constant diameter along the whole nanowire
length. The metal catalyst used for the growth is located at the
nanowire apex. High resolution transmission electron micro-
scopy (HRTEM) shows that the nanowires are single crystalline,
wurtzite phase, as evidenced by the image in Figure 1B.

The elastic properties of nanocrystalline materials depend on
the grain size and the nature of their material structure.®® Thus,
nanowires with single crystalline phases, with none or only few
structural defects, provide a good framework for force sensor
applications. However, the equivalent Young’s modulus (which
accounts for surface effects) decreases with nanowire diameter
for most materials,/®® below =80 nm. Therefore, diameters at
or above this value can minimize different elastic responses
among nanowires due to small variations in growth. Although
individual nanowire responses to mechanical perturbations can
be experimentally measured®” %%l in order to calibrate force sen-
sitivities, this procedure unquestionably is very challenging for
large areas and high nanowire densities. Considering the hexag-
onal nanowire as a cantilevered beam,!®) and deflections corre-
sponding to bending angles lower than 20° (Figure 1C), within
the linear elasticity approximation, we calculate forces as!®”-7%71

4
F=3_E31. rzls\/_i?Ar (1)
L 256L

where E depicts the Young’s modulus of the nanowires, I
corresponds to the second moment of inertia, D specifies
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Figure 1. A) Schematic representation of nanowire growth steps using nanoimprint technique. B) SEM image, showing uniform spatial distribution of
nanowires, and HRTEM image showing that the nanowires are single crystalline, wurtzite phase. C) Forces calculated as a function of apex displace-
ments using the linear theory of elasticity for a hexagonal nanowire, with length and diameters used in this study. D) Diagram showing force ranges

which can be probed by properly setting nanowire diameter and length.
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the diameter of the nanowire, L identifies the length of the
nanowire, and Ar determines the displacement of the nanowire
apex. Considering that the positions (x, y) of the nanowire apex
can be tracked along the actual trajectory, we can compute the

total apex displacement as Ar, = \/(x,‘+1 — ;)2 +(yia —yi)* as well as

Y;+1 - Yi

the corresponding angle 6, =arc tan[
Xy — X

]. The parameters
for corresponding InP nanowire arrays used in this study are:

D =90 nm, L =1500 nm, and Young’s modulus E = 106.4 GPa
for InP (111).172

Figure 1C shows that force values up to =75 nN can be meas-
ured with our nanowire dimensions, corresponding to deflec-
tions < 400 nm. However, force ranges can be varied by several
orders of magnitude if both nanowire diameter and length are
properly chosen, as shown in Figure 1D. The relatively straight-
forward fabrication process described facilitates array customi-
zation to accommodate different force ranges expected for sev-
eral cell types, shapes, and dimensions. The geometry of our
InP nanowire array in particular should provide a quantitative
tool to study the first stages of bacterial cell adhesion, mediated
by pili and EPS.P Despite their importance regarding biofilm
formation, these stages are not thoroughly investigated due to
the lack of experimental tools.

4. Optical Measurements

In order to measure nanowire deflection caused by cell inter-
action, we use an optical method similar to Hallstrom et al.l”]
Basically, our InP nanowire array is loaded into a liquid cell with
X. fastidiosa planktonic bacteria cells and Periwinkle wilt (PW)
culture media,”? which is then measured via CLSM, in the
upright configuration. The microscope focal plane (or middle
of confocal volume) is confined to the region close to the top of
the nanowire during force measurements (Figure 2A). As such,
the confocal volume allows observation of cells attached to the
nanowire apex at the same focal plane. Whenever a motile
cell closely approaches or touches a nanowire, the transfer of
momentum momentarily changes the nanowire deflection
amplitudes. A similar, but much stronger, effect is expected for
adhered cells; the configuration assumed by single cells on the
surface, however, may affect the effective force range measured.
This is particularly important to X. fastidiosa cells, for which
adhesion takes place mainly through the polar region.>’!

The bacterial strain used in our work has been modified to
overexpress GFP using a genome-integrated GFP gene.’ The
autofluorescence spectral range of bacterial cells is usually rather
large. GFP allows us to reduce the spectral range, to a narrower
emission band centered at 510 nm, which also facilitates differ-
entiation of live/dead cells and possible contamination with other
bacteria. GFP also provides stronger fluorescence intensity which
renders cell observation easier, and allows the use of low excitation
powers, for which GFP photobleaching decay times exceed sev-
eral minutes. In order to excite GFP fluorescence, a 488 nm laser
line is used. The laser light is also more efficiently reflected at the
nanowire apex due to the presence of the metal catalyst, which
shows better reflectivity than the semiconductor nanowire. The
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large reflection intensity minimizes optical noise effects. It is also
a factor 2-3 higher than InP luminescence in the near-infrared
spectra (maximum intensity peak at =850 nm), and basically con-
stant during measurements. Videos of bacterial cells attached
or moving through nanowires, acquired simultaneously at both
spectral ranges (470498 and 507-691 nm, for nanowire apexes
and bacteria, respectively) are then analyzed to measure nanowire
deflections associated to contact or attachment of bacteria.

In a previous report using this technique,3% the positions
of all nanowire tips in a video frame were tracked by consid-
ering them as solid circular particles (Figure 2B); the center of
the circle was computed from the position of horizontal and
vertical Feret diameters of a circular post. This procedure was
automatically carried out after appropriately choosing the region
of interest in the particle analysis plugin of Image]2/Fiji.”* The
background noise in the measurement was obtained by means of
tracking an isolated control nanowire, not associated with a bac-
terial cell, in the same image field of view. The results obtained
for nanowires attached with X. fastidiosa cells show measured
displacements usually larger than those for the control case.
However, small displacements (corresponding to forces lower
than =5 nN) composed the larger part of the measurements, and
could be attributed to mechanical noises in the setup. Here, we
show the complete analysis procedure of the measurements in
order to understand the origin of this noise and extract accurate
force values within the resolution of our setup.

The lower limit for the force measurement comes from
the precision of the measurement of the apex position of
each nanowire. A naive estimation would just use theoretical
limits of a confocal microscopy and assume that a minimum
measurable deflection is =200 nm, or 0.13 radians (=7.5°)
for a 1500 nm long nanowire. More strictly, as we only have
to measure the deflection in one direction, we should use
~100 nm, or 0.07 radians (=3.8°), as the lower limit. However,
we can compare our system with super-resolution localiza-
tion microscopy. Localization microscopy must ensure that no
two molecules emit inside the diffraction spot size, what can
be achieved by, e.g., turning on and off the molecules emis-
sion. Indeed, using super-resolution techniques, traction force
microscopy spatial resolution and accuracy of force reconstruc-
tion have been significantly improved.””-?® In our case, each
nanowire is more than a diffraction spot size apart, so we do
not encounter this problem. Moreover, the precision of the
localization method goes with the square root of the number
of photons detected. In our case, the laser reflection on the
nanowire apex is about one order of magnitude larger than the
typical number of emitted fluorescent photons. The resolution
of confocal microscopy involves two diffraction widths: the spot
size of the excitation beam, and the collected emission beam.
In the present case, the reflection comes from the =90 nm
nanowire apex, much smaller than the =400 nm spot size of the
excitation laser beam. So, the light source can be considered a
point source from the excitation point of view. Moreover, any
instrument drift during the experiment can be corrected by the
position of several control nanowires within a field of view with
a much better resolution than by individual nanowire localiza-
tion. Although the theory for a single dipole emitter in ideal
situation leads to an Airy function, it has been observed that a
Gaussian curve better fits the data.l’l

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. A) Schematic representation of nanowire array with single bacterium attached showing that the confocal volume, defined by the optical
configuration, allows the simultaneous observation of bacteria pole and nanowire apex at the same focal plane. B) CLSM image of nanowire array,
with dots representing the laser intensity reflected at the nanowire apex. The inset shows the intensity pattern for a single nanowire. C) 1D and 2D
experimental intensity profiles (top) and corresponding Gaussian fit (bottom) for both the cases. D) Apex displacements values, obtained from center
localization using Gaussian fitting for sequential video frames, for measurements with different pixel net frequencies (0.2, 0.8, and 2.5 MHz). Tukey
box plot shows significant differences for the three measurement conditions. E) Polar plot provides displacement magnitudes and bearings. F) Allan
deviation plot exhibits that the thermal limit is reached for the three measurement cases. One-way analysis of variance (ANOVA) and comparison via

Tukey post hoc test with p = 0.0001 were carried out for statistical analysis.

Therefore, we decide to calculate displacements using a
Gaussian fitting of nanowire apex deflections instead of Feret
diameters.?”) We can observe from Figure 2B,C that indeed
the Gaussian function properly describes our data, providing
the center, linewidth, and height of the reflection pattern.
For the 1D case, the residual sum of squares (RSS) associated
to the fitting can be written as

2() = 2 o () ()] @

i

where ¢; are the nonlinear parameter vectors for each function
fi(x), so that

y(x)= DA, f(%:0;) 3)

In order to estimate the resolution of our technique, we
extracted from the observation data how precisely we can
determine the center of a Gaussian for each nanowire. For
that, we consider the nonlinear parameters that minimize the
RSS, so that

¥ =x*(6;)=Min[ x*(a,)] (4)
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and the total variance of the curve
o =—y¥ 5)

where n is the number of experimental points observed. Once
the minimum RSS and the curve variance are found, we
assume a normal distribution for y? such as

flx?)=4e (©)

and search one nonlinear parameter at a time, keeping all the
other parameters fixed, for which

xz(af+6ai)—xz(af)_1:0 )
0_2

for each side of the curve, that is, do; > 0 and do; < 0. With
that procedure, we obtained the precision range for the ith
parameter o; €[o; — 80,0 +60;], where Sof=|6|. Any
simulation generating random residuals around a Gaussian
curve will show that we are capable to discriminate between
two curves whose parameters are out of this precision
range.
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We have then used this methodology to find the precision
intervals for the center of the experimental reflection pat-
terns, considered as 2D Gaussian curves (Figure 2C), which
represent the nanowire apex position. In general, we obtain
2nm < (8¢;) .,< 6 nm, depending on scan speed, for control
nanowires observed in PW media. We can then assume that
it is possible to discriminate, by Gaussian fitting, two patterns
with centers displaced by more than 5 nm. This sets the lower
limit of 0.003 radians (0.17°) for nanowire displacement preci-
sion. Figure 2C illustrates the 1D and 2D data points and the
corresponding Gaussian fittings. In the latter case, the spatial
delocalization of the nanowire apex is shown by the graded
colored region superimposed on the blue 2D Gaussian curve.
This analysis provides good support to the use of Gaussian fit-
ting for these experiments. The motion of control nanowires
with time in PW media was then analyzed by fitting several
nanowire reflection patterns with 2D Gaussian functions, in
frames extracted from the CLSM video files. The images were
acquired with three different pixel net scan speeds, from 0.5 to
8 Hz. Considering 512 x 512 pixels in the image, we calculate
pixel dwell times of 0.4, 1.3, and 6.3 us (and corresponding
pixel net frequencies of 2.5, 0.8, and 0.2 MHz, respectively).
Figure 2D shows nanowire apex displacements calculated using
the center position of the fitted Gaussian curves in each case.

Nanowires cantilevered to a substrate are free to vibrate at
the tip. Resonance can be excited thermally, with the free end
oscillating with an amplitude that depends on temperature as
well as nanowire composition and geometry, which determine
its stiffness.[®®”7] Considering the calculated spring constant
of =0.2 N m™! of our nanowires,?*"! a resonance frequency in
air of =10 MHz can be estimated. This value drops by a factor
3-5 for oscillations in liquid environment;”® as we increase
the scan speed, we probe the position of each nanowire in the
image with smaller pixel dwell times; larger amplitudes are
then observed in our data ensemble (Figure 2D). On the other
hand, larger pixel dwell times entitle a larger time average of
the nanowire position, yielding smaller amplitudes, as shown
in Figure 2D. In fact, statistically significant differences in
nanowire apex displacements are observed as we increase the
pixel net frequency. A comparison of the same data evaluated
using Feret diameters does not allow discrimination of the data
sets at larger speeds.

The oscillations associated with those displacements are
isotropic in spatial nature, as expected from thermal excita-
tion. The Allan deviation plot (Figure 2F) illustrates that this
is indeed the case.”>®) A similar behavior can be observed
for nanowire oscillations probed by CLSM in air. Spatially
isotropic amplitudes increase with scan speeds, as shown in
Figure S1A,B (Supporting Information), and the Allan devia-
tion affirms the behavior expected from thermal excitation
(Figure S1C, Supporting Information). The nanowire ampli-
tudes are larger than in liquid (PW), as expected from lower
energy dissipation from hydrodynamic forces acting opposite
to the nanowire movement direction, and the resulting higher
quality factors for oscillations in air. However, the statistics
shown in the box plot (Figure S1D, Supporting Information)
suggest that the time averaging of nanowire position provided
by measurements using lower pixel net frequencies results in
indistinguishable data sets. Once chosen the geometry of the
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nanowire arrays, it is thus very likely that thermal oscillations
impose the lower limit for averaged displacements at around
20-25 nm,% which lies within the resolution of our obser-
vation technique in liquid media, as discussed above. This
result imposes a lower limit for force measurements using
our nanowire arrays at =4-5 nN. Regarding bacterial adhesion
processes, this limit prevents the application of our method to
pili-mediated cell adhesion, for example, since protein—surface
interactions would provide forces in the range of tens or hun-
dreds of piconewtons.[*881

5. Probing the Effect of NAC on Nanowire-
Adhered Bacteria

In order to show one of the possible applications of nanowire
arrays, we evaluate in real time the effect of NAC on X. fastidiosa
single cells attached to individual nanowires. As shown in pre-
vious studies,3>5% adhesion can take place in different configu-
rations, with X. fastidiosa cells oriented vertically or horizontally
to the surface (Figure 3A). The scanning electron microscopy
image of a sample with 24 h culture time illustrates cell
binding to the neighboring nanowires, and their corresponding
deflections. After a few hours of culture time, adhesion takes
place via EPS deposition,” which is not easily observed in
CLSM images. In particular, for our ex vivo experiments,
cells were grown in the liquid cell for 12 h, which translates
into a lower EPS-secreted volume and cell polar regions more
firmly attached than the body. CLSM images were first used to
observe the amount of cells and their spatial distribution in the
sample. Once cell density was adequate and nanowire-adhered
bacteria were found, we added NAC (2 mg mL™) to the liquid
cell and subsequently observed single cells for several min-
utes (up to 30 min, for each chosen cell or cell cluster). The
NAC concentration was chosen based on values from previous
in vitro studies.®”l The displacements of nanowires attached
to the cells were measured over time, as well as control nano-
wires in the same field of view. No significant photobleaching
of the cell GFP was observed within these time frames and the
laser power chosen. Most cells observed under NAC exposure
were eventually released from the nanowires, as schematically
shown in Figure 3B (see also Video S1 in the Supporting Infor-
mation). This behavior was not observed in cell cultures, with
similar growth and observation times, which were not exposed
to NAC (Video S2, Supporting Information).

We analyze in more detail the temporal dependence of adhe-
sion force for a motile bacterial cell, horizontally attached to a
single nanowire. The plot in Figure 3B shows that tracking adhe-
sion forces makes possible to pinpoint the moment when the cell
loses contact with the nanowire, after =86 min of NAC addition
to the liquid cell that holds the sample. Moreover, average forces
before and after that moment are different. In fact, slightly larger
forces are observed just before the release of the cell, most likely
due to the larger degree of freedom for cell motion in this case.

Figure 3C shows the statistical distribution of adhesion forces
calculated from the measured nanowire displacements. We can
observe that the force values for the bound nanowire compare
well with those expected from previously reported results;3
upon release of the cell, the formerly bound nanowire (“free” in
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Figure 3. A) Color-enhanced SEM image illustrating a bacterial cell horizontally adhered to the nanowires after 24 h growth time, and CLSM images
showing a 3D rendering of a vertically adhered bacterial cell and a single plane with the polar region of the bacteria attached to a nanowire, indicated
by the white arrow. B) Schematic representation illustrating bacterial releasing from the nanowire due to NAC action (left) and temporal force plot
before and after bacteria release (right); the white arrows at the inset images indicate the nanowire where bacteria was attached. C) Tukey box plot
showing force value distributions calculated for the nanowire where the bacteria was attached (bound), after bacteria release (free), and for a control
nanowire in the same image without any bacteria. Polar plots depict the magnitudes and bearings of the corresponding forces. One-way ANOVA and
comparison via Tukey post hoc test with p = 0.0001 were carried out for statistical analysis.

Figure 3C) shows significantly lower forces, no longer distinct
from thermally driven oscillating, control nanowires. The polar
plot for the adhesion forces presents smaller forces (up to
=10 nN) with isotropic angular distribution for the free as well
as for control nanowires. The bound nanowire, on the other
hand, exhibits in average fourfold larger forces (=20-40 nN)
distributed across the whole angular region; however, a few,
stronger force values are observed at angular values opposed to
that occupied by the cell (typical angular orientation of the cell
is shown in the fluorescence image inset of Figure 3B).

Several mechanisms are proposed in literature as possible
causes for the NAC effect. Among them,®? sulfhydryl groups
in NAC are considered to possibly disrupt disulfide bonds of
bacterial enzymes involved in EPS production or secretion
through thiol-disulfide exchange. In the particular case of
X. fastidiosa, Muranaka et al.®?! speculate that NAC could avoid
the formation of disulfide bonds involved in attachment and
aggregation via adhesion proteins containing cysteine residues.
One of the effects reported by these authors is the inability
of cells to adhere and form biofilm; a significant increase in
planktonic biomass was found, with the fraction of viable
cells depending on NAC concentrations used.%? For different
bacteria, however, some authors found no detectable degra-
dation of EPS by NAC and thus suggested that NAC reduced
the production of EPS.® More recently, Picchi et al. study on
Xanthomonas citril® showed that, although the total amount
of EPS did not differ among the treatments, a dose-dependent
response was observed for the relative amounts of EPS in the
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pellet and supernatant with different NAC concentrations, with
a reduction in the EPS in the pellet as NAC increased.

Although preliminary, our results using nanowires as real
time force sensors can contribute to this ongoing discussion
about antimicrobial effects of NAC down to the scale of single
cells. We show the abrupt release of X. fastidiosa cells already
adhered to a single nanowire, upon NAC exposure for several
minutes at concentrations that affect adhesion, biofilm for-
mation, and EPS production, according to in vitro studies.l?
The growth times used in our study provided EPS-mediated
adhesion of X. fastidiosa cells, particularly at cell poles,*” and
cell release was observed for relatively short time periods — as
compared to those required for changes in gene expression —
after NAC addition. Our data thus suggest EPS dissolution
as one of the mechanisms for transferring cells from sessile
to planktonic states. Indeed, in our experiments, not all cells
were released within the time frame of observation, as expected
if EPS coating thickness variation occurs. It is also feasible to
assume that dissolution of EPS depends on its composition.
Soluble EPS, which is the first to be secreted by the bacteria,!
is most likely the easiest to be removed since it can be dissolved
rather easily in the surrounding media.

On the other hand, the semifloating nature of X. fastidiosa
biofilms may also facilitate their transfer to the planktonic state.
Reasonably large bacterial clusters and mature biofilms are
anchored to the surface by only a few cells;**! if these cells can
be detached as observed here for single vertical cells, the whole
cluster will separate from the surface and may not reattach.
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Indeed, in one of our experiments, we have observed such
behavior (Video S3, Supporting Information).

6. Discussion

One of the bottlenecks for studying mature biofilms with
nanowire arrays such as ours is the increasing biomass (cells
and EPS) as growth proceeds. In particular, EPS contains many
types of biomolecules, such as lipids, DNA, proteins, and poly-
saccharides.””) Moreover, EPS composition changes over time,
along the bacterial life cycle.’® The larger biomass translates
into larger absorption and scattering rates for the excitation
laser along the optical path. Thus, attenuated intensities for the
laser reflection at nanowire apex are expected. This is indeed
the case when larger clusters and biofilms are present on the
surface; nanowires are not entirely visible during the time
window of the experiment (Video S3, Supporting Information).

Using fluorophores to decorate the nanowires is one of the
possible options present in literature,*”¢’] however, in this
case, the excitation intensity is attenuated as well and fluores-
cence emission will be proportionately weaker, particularly if
absorption at this spectral range takes place. Moreover, eventual
photobleaching cannot be prevented for extended observation
times. An alternative to minimize this problem was developed
by Li et al.®] by inserting an InGaP quantum dot in the GaP
nanowire. The quantum dot emits in the visible range, while
the nanowire matrix, with indirect bandgap, does not show
photoluminescence. Despite the need for enough optical excita-
tion power in order to create electron-hole pairs in the semi-
conductor material forming the quantum dot, it is possible
to tune the whole system so that the photoluminescence lies
within optical windows in the system.

Nanowire arrays can also be functionalized with surface
coatings to explore adhesion under different chemical envi-
ronments. This is particularly interesting for species such as
X. fastidiosa, which inhabits different hosts, xylem plants, and the
foregut of the vector insect. These two environments are chemi-
cally distinct, with cellulose and chitin as their primary surface
components, respectively. Adhesiveness modulation is used by
this bacterium in order to colonize the plant xylem and transfer
cells between different hosts.[% Functionalized nanowire arrays
can be an effective tool to quantitatively study this mechanism
in situ, as already shown in the case that adhesins were immobi-
lized at the nanowire surface.??) However, absolute force meas-
urements for cell clusters and biofilms may be more difficult to
probe due to the possible mechanical influence of EPS matrix.!!
The presence of larger EPS volumes may dampen nanowire
motion in such a way that their deflections eventually become
nonrepresentative of the applied individual forces.

On the other hand, the presence of the arrays is not strictly
necessary for sensing applications. Instead, nanowires in large
densities can be used*” so as to maximize the probability of
cell adhesion — and easily finding a bacterial cell on the surface
at the higher magnifications necessary for improved nanowire
apex localization. However, nanowire arrays can be tailored
to customize the problem at hand, for example, guiding cell
movement or assembly, as shown in previous works,!'>3! while
simultaneously providing force measurements.
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7. Conclusion

We have shown here the use of nanowire arrays as force sen-
sors for bacterial adhesion. X. fastidiosa cells expressing GFP
were grown on InP nanowire vertical arrays and observed with
CLSM. Bacterial cells were identified by GFP fluorescence; the
reflected laser intensity at the nanowire apex was used to track
its position along time, providing nanowire deflections related
to the presence of the adhered bacteria. Adhesion forces were
then calculated from the deflection data using linear elasticity
theory. In order to validate our method, we characterize the
nanowire motion in air and liquid as a function of CLSM scan
speed, and show that thermally induced oscillations can be
average out. The center of the nanowire intensity profile was
calculated using 2D Gaussian fitting; the uncertainty of this
position was estimated as lower than 6 nm using a localization
microscopy concept. These results altogether show that our
method is reliable for measuring nanowire displacements above
=25 nm, or force values larger than =5 nN for our nanowire
geometry. Our force sensor was then used for the first time to
track in situ and in real time the abrupt cell release under the
effect of N-acetylcysteine, which shows an inhibitory effect on
X. fastidiosa biofilms as well as in many different Gram nega-
tive and Gram positive bacteria. Our observation suggests EPS
dissolution as a possible mechanism for cell transfer from
sessile to planktonic states.

8. Experimental Section

Indium Phosphide Nanowire Array Growth: Nanowires were grown
in a low-pressure Aixtron Closed Coupled Showerhead (CCS) MOVPE
machine, using hydrogen (H,) as precursor carrier gas. The total flow was
6 L min~' at a pressure of 50 mbar. The vapor-liquid—solid (VLS) method,
in which Au droplets act as catalysts, was used to grow the nanowires on
(117)-oriented InP substrates. For that reason, 8 nm thick, 180 nm wide
Au disks were patterned, with a square symmetry and a pitch of 513 nm,
by nanoimprint lithography on a 2 in. wafer.[}] Before nanowire growth,
an annealing step at 510 °C under PH;/H, atmosphere was performed
to remove organic residues from the nanoimprint process. TMI and
PH; were used as group Il and V precursors. p-doped nanowires were
obtained by doping in situ by diethyl-zinc (DEZn) with a molar fraction
of 6 x 1075, A constant molar fraction of HCl was used in situ during
growth in order to suppress tapering of the nanowires.[] Growth times
of p-doped nanowires were 18 min, after a short 1T min undoped stem.[®’]
Nanowires grew vertically, perpendicular to the substrate, in the <111>
direction. The typical diameter and length of the nanowires in the array
were 90 and 1500 nm, respectively. For bacterial adhesion studies, the
substrates were cut into rectangular pieces of =2 X 3 mm.

Substrate Materials and Cleaning Process: For all bacterial adhesion
experiments carried out in this work, InP nanowire arrays were cleaned
to remove inorganic as well as organic contamination, and sterilized
in a final step. To do so, the substrates were cleaned with acetone,
isopropanol, and deionized water, and dried with a gentle nitrogen flow.
The substrates were sterilized by oxygen plasma (SE80, Barrel Asher
Plasma Technology, USA) for 15 min (50 sccm O,, 100 W, 100 mTorr)
immediately prior to the experiment.

Bacteria Strains: X. fastidiosa GFP expressing strain 11399 was used
in this study. PW broth medial”? with bovine serum albumin (BSA) was
used as bacterial growth media.

Bacteria Extraction and Inoculum Preparation: The extraction and
growth of X. fastidiosa strains from citrus-variegated chlorosis (CVC)
symptomatic sweet orange trees were described previously."*38] Briefly,
harvested cells were resuspended in phosphate-buffered saline (PBS)
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(pH 7.4) buffer and the concentration was adjusted to optical density
(OD)goo = 0.3. Afterward, the strains were grown in PW broth and
incubated at 28 °C for 7 days in a rotary shaker at 180 rpm.

CLSM Imaging of InP Nanowire Arrays without Bacterial Cells: InP
nanowire arrays were placed inside a Teflon dish (10 mm diameter and
5 mm in height). Then, 400 pL of PW broth media, without bacterial cells,
was injected inside the Teflon dish, which was covered with a sterilized
borosilicate cover glass with =0.16 mm of thickness. Recording of nanowire
tip positions were performed using CLSM system [Zeiss LSM780-NLO
confocal microscope (Carl Zeiss AG, Germany)] with a 40x water-
immersion objective (W Plan-Apochromat, numerical aperture (NA) 1.0).
A 488 nm laser line and the tip position of each nanowire were identified
by the reflected laser. The pinhole diameter and gain were adjusted as the
scan speed was changed, in order to get a better signal-noise ratio. Videos
were recorded by acquiring 100 frames in time series measurements for
three different pixel net scan speeds: 0.2, 0.8, and 2.5 MHz.

CLSM Ex Vivo Imaging of X. fastidiosa on InP Nanowire Arrays and NAC
Experiments: GFP expressing X. fastidiosa strain 1139974 were used in
this study. Bacterial inoculum in PW broth media with a concentration of
1% 107 colony-forming unit (CFU) mL™" were used for the ex vivo adhesion
experiments. InP nanowire arrays (sample dimensions = 2 X 3 mm?)
were placed inside a custom made Teflon dish (10 mm diameter and
5 mm in height). 400 uL of inoculum was injected inside the Teflon dish
and subsequently covered with a sterilized borosilicate cover glass. The
assembly was further incubated inside a bacterial oven (410/3NDR, Nova
Etica, Brazil) at 28 °C for 12 h prior to the ex vivo CLSM measurements.
Simultaneous recording of bacteria and nanowire location were
performed using CLSM system [Zeiss LSM780-NLO confocal microscope
(Carl Zeiss AG, Germany)] with a 100x oil-immersion objective (Plan-
Fluar, NA 1.45). Using a 488 nm laser excitation, the temporal positions
of nanowire and bacteria cells were simultaneously measured in two
different channels. Directly reflected laser line was used to locate the
position of the individual nanowires, while wavelength channel width
of 507-691 nm (fluorescence emission of GFP) was used to collect the
position of bacteria. A specific concentration of NAC 2.0 mg mL™" was
added to the Teflon dish (liquid cell), and few bacteria motion, attached
to nanowire, were tracked over time, almost immediately after NAC
addition, for several minutes. All images were recorded with a pinhole of
<1 Airy unit for each channel with 512 x 512 px (nanowire with bacteria)
and distances of 370 nm for the z-stack. The 3D-stacked images were
analyzed with Image)2/Fiji for video extraction and particle analysis by
Feret diameters; center coordinates were extracted for each nanowire of
interest in all video frames. Specific routines were written in Python for
the 2D Gaussian fitting and apex position uncertainty analysis.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S1: (A) Apex displacements values, obtained from center localization using Gaussian fitting for sequential
video frames, for measurements with different pixel net frequencies (0.2 and 2.5 MHz). (B) Polar plot provides
displacement magnitudes and bearings. (C) Allan deviation plot exhibit that the thermal limit is reached for both
measurements. (D) One-way ANOVA and comparison via Tukey post-hoc test with p = 0.0001 were carried out
for statistical analysis. Tukey box plot shows significant differences only for measurements at higher pixel net
frequencies.

Supplemental Video S2: Confocal fluorescence time lapse microscopy (left) of single nanowire-attached X.
fastidiosa bacterial cells released (right) upon NAC exposure.

Supplemental Video S3: Confocal fluorescence time-lapse microscopy of individual X. fastidiosa cells firmly
attached to nanowire arrays.

Supplemental Video S4: Confocal fluorescence time-lapse microscopy (left) of large X. fastidiosa bacterial cluster
(right: cluster volume rendering) released from nanowire arrays upon NAC exposure.
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