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Nanomechanical motion of bacteria adhered to a chemically functionalized silicon surface is
studied by means of a microcantilever. A non-specific binding agent is used to attach Escherichia
coli (E. coli) to the surface of a silicon microcantilever. The microcantilever is kept in a liquid me-
dium, and its nanomechanical fluctuations are monitored using an optical displacement transducer.
The motion of the bacteria couples efficiently to the microcantilever well below its resonance fre-
quency, causing a measurable increase in the microcantilever fluctuations. In the time domain, the
fluctuations exhibit large-amplitude low-frequency oscillations. In corresponding frequency-
domain measurements, it is observed that the mechanical energy is focused at low frequencies with
a 1/f*-type power law. A basic physical model is used for explaining the observed spectral distribu-
tion of the mechanical energy. These results lay the groundwork for understanding the motion of
microorganisms adhered to surfaces and for developing micromechanical sensors for bacteria.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4895132]

Biological function in motile microorganisms is inti-
mately coupled to mechanical motion,"™ which is generated
and sustained by a vast array of forces. Conversely, motile
microorganisms exert forces on their surroundings as a result
of their incessant motion and metabolism.> A deeper physi-
cal understanding of biological processes in terms of these
nanomechanical forces and motions is of value for both fun-
damental science and clinical medicine.® For instance, bacte-
rial communication through motion is believed to be an
important factor for infections and for bacterial resistance to
antibiotics.”®*” Consequently, the development of sensitive
force and motion probes,9 which can match the time and
length scales of microorganisms, has been an important ele-
ment in the study of motile microorganisms.

The microcantilever has been one of the mainstays for
probing the forces and motions of biological entities.'™""
Early microcantilever-based experiments were extensions of
Atomic Force Microscopy (AFM). For instance, the AFM tip
scanned over biomolecules adsorbed on a surface provided
information on the conformational changes of the biomole-
cules.'>!3 Similarly, nanomechanical motion and forces of
microorganisms, such as Saccharomyces cerevisiae' and bac-
teria, were investigated using contact-mode or dynamic-mode
AFM under a number of different biological conditions.
More recently, biological entities have been attached to bio-
chemically functionalized microcantilevers in an effort to de-
velop novel sensors. These micromechanical biosensors,
which are typically integrated with microfluidics, utilize both
the static deflection and the resonance frequency shift of the
cantilever.'*" In static and resonant sensing modalities,

9C, Lissandrello and F. Inci contributed equally to this work.
P Authors to whom correspondence should be addressed. Electronic
addresses: utkan@stanford.edu and ekinci@bu.edu

0003-6951/2014/105(11)/113701/5/$30.00

105, 113701-1

microcantilevers have allowed for the sensing of diverse bio-
logical entities, ranging from DNA to proteins to microorgan-
isms'®!18 (e.g., viruses and bacteria). In more recent work,
Longo et al.">?° adhered bacteria to a microcantilever, and
measured the nanomechanical fluctuations of the cantilever
before and after bacteria adhesion. With the bacteria present
on the cantilever, the fluctuations increased significantly.
Based on these results, a rapid detection scheme for bacterial
antibiotic resistance was proposed.

The above-mentioned studies clearly demonstrate that
small mechanical devices are capable of measuring signals
from biological entities, given the attainable force sensitiv-
ities and response times. In this letter, we apply the
microcantilever-based technique developed by Longo
et al."”*° to measurements of the nature (e.g., time scales
and amplitudes) of the forces that bacteria exert on the
microcantilever. We start with time domain measurements,
in which we observe an increase in the variance of the
microcantilever fluctuations due to bacterial motion. In
complementary frequency domain measurements, we eluci-
date the spectral properties of the microcantilever fluctua-
tions. The power of the fluctuations scale with frequency as
1/f* as well as with the surface density of the bacteria. We
provide a basic physical model for the observed spectral dis-
tribution of the mechanical energy, and discuss implications
of these results on biology and biosensor development.

We perform all the experiments in a custom liquid cham-
ber (Fig. 1(a)); the chamber allows for optical access to the
microcantilever. The optical beam deflection technique?'? is
used to measure the fluctuations of the microcantilever,
which has linear dimensions / X w x 1 =350 x 32.5 x 1 um®.
The voltage signal from the photodetector is converted to dis-
placement units by using the thermal calibration technique®
(see thermal spectrum inset of Fig. 3(a)). The microcantilever

© 2014 AIP Publishing LLC
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FIG. 1. (a) Schematic of our experimental setup. The cantilever is housed in
a liquid chamber; its motion is probed using an optical technique. PD: photo-
detector. The inset shows the cantilever, the optical beam, and the split pho-
todetector. (b) Surface density of bacteria adhered to the surface of silicon
for three different bacterial concentrations. Data are indicated as avera-
ges * standard deviations. * represents statistical significance of this data
point (see supplementary material,>* Sec. 2.1). The inset is a fluorescence
image of the cantilever after bacterial adhesion. Both single bacterium and
clumps of bacteria are visible.

fluctuations are measured in the time domain with a digital
storage oscilloscope and in the frequency domain with a FFT
spectrum analyzer.

In the experiments, we used genetically modified E. coli
which were transfected with a plasmid consisting of ampicil-
lin resistance and green fluorescence protein (for more
details, see supplementary material,** Sec. 1.1). After incu-
bation, we serially diluted the bacteria to obtain solutions of
concentrations C = 10°, 10”, and 10® colony forming units
per milliliter (CFU/ml) in phosphate-buffered saline (PBS).
To prepare the microcantilever surface for adhesion of bacte-
ria, we first cleaned it with acetone, methanol, and isopropa-
nol and dried in nitrogen gas. The cantilever was then
submerged in a reservoir containing 1% (3-aminopropyl)trie-
thoxysilane (APTES) dissolved in molecular biology grade
water for 15 min, and was rinsed with water afterward. The
APTES solution provided functional amine groups for bacte-
rial attachment. Next, the cantilever was submerged in the E.
coli solutions of various concentrations and incubated for 15
min at room temperature. During incubation, the bacteria
adhered to the cantilever surface.

We confirmed bacterial adhesion by immediately imag-
ing the cantilever surface with a microscope in fluorescence
and in bright-field modes (inset of Fig. 1(b)). To quantify the
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number of bacteria adhered onto the surface, we performed a
separate study, in which we adhered bacteria to large pieces
of silicon using the above-described steps and imaged in
bright-field. We subsequently used these images to obtain
the average surface density of bacteria for all bacterial con-
centrations tested. We plot the surface density of the bacteria
as a function of the bacterial concentration in solution in Fig.
1(b). The error bars are due to the finite number of images
analyzed (5 images of 300 x 300 um? for each concentra-
tion), clumping of bacteria, and the occasional non-
uniformities in coverage. We performed statistical analysis
on these data to confirm statistical significance (see supple-
mentary material,”* Sec. 2.1).

A typical experiment began by measuring the fluctua-
tions of the cantilever in PBS before bacterial adhesion. This
determined the baseline for the fluctuations of the cantilever.
After the collection of the baseline data, we proceeded with
the bacterial adhesion process, allowed time for incubation,
and flushed the liquid chamber with PBS. We then repeated
our measurement. Finally, we introduced to the liquid cham-
ber a 1 mg/ml solution of streptomycin dissolved in water,
allowed time for incubation, flushed the chamber with PBS,
and repeated the measurement once more.

Figure 2(a) depicts a typical time-domain measurement
of the mechanical fluctuations of the tip of the microcantile-
ver, z(t), under different conditions (for more details, see
supplementary material,”* Sec. 1.2). The top (black) trace
shows the fluctuations measured in PBS before bacterial ad-
hesion. The middle (green) trace shows that the fluctuations
after bacteria have been adhered to the cantilever as
described above. Finally, the bottom (blue) trace shows the
fluctuations after administration of the antibiotic streptomy-
cin. The probability density function (PDF) of the three time
signals is shown in Fig. 2(b) to demonstrate the Gaussian na-
ture of the fluctuations. For these particular measurements, a
concentration of C = 108 CFU/ml of bacteria was used, and
we estimate, using the data in Fig. 1(b), that there were
N ~ 107 bacteria on the microcantilever. Qualitatively, there
are differences between the middle trace with bacteria and
the other two traces; the data taken after bacterial adhesion
exhibit large-amplitude low-frequency fluctuations, which
are not present in the no-bacteria case. The different charac-
teristic frequencies in these data traces provided the motiva-
tion for measuring the spectrum of the fluctuations.

For each experiment, we repeated these measurements
three times, waiting for ~1/2 h between measurements, and
computed the variance of the fluctuating time signal as
= %ZQ’ZI [z(kt) — z)*, where Z is the mean (typically
z =0m). In Table I, we present these average variances
from the cantilevers that were incubated in bacteria solutions
with concentrations C = 10’ CFU/ml and C = 10® CFU/ml,
corresponding to N ~20 and N ~ 10? bacteria, respectively.
The sample prepared using the lowest bacteria concentration
(C =10° CFU/ml) with N ~4 was below the uncertainty of
the experimental measurement. In Table I, a% and G% corre-
spond to the variances for the baseline and bacteria experi-
ments, respectively. We also subtracted a3 from o7 to obtain
a quantitative measure of the additional cantilever fluctua-
tions induced by the bacterial motion. The higher bacterial
concentration case exhibits a larger increase in variance than
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FIG. 2. (a) Time domain measurement of the microcantilever fluctuations. The top (black) trace is the baseline cantilever fluctuations with no bacteria present
in PBS, i.e., the equilibrium value. The middle (green) trace is the same measurement after bacteria have adhered to the cantilever surface in a 10® CFU/ml so-
lution. The data in Fig. 1(b) and the cantilever area suggest that the signal comes from ~10> bacteria on the microcantilever. The bottom (blue) trace is after
the bacteria are killed in an antibiotic solution. (b) Probability density function of the three time signals shown in (a) with Gaussian fits. (c) Variance of the
microcantilever fluctuations measured from the three data traces in (a). These values match those obtained from the Gaussian fits in (b). Data are indicated as
averages * standard deviations. Brackets represent groups which were compared in the statistical analysis (details in supplementary material,>* Sec. 2.2).

the lower concentration case. The average variances for the
C = 10® CFU/ml experiment are also depicted graphically in
Fig. 2(c). These values match those found from the Gaussian
fits of the PDFs in Fig. 2(b). More details regarding the sta-
tistical analysis of these data can be found in supplementary
material** Sec. 2.

Figure 3(a) depicts the power spectral density (PSD)
S.(f) of the fluctuations of the microcantilever tip in a
double-logarithmic plot under three different conditions: The
black trace (lower, solid) S°(f) is obtained in PBS before
bacterial adhesion; the green trace (upper, solid) Si (f) is
obtained after the adhesion of bacteria in the C = 10° CFU/
ml bacteria solution; the blue line (lower, dashed) is obtained
after administration of streptomycin. The PSD increases after
bacterial adhesion, but only in the frequency range f =<
100 Hz. After incubation in antibiotics, we observe that the
PSD returns to the baseline (no bacteria) level to within ex-
perimental error.

The presented data were averaged at two different time
scales: To suppress the random noise, 1000 traces were aver-
aged during collection; to assess longer-term drifts, the mea-
surement was repeated three times with ~1/2 h temporal
separation. The standard deviation between the measure-
ments obtained at different times is shown as the shaded
regions of uncertainty in Fig. 3. (The error bars are shown
only in the relevant frequency region.)

The calibration of the displacements was based on the
thermal resonance peak visible around fz~2.5kHz using
standard AFM calibration practices. The inset shows the

TABLE I. Variances of the displacement fluctuations. The number of bacte-
ria N on the microcantilever was estimated from the concentration C using
the data in Fig. 1(b). The variances for the baseline and bacteria experiments
are o'% and g2, respectively; o2 — 0'6 quantifies the additional cantilever fluc-
tuations induced by the bacterial motion.

C (CFU/ml) N U% (nm?) 6% (nm?) o‘% - U% (nm?)
107 27 2.01 3.39 1.38
108 96 2.08 6.29 421

thermal peak in a linear plot. The (red) line is a fit to the
damped harmonic oscillator model driven by the fluctuations
in a liquid® with the addition of white noise. The PSD has a
resonance frequency fr ~2.5 kHz and quality factor Q ~ 1.5.
The cantilever is assumed to be at room temperature, com-
posed of silicon, and has a spring constant of K ~ 0.03 N/m.
Returning to Fig. 3(a), we notice that, at the low fre-
quency region, the noise data can be approximated by 1//*
with «~ 2. This is the noise signature of our measurement
set up, possibly the laser.?® To find the power spectral den-
sity S?(f) of bacterial motion, we naively subtract the PSDs,
SB(f) =~ SL(f) — S°(f), i.e., we subtract the black curve from
the green curve. The subtracted PSDs are shown in Fig. 3(b).
The extra noise power due to the bacteria is not appreciable
for f = 80 Hz. It appears that the majority of the noise power
stays at low frequencies; S?(f) oc 1/f* for 1 Hz < f < 80 Hz.
Although it is typically difficult to untangle 1/f noise
sources,”’ several features in the data suggest that subtrac-
tion of the PSDs as described above effectively removes the
experimental 1/f noise. First, in Fig. 3(a), the PSD of cantile-
ver fluctuations with adsorbed bacteria is almost an order of
magnitude above the baseline. Second, in Fig. 3(b), the addi-
tional noise power coming from the bacteria, i.e., Sf ",
grows with the number of bacteria on the microcantilever.
Convinced that the observed 1/f-like behavior is indeed due
to the bacteria, we turn to a discussion of possible explana-
tions. Many diverse biological processes fluctuate with PSDs
S(f) ~ 1/f*. While the ubiquity of this 1/f behavior is intrigu-
ing, it may only be a reflection of the simple fact that the
measured signal combines many processes that act on differ-
ent time scales.”® Here, each bacterium exhibits motions
with different characteristic time scales 7; and amplitudes A,.
For instance, t; can pertain to the motion of the cilia; the
motion of the flagella; and even the slow diffusive motion of
the entire bacterium on the surface due to the breaking and
re-forming of chemical bonds. The spectral density of the
motion of a single bacterium can thus be considered to be a

Alt; .
————_ Thi
i 14(2nf7;)? S

argument suggests that the noise power spectral density of a

sum of these different spectral densities, )
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FIG. 3. PSD of microcantilever fluctuations as a function of frequency in a
double-logarithmic plot. Single standard deviations are shown in gray
behind the data traces. The cantilever thermal resonance is at fr ~2.5kHz
with Q = 1.5. The inset shows this thermal peak in PBS in a l/inear plot. The
data are fitted to a damped harmonic oscillator model driven by fluid fluctua-
tions. (b) Subtracted PSD of the microcantilever fluctuations as a function of
frequency. The PSD of the baseline is subtracted from that measured after
bacterial adhesion.

single bacterium should be ~ 1/f* with o determined by the
interplay between the numerous time scales t; present in the
problem. While this simple explanation may be satisfactory
for a first-pass analysis, a comprehensive model should take
into account further complexities due to the fact that the can-
tilever responds to input from many bacteria. For instance,
bacteria will have a distribution of sizes and thus time scales;
bacteria are positioned randomly on the cantilever; the cou-
pling strength of the motion of each bacterium to the cantile-
ver will be different; and so on.

Regarding sensor applications, we emphasize that con-
ventional methods for studying bacterial behavior and detect-
ing bacteria are time consuming and require expensive
infrastructure.”® Recent biosensing approaches developed on
microfluidic platforms based on electrical and optical sensing
are not able to monitor bacterial motion and antibiotic resist-
ance in real-time; > similarly, micromechanical detection
based on frequency shifts of a microcantilever resonator does
not provide enough sensitivity in viscous liquids.35 For
instance, there was no noticeable frequency shift in our
experiments due to the mass of the bacteria, while fluctuations

Appl. Phys. Lett. 105, 113701 (2014)

due to the bacteria were detectable. The theoretical limit for
the minimum detectable mass based on frequency shift is of
order MJQ ~2 x 107! kg,36 where M. is the cantilever mass.
Given that the mass of a single E. coli is ~1x 10~ kg,
~10" bacteria are needed for a detectable frequency-shift
based signal. This is well above the limit attained by monitor-
ing the cantilever fluctuations. All these suggest that, by moni-
toring the fluctuations of a cantilever, one can develop
functional and versatile sensors. It may be possible to enhance
the fluctuation signal by lowering the spring constant of the
microcantilever; this may reduce the resonance frequency and
make the resonator overdamped in liquid. Careful modeling is
required for finding the optimal design parameters for next
generation sensors.

In this letter, we measured the nanomechanical spectrum
of the forces that bacteria exert on a microcantilever from
the fluctuations of the microcantilever. We observed that the
amplitude of the fluctuations scales with frequency as 1/f*
(2 <a<3) as well as the surface density of the bacteria. Our
physical model suggests that each bacterium provides fluctu-
ations with multiple time scales and amplitudes, resulting in
a collective 1/f-like spectrum.
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