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Continuous growth of individual bacteria has been previously studied by direct observation using optical
imaging. However, optical microscopy studies are inherently diffraction limited and limited in the number
of individual cells that can be continuously monitored. Here we report on the use of the asynchronous
magnetic bead rotation (AMBR) sensor, which is not diffraction limited. The AMBR sensor allows for the
measurement of nanoscale growth dynamics of individual bacterial cells, over multiple generations. This
torque-based magnetic bead sensor monitors variations in drag caused by the attachment and growth of

{\(/le:;r,loertcilz:bead a single bacterial cell. In this manner, we observed the growth and division of individual Escherichia coli,
Biosensor with 80-nm sensitivity to the cell length. Over the life cycle of a cell, we observed up to a 300% increase

in the rotational period of the biosensor due to increased cell volume. In addition, we observed single
bacterial cell growth response to antibiotics. This work demonstrates the non-microscopy limited AMBR
biosensor for monitoring individual cell growth dynamics, including cell elongation, generation time, lag
time, and division, as well as their sensitivity to antibiotics.

Asynchronous magnetic bead rotation
Rotating magnetic field

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Optical microscopy is currently the most widely used tool for
studying single cell behavior, as it offers the ability to measure
the elongation of individual bacteria over multiple generations
(Brehm-Stecher and Johnson, 2004; Elfwing et al., 2004; Inoue
et al.,, 2001). However, the spatial resolution of far-field optical
microscopy techniques is limited by the diffraction of light. High
sensitivity tools that have proven useful for single cell analysis
include scanning probe techniques (Touhami et al., 2004) and
cantilevers (Gfeller et al., 2005; Bryan et al., 2010), but studies
spanning multiple generations of individual cells have not yet been
demonstrated with these techniques. We note that high-resolution
techniques, such as electron microscopy and cantilevers are opti-
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mal in vacuum or air, rather than in water. Here we present a
high-resolution sensing method that works optimally in aqueous
environments (McNaughton et al., 2007a).

In this manuscript, we implement asynchronous magnetic bead
rotation (AMBR) to measure the nanogrowth of individual bacte-
rial cells. AMBR biosensors, developed by our lab, have previously
been used for a variety of applications (McNaughton et al., 2006,
2007a,b, 2009; Hecht et al., 2011; Kinnunen et al., 2010). The rota-
tional dynamics of magnetic objects rotating asynchronously with
the driving magnetic field have also been used for a other appli-
cations and studies. One of the first investigations was done on a
system consisting of a ferrofluid and a pair of nonmagnetic rotating
spheres called “magnetic holes” (Helgesen et al., 1990a,b). Similar
magnetic rotational studies have been used for the characterization
of magnetic carbon nanotubes (Korneva etal., 2005), magnetotactic
bacteria (Cébers and Ozols, 2006), traveling wave magnetophoresis
(Yellen et al., 2007; Yellen and Virgin, 2009), micro mixing (Biswal
and Gast, 2004; Tierno et al., 2007), and artificial microscopic swim-
mers and microdrills (Honda et al., 1996; Dreyfus et al., 2005).
Additionally, nonmagnetic systems that undergo asynchronous
rotation have been used for the rotation of glass nanorods in
fluid (Shelton et al., 2005). The presented AMBR biosensor enables
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the growth of a single bacterium to be measured throughout its
life cycle and over sequential generations. Indeed, we show that
the elongation of individual Escherichia coli bacterial cells can be
observed with 80 nm sensitivity in cell length. This high-sensitivity,
prolonged monitoring, single cell analysis technique could be use-
ful in population heterogeneity studies, and could radically shorten
the test time for identification (ID) and antimicrobial susceptibility
testing (AST) of microorganisms.

As mentioned, these single cell studies employ the AMBR
biosensor, which is based on the torque exerted on a magnetic
bead in the presence of a rotating magnetic field. At sufficiently
high rotating field frequencies, the magnetic bead rotates asyn-
chronously with the magnetic field, (Caroli and Pincus, 1969;
Rosensweig, 1985; McNaughton et al., 2006; Cebers and Ozols,
2006; Janssen et al., 2009) and in the case of a superparamag-
netic bead the rotational period, T, is proportional to the effective
volume of the rotating body, T« V. For the derivation, see Sec-
tion 2.1. Therefore, by monitoring the rotational period of the
magnetic bead, it is possible to detect single bacterium binding
events (McNaughton et al., 2007b) and, as demonstrated in this
manuscript, measure single bacterial cell growth on the nanome-
ter scale. When a single cell attaches to a magnetic bead, or grows,
the effective volume of the bead complex increases; this process
can be monitored by measuring changes in the bead’s rotational
period. The E. coli are assumed to grow only in length (Inoue et al.,
2001), with a constant diameter; thus changes in the rotational
period of the bead correspond to bacterial elongation. A schematic
of this is shown in Fig. 1a-c. Within this manuscript, the sensitiv-
ity is defined as the smallest detectable change in the sensor or its
environment.

2. Materials and methods
2.1. Theoretical derivation

The torque exerted on a magnetic bead in a magnetic field can
be expressed by

Tmag = M x B = (Mperm + Mypg) x B, (1)

where Tiqg is the total magnetic torque due to the induced mag-
netic moment m;,y and permanent magnetic moment Mperm, in
a magnetic field B. In a time varying magnetic field, the induced
magnetic moment is not necessarily parallel to the magnetic field,
and therefore can contribute to the torque. By using the previously
described equations for asynchronous rotation, arising from mag-
netic torque (McNaughton et al., 2006; Cebers and Ozols, 2006;
Janssen et al., 2009), the total magnetic torque in a rotating mag-
netic field can be expressed by

Tmag = [Mperm + (X' +1X")VmB] x B = MpermB sin($2t — 0)e
BZ
+ x"Vin—@, 2
X Vm o (2)

where y’ is the real part and x” is the imaginary part of the mag-
netic susceptibility, £2 is the driving frequency, Vi, is the magnetic
content volume, i1o the permeability of free space, and & is the unit
vector of the rotating field. The real part of the susceptibility, x/,
does not contribute to the cross product in Eq. (2), as it remains
parallel with the magnetic field. The first term on the right hand
side of Eq. (2) corresponds to the permanent magnetic moment,
and the second term corresponds to the induced (superparamag-
netic) moment. In the experiments, we implement a 500 Hz driving
field while the critical frequency of the system, {2, is on the order
of 1Hz. As a result, the superparamagnetic torque dominates and
the first term in Eq. (2) can be neglected (£2 > £2.). This allows for

Eq. (1) to be simplified to

Tmag = Mjpg x B, (3)
leading to
B? .
Tmag = X' Vimn—@€. (4)
Mo

Neglecting both inertial forces (where drag forces dominate)
and Brownian rotation forces (where magnetic torque dominates)
the torque of a rotating body in a viscous fluid can be expressed by:

Tdrag = —Tmag = _KUVGéa (5)

where « is the Einstein shape factor (6 for a sphere),  is the dynamic
viscosity of the surrounding fluid, Vis the total volume of the rotat-
ing body, and 6 is the angular orientation (6 is the rotational rate
of the object, in radians/s). The rotational rate of the object can be
solved by combining Eqs. (4) and (5), which yields

- X//VmBZ
o= knVig ()

At a constant temperature and a constant rotating magnetic
field, the imaginary susceptibility x”, magnetic content volume V;,,
magnetic field strength B, and the dynamic viscosity 7, remain con-
stant. Under these conditions, the rotation rate of the particle is
primarily a function of the effective volume
; 1
0o —. (7)

Verr

The rotational period of the particle, T, can be written in terms
of the rotational rate, 6, as T = 2r/6, which yields the basis of the
superparamagnetic AMBR sensor, namely Eq. (8):

T o Vegr. (8)

Notably, a similar equation has been reported for the measure-
ment of the Brownian relaxation peak of magnetic particles as
measured with AC susceptometry (Astalan et al., 2004; Chung et al.,
2008; Connolly and St Pierre, 2001). However, the AMBR method
implements constant magnitude rotating magnetic fields and does
not use varying magnitude non-rotating fields as is done with AC
susceptometers. Thus, Eq. (8) does not describe the location of the
Brownian relaxation peak. Instead, Eq. (8) describes how the real-
time rotational period of a magnetic particle relates to the effective
volume of the particle, when driven at a single frequency.

2.2. Cell culture and attachment methods

Uropathogenic E. coli bacteria (obtained from the Clinical Micro-
biology Laboratory, University of Michigan Hospital) were grown
on Mueller-Hinton agar plates (BBL) at 37 °C for 12-18 h. The bac-
teria were then suspended in 2.2% Mueller Hinton Il (MH) broth
(Teknova) to the approximate concentration of 1.5 x 108 CFU/mL
(e.g.a 0.5 McFarland Standard value). Anti-E. coli (Abcam, ab20640-
1) functionalized magnetic particles (Invitrogen M-280) were
introduced to the bacteria solution (to yield 108 beads/mL concen-
tration). The sample was incubated, with 175 rpm shaking at 37 °C,
for another 1.5 h. Before rotational data were obtained, the beads
with attached bacteria were isolated using a magnetic separator
(PickPen 1-M) and re-suspended into a solution containing MH
broth with 1% Pluronic F-68 (King et al., 1988) (MP Biochemicals)
and 0.1% BSA (Thermo Scientific). All experiments were conducted
at room temperature. The ampicillin minimum inhibitory con-
centration (MIC) of the E. coli was 8 wg/mL, as determined by
conventional broth microdilution methods.
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Fig. 1. The concept of measuring single cell elongation using the asynchronous magnetic bead rotation (AMBR) method. (a) A schematic representation of the AMBR sensor
on a microscope, where 1. denotes the electromagnet coils, 2. the fluidic sample, 3. the AMBR biosensor with an E. coli attached, and 4. the microscope objective. (b) Cell
elongation (schematic). (c) Schematic illustrating how the rotational period change is observed as a peak shift in the FFT spectrum (i.e. the elongation of the attached bacterium
can be measured by observing the change in the rotational period of the sensor-bacterium complex, which is caused by the increase in the system’s effective volume). (d)
Scanning electron microscopy image of a single E. coli cell attached to a 2.8 um magnetic bead. The scale bar is 2 pm.

2.3. Experimental setup and measurement conditions

Isolated bead-bacteria complexes were placed in a rotating
magnetic field on an inverted optical microscope (Olympus IX71,
100x/1.3 oil) and 1 min videos were taken at 5min intervals at
16 fps using a digital camera (Basler, piA640-210gm), see Fig. 2.
Videos were analyzed using Image] software (Rasband, 2010) by
plotting the “z-axis profile” of an area of interest next to the
rotating particle; this yields an intensity profile that reflects the
rotational frequency of the bead-bacterium complex (McNaughton
et al., 2006). The intensity plot was analyzed by applying a Fast
Fourier Transform (FFT) in Matlab, and the frequency of the high-
est amplitude FFT peak indicate the rotational rate of the particle
(see Fig. 1). Occasionally, the highest amplitude FFT peak did not
correspond to the observed rotational frequency of the particle, and
instead was twice the observed rotational rate. The peaks were fit-
ted with a Gaussian function in order to determine the peak position
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and width. The rotating magnetic field was generated with a cus-
tom Labview (National Instruments) program and Data Acquisition
Board (NI PCI-6221) in conjunction with an amplifier and a custom
made pair of air core Helmholtz coils. The magnetic field frequency
used to rotate the magnetic beads was 500 Hz with a 0.9 mT mag-
nitude, which was measured with a 3-axis magnetic field probe
(Senis Gmbh, C-H3A-2m).

2.4. Experimental errors

The error in determining the rotational period was designated
as the FFT peak width (full width at half maximum) of the ampli-
tude signal (Figs. 2 and 3). Fixed cells (E. coli suspended in 1%
glutaraldehyde for 30 min) were measured over 120 min, yielding
a 6.0% CV in the rotational response of the sensor. Fluctuations in
the rotational response of a single AMBR probe, with no bacteria
present, were under 10% after 20 h, showing long-term stability in

160 min 200 min 235 min

SR EE R

¢ B 1st Generation - 2nd Generation _3rd Generation
g_f 8 T 1 T =
s | I 7
I
é &l ' Ty )
st : 1
2o . L 04, LM
0 40 80 120 160 200 240

Time (minutes)

Fig. 2. Growth and division of a single E. coli bacterium, measured with the AMBR biosensor and observed with an optical microscope. (a) Schematic figures and (b) 100x
oil immersion optical microscopy images of the AMBR sensor with initially a single bacterium attached and subsequent cell divisions. The scale bar is 2 wm (Supplementary
Videos 1 and 2). (c) Cell growth and division as observed with the AMBR sensor. After a period of growth, the first cell division is observed at 104 min and again at 177 and
199 min. The error bars correspond to the measurement error in the rotational period and the exponential fits are a guide to the eye. Data is normalized to 1 at time zero.
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the rotational period (data not shown). Bacterial length measure-
ments were performed with a bright field microscope and a 100x
oil immersion objective. The theoretical diffraction limit is esti-
mated to be A/(2N.A.)~ 700 nm/2.6 ~ 270 nm, which we assumed
to be our error in the bacterium length measurements on the micro-
scope. To determine the bacterial cell length, intensity profiles were
taken across the length of the bacterium, with Image] software.

3. Results and discussion

We demonstrated the sensitivity of the AMBR biosensor by mea-
suring the growth and division of a single E. coli cell throughout its
life cycle and over multiple generations (Fig. 2). Bacterial cells were
attached to 2.8 pm diameter magnetic beads coated with specific
antibodies. Individual cell growth and response to antibiotics were
observed by using the AMBR method. Measurements were per-
formed on an inverted bright-field microscope, which allowed for
visualization of bacterial elongation and division, Fig. 2b, and quan-
tification of the resulting changes in the rotational period of the
sensor, Fig. 2c (normalized data). Over the first cell division cycle,
the rotational period of the AMBR sensor changed from (0.8 + 0.03)
to (3.24+0.2)s, which corresponds to a 300% increase in the rota-
tional period. Similarly, over the second and third cell divisions,
the periods changed from (1.04+0.1) to (6.240.4)s (520%) and
from (2.3 +0.2)to (5.8 4+0.3)s (150%), respectively. These dramatic
changes in the rotational period are governed by the volumetric
changes of the attached bacteria and can be seen in Supplementary
Videos 1-3. The significant abrupt reduction in rotational period
at time 104 min (e.g. a factor of 2.140.3) is exactly, time wise,
correlated to cell division as observed on the optical microscope.
Furthermore, the rotation of the bead did not lead to the detach-
ment of any bacteria from the bead, thus enabling studies spanning
multiple generations. Detachment was only observed as a result of
cell division. Upon division, the daughter cell either re-bound to
the sensor or detached itself from the sensor and remained free-
floating in the medium. For example, a division event that did not
result in detachment can be seen in Fig. 2c at 104 min; and a divi-
sion with detachment occurred at 177 min. In the case where the
daughter cell remained bound to the sensor, an abrupt decrease
in the rotational period was observed as the bacteria reoriented
itself on the bead and lowered the effective volume (by reducing
the shape factor).

Changes in the rotational period of the AMBR sensor are indeed
due to bacterial growth, as there were no significant rotational
period changes observed when bacteria were not present or when
fixated E. coli cells were attached (Fig. 3a). A comparison shows
that the rotational period of the AMBR sensor and the optical
microscopy measurements of the cell elongation were in good
agreement (Fig. 3b) and consistent with the derived linear relation-
ship. To estimate the sensitivity of the AMBR sensor in response to
cell elongation, the rotational period of the sensor was compared to

the cell length as measured by optical microscopy. The sensitivity
depends on the orientation of the bacterium, and is therefore case
dependent. An example of the relationship between the rotational
period of the AMBR sensor and the attached bacterium is shown in
Fig. 3b, where the error in measuring the AMBR rotational period
was estimated to correspond to (80 +38) nm change in bacterium
length. The fit in Fig. 3b was used as the relationship between the
rotational period and the bacterium length. The error in optical cell
length measurements was approximately 270 nm with our micro-
scope setup, see Section 2.4 for the calculation. We measured the
rotational period from a series of images, obtained with an opti-
cal microscope; however, with the AMBR method, rotation can
also be observed without a microscope, by using a combination
of a low power laser and a photodiode (McNaughton et al., 2009).
The authors note that the AMBR method is based on the rotational
period of the magnetic particle and as a result is unaffected by the
optical resolution.

To demonstrate the use of an AMBR sensor for observing single
cell response to different environmental conditions, the response
of individual E. coli cells to two concentrations of antibiotics was
measured. The E. coli growth, in the presence of a low concentration
of antibiotics (0.5 pg/mL ampicillin), and growth inhibition, in the
presence of a high antibiotic concentration (8 pg/mL ampicillin),
were observed using the AMBR sensor. These growth trends were
again confirmed with optical microscopy (Fig. 3c). The observed
response of the individual cells to the specified concentration of
ampicillin should not be generalized to the whole population, since
different cells within the same population may respond differently
at the same concentration of antibiotics, due to the heterogeneity
within the bacterial population. Nevertheless, a drastic difference is
seen between the normal growth pattern below the antibiotics MIC
(minimum inhibitory concentration) value and the “no growth”
pattern at the MIC. The ultimate sensitivity of this method depends
on the orientation of the attached bacterium and the axis of rota-
tion of the bacterium-sensor complex. However, irrespective of this
sensitivity limitation, the method can be used to clearly distinguish
between growth and no growth of individual bacteria, as shown in
Fig. 3c, where growth was arrested by a sufficient concentration
of ampicillin. This validates the AMBR sensor as a useful tool for
sensitively observing the response of individual E. coli cells to envi-
ronmental effects, in particular to antibiotics, within only minutes.

In addition to using the AMRB sensor to study single cell
response to environmental conditions, it is envisioned that this
method could ultimately also be used for drug discovery research
and for rapid antimicrobial susceptibility testing (AST) in clinical
settings. The current clinical standard in AST is based on turbidity
measurements of bacteria populations, leading to an approximately
24-h instrument time when performed on pure cultures (Jorgensen
and Ferraro, 2009). Since the AMBR sensor measures the response
of individual bacterial cells instead of changes in the entire popu-
lation, multiplexing this technique could dramatically reduce AST
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Fig. 3. AMBR sensor measurements of elongation, compared with microscope observations, and the effect of antibiotics on cell elongation. (a) Fixated E. coli bacterium control
data; normalized rotational period of an AMBR sensor with a fixated E. coli attached. (b) The rotational period of the AMBR sensor vs. the bacterium length measured from
microscopy images, using image analysis. The error bars in the microscope measurement data are 270 nm. The error in the rotational period of the AMBR sensor is explained
in Section 2.4. (c) The response of two individual E. coli bacteria from the same culture (data normalized to 1 at time zero) in the presence of 0.5 and 8 pg/mL ampicillin, i.e.
well below the MIC (growth) and at MIC (no growth), respectively, measured with the AMBR sensor (Supplementary Video 4).



P. Kinnunen et al. / Biosensors and Bioelectronics 26 (2011) 2751-2755 2755

times. Furthermore, integration with a high-throughput microflu-
idic technology should enable studies on growth dynamics of
individual bacteria, and on their susceptibility to environmental
factors such as nutrients, temperature, pH and salt levels, as well
as to the introduction of antimicrobial agents.

4. Conclusions

The growth of individual E. coli bacteria over multiple genera-
tions and the effect of antibiotics were measured, at the nanometer
scale, using the AMBR biosensor. The AMBR biosensor was observed
to respond to changes of as little as 80 nm in length of single E. coli
cells. The sensor was also demonstrated to monitor growth over
the entire life cycle of the cells. Furthermore, measurement of the
response of individual E. coli cells to 0.5 and 8 pg/mL concentra-
tions of the antibiotic ampicillin demonstrate a drastic difference
between growth and inhibition. Finally, while the demonstrated
AMBR sensor has been optimized for bacteria, preliminary work
has extended the method to studies on other individual cells, such
as yeast and cancer cells.
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