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ABSTRACT

The metabolic activity of living organisms results in cellular motion on a nanometric scale that can be efficiently detected by micro- and nano- fabricated sensors.
Quartz crystal microbalance and atomic force microscopy (AFM) inspired techniques have recently demonstrated their ability to successfully measure the nanometric
motion of microorganisms. Monitoring these fluctuations while exposing the microorganisms to various compounds (e.g., metabolic inhibitors and drugs, fixatives,
etc.) provides a rapid, label-free assessment of cellular activity and the live versus dead state of both prokaryotic and eukaryotic cells. To date, microbial activity-
induced nanometric oscillations of AFM cantilevers have primarily been measured using commercially available AFMs. In this article we present a novel, user-
friendly mechano-sensing device, termed a Nanomotion Detector (NMD), recently developed in our laboratories, that simplifies AFM systems. This NMD offers a
streamlined design that is simple to align, is optimized for assays with live cells and liquid exchange, and can be operated in a Peltier-controlled incubator providing
thermal control. Here, we successfully tested the ability of the NMD to discern differences between the live/dead nanometric motion of Escherichia coli and Sta-
phlococcus aureus exposed to antibiotics and fixatives. This NMD is a dedicated cell activity detector that can advantageously replace commercially available AFMs for

nanomotion detection applications including rapid antibiotic sensitivity testing.

1. Introduction

All living organisms exhibit motion at the nano-scale - or nano-
motion - that is above and beyond the frequency of Brownian motion
such that it can be considered a universal signal of cellular life. Cellular
nanomotion can be efficiently detected and monitored by micro- and
nano- fabricated sensors ([17,18,28,32]) regardless of cellular motility.
Among others, quartz crystal microbalance [4,24,31] and atomic force
microscopy (AFM)-inspired techniques [5,21] have demonstrated their
ability to measure extremely sensitive changes in mass and the
metabolically-induced oscillations of microorganisms [7,16]. Cellular
nanomotion detection techniques eliminate the need for chemical la-
beling, which can enhance the understanding of cellular physiology by
removing biases associated with targeting specific metabolic processes,
biochemistry, or cell types and species [6,14]. The measurement of
metabolic process or change in mass was indeed demonstrated by Als-
teens and colleagues in 2017, opening a new field in living organism
nanomotion [2]. Both biomedical and environmental applications can

benefit from nanomotion assays that assess microbial metabolic activity
and enable life detection at the cellular scale [10,20]. For example,
monitoring nanomotion oscillations while exposing an experimental
target organism to various metabolic or cell inhibitors, such as antibi-
otics or fixatives, provides a measurement of active (live) versus inactive
(dead) metabolic states in prokaryotes and eukaryotes [15]. In envi-
ronmental applications, exposing cells to environmental changes, such
as toxins or nutrients, can provide an indication of the limits of life [33].

Nanomotion-based live/dead testing is particularly promising as
diagnostic tool for performing rapid antibiotic susceptibility tests (AST),
in the medical field [11]. Traditional cell-culture based ASTs are the
gold standard used in clinics to determine the most appropriate anti-
biotic to fight infections [9,27]. Unfortunately, obtaining positive results
via traditional ASTs requires between 24 h and three weeks depending
on the reproduction rate of the infecting bacteria [3]. Since infections
such as sepsis can lead to patient death within hours, clinicians tend to
prescribe broad spectrum antibiotics before obtaining the AST results
[8]. The primary downfall of the widespread use and misuse of broad
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spectrum antibiotics is that they have led to bacterial antibiotic resis-
tance, which has been identified as a global public health challenge for
the coming decades [1]. Novel assays that reduce the AST time to mi-
nutes or hours could dramatically shorten the turnaround time for
determining and subsequently prescribing the most efficient, targeted
antibiotic needed to fight a given bacterial infection and ultimately
reduce reliance on large spectrum antibiotics [3].

Nanomotion detection provides a rapid, label-free, agnostic and
unbiased approach to measuring the impact of stressors (e.g. chemicals
such as antibiotics, fixatives, etc.) on cellular metabolism and serves as a
robust live/dead assay. In 2013, Longo and colleagues demonstrated the
ability to record nanomotion in a relatively simple manner by attaching
microorganisms onto AFM cantilevers [19] and monitoring the oscilla-
tions of the cantilever by capturing laser deflections using a conven-
tional AFM. They showed that the cantilever oscillations decreased after
exposing the attached microbes to antibiotics or other cell inactivation
agents. Following this initial work several studies have demonstrated
nanomotion experiments on a range of living organisms such as yeast
[13], mycobacteria [23], Bordetella pertussis [30], neurons [25], osteo-
blasts [12], and cancer cells [29]. This work has just scratched the
surface of cellular nanomotion applications due in part to a lack of ac-
cess to nanomotion detection technology, including dedicated and
optimized nanomotion detection instrumentation.

Given the growing applications for measuring cellular activity via
nanomotion detection, including in AST applications, there is an
increasing need for accessible instrumentation specifically engineered to
reliably measure cellular nanomotion.

Here, we present a novel, streamlined nanomotion detector (NMD)
specially designed to perform rapid ASTs and advance our understand-
ing of microbial cell activity. This design supports liquid exchange
which is an asset for living cell assays. It is also small enough to operate
inside a low-vibration, Peltier-cooled/heated incubator which enables
precise temperature-controlled experimentation above or below
ambient temperatures. The NMD was designed to require minimum
adjustments during setup and use, and is unaffected by changes in op-
tical refraction index associated with liquid exchange inside the sample
chamber. The device was also fabricated with low-cost materials
enhancing the potential for technology transfer. These developments
will facilitate broad implementation of the device in medical centers and
research laboratories. This work describes the NMD design and dem-
onstrates the ability to detect Escherichia coli and Staphylococcus aureus
nanomotion under temperature-controlled conditions and conduct rapid
and reliable ASTs.

2. Methods
2.1. Elements of nanomotion detector design

The NMD was designed, machined, assembled, and tested in the
laboratory of physics of living matter at the Ecole Polytechnique Fédérale
de Lausanne (EPFL, Switzerland). The design was developed with the
objective to provide a simplified, user-friendly, and versatile device for
collecting nanomechanical measurements associated with microbial
activity in a wide range of growth media. The fundamental design
components of the NMD consist of a light source, a sample chamber with
an AFM cantilever mounting stage that facilitates light-cantilever-
detector alignment, and a four-quadrant photodiode detector (QPD)
(Figs. 1a and b).

The light source is a 650 nm Super Luminescent Emitting Diode
(SLD, Exalos AG, Switzerland, Cat. No. EXS210030-03) that is focused
using a fixed focal depth condenser (50 mm, Schafter+Kirchhoff GmbH,
Germany). The SLD provides a focused beam of light while reducing the
risk of harmful exposure to more intense laser light sources often used in
AFM instrumentation. The SLD is introduced into the NMD instrument
via an optical fiber [22] where it then enters and exits the sample
chamber with a 60 degree angle through sapphire windows that are
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Fig. 1. The NMD design. a. Technical drawing in cutaway side-view showing
where the SLD light path (red line) exits the condenser lens and is reflected by
the cantilever onto the QPD. The red arrows indicate the fine X and Y axis
alignment knobs for both the SLD and the QPD. Measurements are expressed in
millimeters. b. A 3-D side view of the NMD (same orientation as (a)) with the
sample chamber top screwed on. The red arrows indicate the fine alignment
knobs in the X and Y axis. c. A side view of the sensor holder where the
alignment setup is shown, including two of three total stainless-steel spheres
(blue arrows) together with a magnet which allow the chip-holder to stay in
position during NMD operation. The third sphere described in section “2.1” is
hidden behind the left sphere in this depiction. The red arrows indicate where
the two different sapphire windows enter the stainless-steel piece. d. The
sample chamber sealed with a polycarbonate sample chamber cap that includes
a sapphire window (to allow visibility of the inner chamber) and inlet and
outlet ports for fluid exchange. A cantilever-bearing chip is mounted in the
sample chamber (red arrow). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.).

in-line with the cantilever mounting system (Figs. 1a and c).

The sample chamber is a self-contained, stainless steel insert within
the NMD that isolates aqueous reagents from the SLD and QPD elec-
tronics. The sample chamber reservoir holds up to 3 mL of liquid (e.g.
growth media, Fig. 1a and d). This small reservoir volume minimizes the
amount of time required for the sample chamber fluid, cantilever, and
microbial sample to thermally equilibrate at the target temperature. The
small volume also supports rapid mixing within the sample chamber
when adding reagents or exchanging the chamber fluid using gravity or
a rate-controlled pump. The exchange volume was determined empiri-
cally by monitoring the salinity during a fluid exchange between a saline
to a freshwater solution to be approximately 3x the total volume for
complete exchange. The stainless-steel sample chamber insert contains
two sapphire windows that allow the SLD light path to enter the sample
chamber, reflect off a cantilever within the chamber, and exit the
chamber to the QPD (Fig. 1c). A threaded cap constructed of poly-
carbonate is fitted with a 200 um thick and 1 cm diameter sapphire
window (Edmund Optics Ltd., York, UK) that allows users to align the
SLD with the cantilever and observe microbes adhered to the cantilever
via optical microscopy. Liquid exchange is achieved through stainless-
steel inlet and outlet tubes (0.5 mm diameter, Fig. 1d) connected to a
syringe or optional syringe pump (NE-1000 syringe pump, New Era
Pump System Inc, USA) by silicon tubing.

The NMD sample chamber includes a two-component cantilever
alignment system to simplify and improve the repeatability of the SLD-
Cantilever-QPD alignment process. The first alignment component in-
cludes a three-node, magnetic mounting system that secures the
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cantilever holder in the sample chamber on three stainless steel sphere-
mounts (Fig. 1¢). The second component of the alignment system uses an
alignment chip (Alignment chips, Nanosensors GmbH, Germany)
mounted in the cantilever holder to reliably insert the cantilever into the
holder and thus enable reproducible micron-scale precision across ex-
periments in which different cantilevers are used (Fig. 1d).

Users align the SLD-cantilever-QPD light path after mounting the
cantilever in the sample chamber. This is achieved by turning the fine-
scale manual X and Y adjustment knobs on both the SLD and QPD
mounts. First, the light path is directed at the cantilever tip and
confirmed via optical microscopy. Optimal light path alignment is
achieved when the SLD beam is centered on the QPD. This is achieved by
adjusting the manual X and Y fine-scale adjustment knobs on both the
SLD and QPD in order to maximize the total QPD voltage signal and
minimize signal offset from the center of the detector. The manual
adjustment knobs allow users to optimize the QPD voltage signal and
alignment to the hundredths place or better. A previous version of the
NMD utilized small motors to enable remote, fine-scale SLD and QPD
alignment. These motors, however, introduced a substantial amount of
signal drift. The manual alignment knobs simplify the NMD, reduce
signal drift from motor creep, and lower the NMD cost while still
providing adjustable and stable light path alignment.

After entering the sample chamber, the aligned light path reflects off
the cantilever and passes through the sapphire exit window where it
illuminates the center of the QPD. The SLD-cantilever-QPD configura-
tion and the angle of incidence renders the system independent of the
refractive index of the growth medium inside the sample chamber. As
the cantilever oscillates its motion is recorded via the concomitant
transverse movement of the SLD light path across the QPD. The canti-
lever oscillations detected by the QPD are sent to a signal pre-amplifier
and forwarded to an analog-to-digital converter card (National In-
struments, Austin, TX, USA) that sends the data through an USB port to a
computer running Labview (v 2017; National Instrument, Austin, TX,
USA).

The NMD can accept traditional or tip-less cantilevers. Tip-less
cantilevers (SD-qp-CONT-TL, Nanosensors GmbH, Germany) with a
nominal spring constant of 0.1 N/m (Fig. 2a) are preferred since the tip
does not interfere with cell attachment. The nominal spring constant is a
key parameter to consider when selecting a cantilever since it impacts
the signal to noise ratio. Furthermore, these tip-less cantilevers are
partially gold coated with 20% coverage at the tip end of the cantilever
that improves reflectivity of the SLD (Fig. 2a) and results in a significant
reduction in 1/f noise. Schumacher and colleagues demonstrated a
greater Q-factor of partially-coated cantilevers that resulted in an in-
crease of the sensitivity. Gold coating only at the tip of the cantilever
also renders the signal less susceptible to drift due to thermal deltas
[26].

Two NMD systems with slight differences in accessory and compo-
nent configurations (e.g. optical microscope, vibration isolation, ther-
mal control) were assembled and tested. One was used for AST assays at
EPFL, and the other was employed at Desert Research Institute (DRI,
Nevada, USA) for use in environmental microbiology research. Both
NMD systems were mounted on vibration isolation tables to reduce
signal contamination by external vibration sources such as user activ-
ities and building noise. SLD focal depth adjustments and SLD-cantilever
alignment are achieved using long working distance light microscopes.
The light microscopes also allow the user to observe microorganisms
adhered to the cantilever over the duration of the experiment. The NMD
used to collect the E. coliand S. aureus AST data at EPFL was mounted on
a passive vibration isolation table (Technical Manufacturing Corpora-
tion, MA, USA) under a self-assembled transmitted-light microscope
(Mitutoyo Corporation, Kawasaki, Kanagawa, Japan) with three ultra-
long working distance objectives providing 50-200x magnification
(Mitutoyo Infinity-Corrected Long Working Distance Objectives 5x,
10x, 20x, Edmund Optics, York, UK). The NMD used in temperature-
controlled nanomotion experiments at DRI was mounted on an active
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vibration table (Accurion Nano30, Accurion GmbH, Gottingen, Ger-
many) under a high-resolution digital microscope/camera with a 72 mm
fixed working distance (UB503-LHK, Dunwell Tech. Inc., CA, USA). The
NMD, vibration isolation table, and microscope were operated inside a
Peltier-cooled/heated incubator (IPP 260 Plus, Memmert GmbH,
Biichenbach, Germany) to control the temperature inside the NMD
sample chamber. The Peltier-cooled incubator is highly preferable to
traditional compressor-driven refrigeration systems due to vibrations
that can affect the background signal and introduce signal noise. The
DRI instrumentation platform is depicted in Fig. 3a.

2.2. NMD data acquisition

The data acquisition software was developed in Labview (National
Instrument, TX, USA) at EPFL. This program processes and saves data
coded at 16-bits in a one-dimensional array text file with a user-chosen
rate that is at least double the cantilever resonant frequency. The pro-
gram is available upon request. The data collection rate is typically ac-
quired at 20 kHz for the tip-less SD-qp-CONT-TL cantilever that has a
resonant frequency of ~8 kHz in liquids. The software simultaneously
records four measurements according to the incidence of the SLD light
path on the QPD, including: (1) the SLD intensity or the total signal
across the QPD, termed the SUM signal; (2) the vertical deflection of the
cantilever, referred to as the deflection or DEF signal; (3) the lateral
displacement of the cantilever, called the LFM signal; and (4) the DEF
signal normalized by the SUM signal, named DEF/SUM.

Cellular activity is assessed based on the vertical deflection of the
cantilever, or DEF signal, as described previously [29]. Briefly, deflec-
tion data are exported from Labview and post-processed in MATLAB to
extract the cellular activity signal. The first post-processing step filters
the signal with a low-pass filter to remove high frequency data. Thermal
drift is then removed via best-fit linear flattening over 10 s bins. The
variance of each 10 s bin is then calculated. Variance data is plotted as a
function of time or further binned and plotted to show the variance
median and standard deviation over desired (e.g. hour) timeframes.
Variance data within box and whisker plots (Fig. 2d) are binned over 1 h
(n=360).

2.3. E. coli and cantilever preparation

E. coli (DH5™, catalog Number: 18265017, Thermo Fisher Scientific,
USA was used at EPFL and strain K-12 at DRI) was cultured in Luria
Broth (LB) medium at 37 °C on an orbital shaker. Similar experiments
were also performed with S. aureus (see Supplementary information).
Exponential phase cultures were rinsed three times in phosphate-
buffered saline (PBS) by vortexing and subsequently centrifuged at
5000 rcf. Cells were then loaded on the cantilever as previously
described ([29]). Briefly, cantilevers were functionalized with glutar-
aldehyde by immersing the cantilever in a droplet of 0.5% glutaralde-
hyde for 10 min, rinsing off the excess solution with 3 mL of ultra-pure
water (resistivity: 18 M ohm cm 1), and allowing the cantilever to dry
for 5 min in a laminar flow hood at room temperature. Washed E. coli
cell pellets were diluted with 50-150 pL of PBS to a final concentration
of approximately 5x10% cells per mL, based on optical density
(ODgp=0.65) spectrometer absorbance. The cells were adhered to the
functionalized cantilever by incubating a 10 uL droplet of the cell sus-
pension on the cantilever for 30 min. Excess and poorly adhered cells
were gently rinsed off the cantilever with 3 mL of LB and the cantilever
was placed inside the NMD sample chamber. The binding agent used
may vary based on microorganism external characteristics (cell wall/-
membrane, lipo-polysaccharides matrix, etc.). Several different binding
compounds can be utilized, such as poly-L-lysine, glutaraldehyde,
commercially available cell-tack and cationic polymers as presented in
our previous work [29].
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Fig. 2. A typical AST experiment using the NMD. a. A conventional commercially available tip-less AFM cantilever before functionalization and bacterial adhesion. b.
The same cantilever with adhered, DAPI stained E. coli (blue cells). c. The variance of the cantilever deflection signal for each of the three incubation conditions
determined for 1 h per treatment: LB (black line), antibiotic treatment (red line), and 2% glutaraldehyde (blue line). The number of fluctuations induced by the living
organisms strongly reduce both in numbers and amplitude after the antibiotic injection. The signal measured after glutaraldehyde injection (blue line) is smaller than
the antibiotic treatment signal highlighting the efficacy of glutaraldehyde for E. coli inactivation. These killed-control data are considered the system baseline. d.
Deflection signal variance from c plotted as box and whisker plots (25th and 75th percentiles are shown together with the median value and the outliers (maximum
and minimum values). Each box summarizes 1 h of data. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.).
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Fig. 3. E. coli nanomotion was measured at 23 °C and
at 30 °C inside a temperature-controlled incubator. a.
The NMD device was operated inside the Peltier
temperature-controlled incubator together with a vi-
bration isolation table and digital microscope. b. E. coli
cell nanomotion was measured at 23 °C for 2h in LB
medium prior to exchange LB with isotonic buffer for
two hours (PBS: no carbon source), this was then fol-
lowed by inactivation with glutaraldehyde (PBS-Dead)
for one hour. The boxes defined by 25th and 75th
quartiles (outliers shown in red), represent 1-hour data
bins. c. E. coli cells analyzed at 30 °C in LB, PBS and
after inactivation with glutaraldehyde (PBS-Dead). Plot
representation is the same as in (b). Given variability
between different cantilevers and cell loads, the data in
b and c are not comparable. (For interpretation of the
references to color in this figure legend, the reader is
referred to the web version of this article.).
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2.4. ASTs and temperature-controlled cell activity experiments equilibrate for 5-10 min prior to collecting data in order to reach a
steady state and reduce signal drift. Each experiment was repeated in
AST experiments were conducted at EPFL with adhered E. coli or triplicate. Each experiment included three measurement phases: (1) live
S. aureus. The sample chamber was filled with thermally equilibrated, cells in LB (1 h); (2) exposure to either 150 pM ampicillin in PBS
filter sterilized (0.2 um) LB. The cantilever and fluid were allowed to (antibiotic treatment) or PBS (control, 1 h); and (3) treatment with 2%
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glutaraldehyde (inactivation/killed control, 1 h). Liquid exchanges were
performed using 10 mL of solution, which is approximately three times
the total sample chamber volume (approximately 3 mL), in order to
flush and replace the previous solution. The nanomotion data collection
was stopped during the liquid exchange, in order to avoid recording a
noise-induced signal by turbulence generated during the liquid ex-
change. Cells were inactivated by a final 2% glutaraldehyde treatment,
stained with DAPI and observed at 630x on a Zeiss Axiovert T-100
(typical example of cells attached on the cantilever is reported in Fig. 2b
and Supplementary Fig. 2 c).

Changes in E. coli activity associated with growth media (LB vs. PBS)
at two temperatures (23 °C and at 30 °C) were measured at DRI on a
single NMD instrument located inside the Memmert IPP 260 Plus Peltier-
controlled incubator. Cantilever-mounted cells were exposed to the
following treatments and incubation durations in sequence: (1) LB
growth medium (2 h); (2) PBS (2 h); (3) 2% glutaraldehyde (1 h). The
system was allowed to equilibrate for 15-30 min between each treat-
ment prior to collecting data concurrent with each incubation condition.

3. Experimental results and discussion
3.1. Optimized NMD design

The NMD is a novel device designed specifically for measuring cell
activity on a nanometric scale using commercially available AFM can-
tilevers. This device was optimized for the purpose of nanomotion
detection, and ultimately negates the need to perform these measure-
ments on AFMs, which are more expensive, complex, and prone to
damage compared to the compact, functionally and operationally
streamlined NMD. In particular, the NMD bears a range of features
including a sealed sample chamber that supports fluid exchanges during
an experiment, manual SLD and QPD alignment knobs, and a direct SLD-
cantilever-QPD light path (Fig. 1a and b), all of which contribute to its
robust, compact, and low-cost design. The SLD-cantilever-QPD light
path eliminates the need for mirrors and mirror positioning systems that
can be costly and have the potential to introduce signal drift and noise.
Indeed, eliminating mirrors from earlier NMD designs and replacing a
class 3 laser with an SLD light source reduced signal drift, increased the
signal to noise ratio, and effectively increased the dynamic range of the
instrument. Baseline or blank NMD nanomotion data recorded with a
cantilever without any organisms attached onto its surface (data not
shown) is two orders of magnitude lower than the signal observed for a
typical E. coli sample.

3.2. AST applications

We tested the NMD for its ability to rapidly perform ASTs using
ampicillin against E. coli and ciprofloxacin against S. aureus. Using
glutaraldehyde applied in a monolayer as an adhesion-agent consis-
tently resulted in the adhesion of live E. coli cells onto the cantilever at
concentrations sufficient to detect cellular nanomotion and therefore
activity above inactivated cells. This is evidenced by the overall larger
signal variance measured at the start of each experiment when cells are
exposed to growth media, followed by a decrease in the magnitude of the
variance after adding the antibiotic or glutaraldehyde (Figs. 2c,d, 3b,c).
Signal variance as a function of time exhibits large fluctuations under all
tested conditions, especially during live cell treatments (e.g. growth
media) likely due to fluctuations in cell activity over time as well as their
spatial distribution across the cantilever. It can be assumed that the
signal contribution of any single cell will depend on its expressed ac-
tivity, or nanomotion, and its location on the cantilever, and that the
total signal is a combination of the contribution of each cell. Thus, many
of the large fluctuations in variance are not necessarily anomalous data
but rather indicate the collective range of combined activity for those
cells based on the experimental conditions (e.g. number and location of
cells, temperature and growth media), and likely indicate high activity
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events.

While the measured variance may fluctuate over time and vary be-
tween each experimental run it is apparent that E. coli (or S. aureus) cells
are inactivated by both antibiotics and glutaraldehyde based on the
decrease in signal variance relative to the initial live-cell signal. As ex-
pected, the variance data indicate that antibiotics have less of an impact
on cellular activity compared to the terminal effect of glutaraldehyde
(Fig. 2¢ and d). It is also notable that the NMD signal is sufficiently
sensitive to reveal that E. coli (or S. aureus) is more active following
treatment by the antibiotic relative to the glutaraldehyde treatment.

Previous work using a different bacterial strain showed that an
antibiotic treatment is often characterized by a lag in the nanomotion
pattern followed by a partial reactivation after one hour [23]. This
observation may have two explanations: (1) The presence of cells less
susceptible to the antibiotic compared to the majority of the population;
or (2) Cell activity is reduced upon antibiotic exposure but is later able to
reactivate. The latter explanation is not supported by biological data.
Regardless of the cause, the nanomotion signal that results from anti-
biotic treatment is unable to provide true Killed-control baseline data for
which to compare live and treated nanomotion signals in any given
nanomotion detection experiment. Glutaraldehyde treatment is there-
fore used to acquire the system baseline (killed-control) since it is an
extremely effective killing agent and is assumed to terminate all cellular
activity.

Quantifying DAPI-stained cells adhered to the cantilever provides an
assessment of the NMD detection limit (Fig. 2b). A low amount of E. coli
cells per cantilever (100) provided high quality nanomotion data with
sufficient activity to exhibit statistically different variance signals be-
tween live, antibiotic-treated, and glutaraldehyde-killed conditions
(Fig. 2c and d and Supplementary Fig. 1). The cell adhesion methods
described herein, however, consistently resulted in sufficient E. coli cell
adhesion onto the cantilever to enable positive AST results.

For the sake of comparison, Staphylococcus aureus, a non-motile
bacteria, was tested in order to assess the independence of nano-
motion measurement to cellular motility. Recording S. aureus before and
after ciprofloxacin treatment showed a decrease in the nanomotion
fluctuation confirming the capability of nano-fabricated sensors to
identify the antibiotic susceptibility regardless of the presence of cellular
flagella, pili or other motor-type organelles on the external surface of the
microorganism (Supplementary Fig. 2).

More work is required to constrain the NMD detection limit, which
will likely vary as a function of the experimental conditions tested,
including but not limited to microbial species, experimental tempera-
ture, growth media, position of the cells on the cantilever in a given
experiment. The cantilever type, including its geometry, spring con-
stant, material, and reflectivity, also influence the analytical sensitivity.

3.3. Effect of media and thermal control

Temperature plays a large role in bacterial metabolism and growth
rate. Indeed, microbes are often categorized as meso-, thermo-, or psy-
chrophiles depending on their optimal growth temperatures. Cells
exhibit a range of growth rates and may even enter a maintenance
metabolism state or undergo cell death when exposed to temperatures
above or below their optimal growth conditions. The thermal tolerance
range of a cell is dependent on its physiology and ability to adapt. It
follows that experimental temperature control is crucial to under-
standing the activity of a cell and its response to antibiotics or other
inactivation reagents.

Operating the NMD within a traditional compressor-driven incubator
generated excessive external vibration that increased background noise
and prevented collecting reliable nanomotion data. An active vibration
table was unable to eliminate the signal noise from the incubator
compressor. The vibrations from a traditional compressor-driven low-
temperature incubator may be too large to compensate for given that the
NMD is highly sensitive and able to measure forces on the order of pico-
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Newtons. We expanded the versatility of the NMD by testing its ability to
detect E. coli cell stress and inactivation within a Memmert IPP 260 Plus
incubator. This incubator cools and heats using thermoelectric (Peltier)
elements coupled with a low vibration fan. Ambient incubator vibra-
tions are sufficiently dampened by the Nano30 active vibration isolation
table to allow for high quality nanomotion data collection (Fig. 3).

E. coli activity measured at 23 °C (ambient room temperature) and
30 °C in LB resulted in an increase in nanometric cantilever oscillations
over the course of two-hour incubations (Figs. 3b and 3c). The data are
skewed towards high variance values which may denote “high activity”
or large nanomotion events recorded by the NMD. The median NMD
signal increased to a greater degree between the first and second hours
at 30 °C compared to 23 °C (Fig. 3b, c¢). The 1-hour boxplot bins
generally consistent with the doubling rate of E. coli at these tempera-
tures [17], and the corresponding increase in signal activity suggests
active E. coli growth and replication on the cantilever. E. coli nano-
motion variance decreases within 30 min of adding PBS, suggesting a
change in their cell activity. The observed E. coli nanomotion signal in
PBS also remains steady over two hours incubation, indicating that cell
replication may have slowed or even ceased (Fig. 3c). This behavior is
anticipated given that PBS does not provide carbon or nutrient sources
necessary to support heterotrophic growth. Treating the cells with a 2%
glutaraldehyde solution kills the cells and results in an anticipated,
concomitant decrease in nanomotion that is synonymous with the sys-
tem baseline, or killed-control signal. These data indicate that E. coli
nanomotion is detectable under both active (LB) and sub-optimal (PBS)
incubation conditions relative to inactivated (killed) cells at 23 °C. Data
at 30 °C suggest that E. coli cell activity was negligible in PBS and similar
to activity, or the lack thereof, in the Glutaraldehyde killed-control.
More work is required to constrain this result and understand the im-
pacts of rapid nutrient loss on cell activity.

4. Conclusions

In this study we present a novel nanomotion detector design (NMD)
that enables rapid AST and live (active) cell detection studies under
temperature-controlled conditions. The NMD exhibits a high signal to
noise ratio that can distinguish between live, antibiotic-responsive,
stressed, and inactivated-cell states with as few as 100 cells adhered to
a commercially available, AFM cantilever. The NMD is also a robust,
reliable, sensitive user-friendly instrument for medical and research
laboratory applications that require in-house testing capabilities with
living cells regardless of cellular motility. The streamlined design and
low cost-fabrication affords experimental devices that can be operated
in thermally controlled incubators which adds control and reproduc-
ibility. This paves the way for nanomotion applications to include large
scale, rapid, and sensitive antibiotic susceptibility testing. The NMD can
also support a wide range of microbial activity studies to support envi-
ronmental or astrobiology research that explores complex environ-
mental samples from aquatic, terrestrial, or icy environments and would
benefit from an agnostic, or unbiased form of microbial activity
detection.
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