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“Thou canst find of words a hundred,
Find a thousand wisdom-sayings,
In the mouth of wise Wipunen,

In the body of the hero;

To the spot | know the foot-path,
To his tomb the magic highway,
Trodden by a host of heroes;
Long the distance you must travel,
On the sharpened points of needles;
Then a long way thou must journey
On the edges of the hatchets.”
Wainamoinen old and trustful,
Well considered all these journeys

Sanoi vanha Vainamdinen: "Oi sie Antero Vipunen!
Ava suusi suuremmaksi, leukapielesi levita,
paasisin mahasta maalle, kotihini kulkemahan!"

Siina virsikas Vipunen itse tuon sanoiksi virkki:
"Mont' olen syonyt, monta juonut, tuhonnut tuhatlukuja;
moint' en viel& konsa sydnyt, kuin sgin vanhan Vainaméisen!
Hyvin laait tultuasi, teet paremmin, kun paloat."

Siitd Antero Vipunen irvisti ikeniansa,
avoi suunsa suuremmaksi, leukapielensa levitti.
Itse vanha Vainamaoinen laksi suusta suuritieon,
vatsasta varavakevan, mahtipontisen povesta;
luiskahtavi poies suusta, kaapsahtavi kankahalle,
kuin on kultainen orava tahi naata kultarinta.

An excerpt from the Kalevala,
the epic poem of Finland.
Translation by John Martin Crawford (1888).
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CHAPTERI:

Introduction and overview

A high resolution, high throughput cell-growth/cell-stress biosensor that requires
only small sample volumes could serve a wide area of biomedical research and applica-
tions. Such a biosensor would be invaluable for cell heterogeneity studies of clonal popu-
lations, antimicrobial susceptibility testing (AST), and drug screening. Certainly, new
automated instruments for rapid and accurate recognition of bacterial resistance to antibi-
otics are needed, as noted in the review of contemporary AST practices [1]. While rapid
molecular diagnostic methods exist, they have limited utility, and there is a need for rapid
phenotypic measures of antimicrobial susceptibility [1,2]. On the other hand, while
chemotherapy sensitivity and resistance assays (CSRASs) for cancer are not yet widely
used in clinical decision making [3], they have a significant potential to be used for de-
termining the correct therapy on an individual patient basis; as a result, novel rapid
growth/stress sensors are needed.

Technologies with the resolution to observe single cell growth do exist, such as
bright field microscopy, atomic force microscopy (AFM), scanning electron microscopy
(SEM) and cantilevers; however, scalability and automation remain a major hurdle. Re-

cently developed asynchronous magnetic bead rotation (AMBR) biosensors [4-9] possess



not only the high-resolution desired for the aforementioned biosensing applications, but
also the high-throughput capability that the previously mentioned techniques lack. Fur-
thermore, AMBR can be seamlessly combined with immunomagnetic separation, since
the same magnetic particles can be used for both. In summary, AMBR biosensors show a
great potential for various kinds of micro- and nano-growth studies, owing to their scala-
bility, simplicity and nanometer scale resolution. The following sections discuss AMBR

sensor applications from the Kopelman laboratory in more detail.

Historical context

Magnetic particles driven with rotating magnetic fields have interesting qualities
that have found several applications in biomedical engineering (See Figure 1). Some of
these applications are shown The applications include more traditional ones, such as
magnetic microdrills [10,11], micromixing [12], and artificial bacterial flagella [13,14],
as well as less straightforward applications, such as magnetic separation [15], background
extraction [16], biomolecule detection [17,18], viscosity measurement [19], and AMBR

biosensors [4-7,20].
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Another field worth mentioning in this context, and which precedes all the previ-
ously mentioned studies, is ferrohydrodynamics, where magnetic nanoparticle ensembles
in rotating magnetic fields have been extensively studied. The first such study was con-

ducted by Moskowitz and Rosensweig in 1967, where a ferrofluid was placed in a rotat-



ing magnetic field and its rotational rate was observed [25]. It was soon followed by a
theoretical publication on single ferromagnetic (FM) and superparamagnetic (SPM) par-
ticles in rotating magnetic fields [26]. Caroli and Pincus theoretically predicted that there
exists a critical frequency for FM particles, only below which the particles rotate syn-
chronously with the rotating field, anticipating recent work, in 2006, conducted by
McNaughton et al. Two decades after Caroli and Pincus’s theoretical predictions, Pop-
plewell et al., in 1990, using numerical integrations of the equations of motion, found that
above the critical driving frequency the FM particle rotation rate is steady, but with a su-
perimposed oscillatory component of relatively small magnitude; furthermore, the mean
particle rotation rate decreases as the driving frequency increases [27]. This anomalous
rotational phenomenon, where the magnetic particle rotates asynchronously with the driv-
ing field, is the basis of the AMBR biosensors; a full theoretical discussion can be found

in the following sections.

AMBR biosensors

Ferromagnetic AMBR

A ferromagnetic particle has a tendency to align with an external magnetic field,
and, therefore, at low driving frequencies, the magnetic particle rotates in synchrony with
a rotating magnetic field. Above a threshold, known as the critical frequency, viscous
forces of the surrounding fluid hinder the synchronous rotation, forcing the particle to
rotate briefly backwards each time the driving field laps around the particle. In the case of

two preferred orientations in the driving field (for example elongated superparamagnetic



particles [28] or optically driven nanorods [29]) the backward rotation occurs twice every
time the particle is lapped by the field. An example of a ferromagnetic particle rotating
synchronously (below the critical driving frequency) and asynchronously (above the crit-

ical driving frequency) with the external rotating magnetic field is illustrated in Figure 2

[4].
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Figure 2: Sequence of bright-field microscopy images of a single magnetic particle,
where the black scale bar is 7 um. (a) The particle is driven at below the critical driving
frequency, progressing in the clockwise direction. (b) The particle is driven above the
critical driving frequency. The particle begins in the clockwise direction, t = 0.00-0.23 s
but then rotates in a direction that is opposite of the external driving field, the counter-
clockwise direction, at t = 0.36, 0.84, 0.97, 1.45, and 2.05 s.

The critical frequency for an FM particle in a viscous solution, in an applied mag-

netic field, can be derived from the equation of motion, which is

d 7/ dé., ]
=mBsin 1
7 at (#) (1)




where | is the moment of inertia, t is time, » is

the drag coefficient, m is the permanent magnet-

ic moment of the particle, B is the magnetic
i sl

field strength and ¢ is the phase lag, which is

Figure 3: Schematic representation of
a rotationally driven magnetic parti-
cle.

the angle between the external magnetic field
(B) and the magnetic moment (6,)
[4,22,26,30,31].

In a rotating magnetic field, the magnetic torque acting on the particle is
I, =|mxB|=mBsin(¢)=mBsin(Qt -6, ), where Q is the frequency of the rotating
magnetic field. In low Reynolds number environments, the inertia term can be ignored

and equation (1) can be written in a nondimensional form, which is the nonuniform oscil-

lator equation:

d¢ _Q
4 O sin(@) , (2)

C

where Q. =mB/y, r=Q.t, and ¢ =Qt -6, . Below the critical driving frequency Q_,
the particle rotates in synchrony with the driving field with a phase lag, defined by
¢=sin"(2/mB). The maximum phase lag, /2, occurs when Q=0 .

In the aforementioned systems, beyond the critical frequency there is a decline in
the time-averaged particle frequency with increasing driving frequencies, with a well-

characterized dependence of the average particle frequency on the driving frequency,

namely:
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where <9FM> is the time average of the particle rotation rate. This relationship has been

reported for magnetic particles in rotating magnetic fields, namely for magnetic hole sys-
tems [32], magnetorheological fluid droplets [33,34], magnetically loaded carbon nano-
tubes [35], ferromagnetic particles [4], and elongated paramagnetic particles [28]. Non-
magnetic systems, such as optically driven nanorods, have also been reported to have
similar frequency dependence [29].

While the dynamics of magnetic particles in rotating magnetic fields had been
studied extensively, the first to recognize the potential of asynchronously rotating mag-
netic beads for biosensing applications were McNaughton et al. in 2006 [4]. The biosens-
ing ability of the ferromagnetic AMBR biosensors stems from the fact that the critical

frequency, Q_, is inversely proportional to the fluidic drag coefficient, y, of the magnet-

ic complex; namely,
Q =—, 4)

where y =xnV , K is the shape factor (6 for a sphere), 7 is the dynamic viscosity, and V
is the total volume of the rotating body. Therefore a FM particle in a rotating magnetic
field with a frequency above the critical driving frequency has a well-defined rotation

rate, which depends on its effective volume (V,; =V ).
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Figure 4: Schematic representation of a magnetic microsphere functionalized with an
antibody with (a) no attached bacteria, (b) with one bacterium and (c) after bacterial
growth. The rotation rate slows as more bacteria are attached or grow on the surface of
the particle.

The effective volume can be solved using equations 3 and 4:

Vi = mS . (5)

2 )2 ) 3

In controlled environments, in which the temperature, magnetic field amplitude
and frequency are constant, the effective volume can be calculated by measuring the rota-
tion rate.

Similarly, the AMBR sensor may be used to measure other variables in equation
5, such as the viscosity, magnetic moment or magnetic field strength. It is also possible to
use the phase lag of a synchronously rotating magnetic particle as a biosensor [36]. How-
ever, measuring the phase of a physical system is generally more difficult and less precise

than measuring the rotational frequency.



Superparamagnetic AMBR

Magnetic particles that consist of a nonmagnetic particle matrix with embedded
superparamagnetic (SPM) nanoparticles, possessing an induced rather than permanent
magnetic moment, are preferentially used for immunomagnetic separation. A rotating
magnetic field exerts a time invariant torque on a collection of SPM nanoparticles [37],
and therefore these magnetic particles also lend themselves to AMBR biosensor applica-
tions. For instance, depending on the size distribution of its embedded magnetic nanopar-
ticles, a given magnetic microparticle can exhibit ferromagnetic or SPM behavior in a
rotating magnetic field. A ferromagnetic behavior will be apparent in the low amplitude
and low frequency regime, while an SPM torque behavior will be dominant in a field
with high amplitude or frequency. The total magnetic torque exerted on a particle in a

rotating magnetic field can be written as:

Tiag =M e ><B+[(;('+i;(")VmB]><B

mag
2 6
=m BSiﬂ(Qt—@FM)é+Z”\/mB—é ©

perm
Ho

where ' and y" are the real and imaginary parts of the magnetic susceptibility, V_ is

the magnetic content volume, u, is the permeability of free space, and é is a unit vector

of the magnetic field. Variables in bold typeface are vector quantities. The real part of the
susceptibility does not contribute to the torque because it is parallel to the applied mag-
netic field, and the cross product is zero at all times. The imaginary susceptibility, how-

ever, is perpendicular to the rotating magnetic field and the cross product is, therefore,



nonzero. The imaginary susceptibility is a property of the magnetic particle and has a fre-
quency dependence that depends on the embedded nanoparticle size distribution. In the
high frequency case, the contribution from the permanent magnetic moment can be neg-
ligible, and the first term on the right-hand-side of equation 6 is zero. Equating the SPM
torque with the torque from the fluidic drag, the rotation rate of the particle can be

solved:

Tdrag = _KUV Hé (7)
1.drag = _Tmag (8)
B? .
XNy — =N Ogy €))
Ho
. Z”\/m BZ
Ospm = ' (10)
KN p,

Note that the backward rotations that are present in the FM asynchronous rotation
do not exist in the SPM case. Also, there is no explicit driving frequency dependence in
the rotation rate of the particle; however, the imaginary susceptibility is a property of the
magnetic material and usually is frequency dependent in nature. From equation (10) the
effective volume can once again be solved for biosensing applications, yielding the effec-

tive volume of an SPM particle as a function of its rotation frequency:

B Z”Vm BZ

= ! . (11)
NitoOspn

eff
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The general definition of superparamagnetism is that the magnetic moments aver-
age to zero over a finite time; usually a 100 second time scale is assumed (often implicit-
ly) [38]. However, in a rotating magnetic field, the magnetic moments cannot relax and
this definition does not apply; in this case, the natural distinction between permanent and
induced magnetic moment is determined by which of the equations, (3) or (10), fit the
frequency response of the rotating particle. Equation (3) describes the response of a fer-

romagnetic particle and equation (10) that of a superparamagnetic particle.

Biomedical applications of AMBR biosensors

Using the theory described in the above sections, the AMBR biosensors have
been used to measure a variety of biological subjects and some of these experiments are

discussed below.
Single bacterium detection

One of the first experiments revealing the high volume change resolution of the
AMBR biosensor was on single cell detection. The binding events of an individual bacte-
rium can be measured by observing the rotational rate changes of the AMBR biosensor
[5], see Figure 5. The effective volume change of the rotating body, due to the attachment

of a single bacterium, resulted in a 3.8 times slower rotational rate, on average.
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Figure 5: (a) The rotational
response of a single magnetic
microsphere with an attached
bacterium at various external
driving frequencies, where the
squares are experimental data
and the line is a theoretical fit
to Equation (3), the dotted line

IS an approximated curve for a
microsphere without a bacte-
rium. (b) The average rotation
frequency of 20 particles in a
fluidic cell incubated with bac-
teria (solid curve) and a fluidic
cell without bacteria (dashed
curve). The magnetic micro-
spheres with one bacterium
attached rotated an average of 3.8 times slower than those without. (¢) The average ro-
tation rate of a magnetic microsphere dimer driven at 3.75 Hz, where 1, 2, 3, 4, and 8
bacterial cells were sequentially attached. The fit corresponds to the expected change in
the nonlinear frequency, determined from Equation (3) for incremental additions of
volume. (d) Normalized power spectral density of the intensity fluctuations of the di-
mer with 1, 2, 3, 4, and 8 cells attached sequentially corresponding to the data points in
part c.
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Single bacterium growth (nano-growth) and cell division

Optical microscopy offers the ability to measure the elongation of individual bac-
terium over multiple generations and it is currently the most widely used tool for studying
single cell behavior [39-41]. However, the spatial resolution of far-field optical micros-
copy techniques is limited by the diffraction of light. Other high resolution tools that have
proven useful for single cell analysis include scanning probe techniques [42] and cantile-
vers [43], but studies spanning multiple generations of individual cells have not yet been
demonstrated with these techniques; furthermore, their optimal medium is air rather than

water. As an alternative approach, we used superparamagnetic beads to monitor the
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growth of individual bacterial cells, with 80 nm resolution for the cell length [6]. Due to
the superparamagnetic nature of the particles, Equation (11) was used to measure how
rotation-rate-changes translate into changes in effective volume of the sensor. The growth
and division of individual Escherichia coli bacteria was observed, with 80-nm sensitivity
to the cell length. Over the life cycle of a cell, up to a 300% increase was observed in the
rotational period of the biosensor due to the increase in cell volume. In addition, we ob-
served single bacterial cell growth response to antibiotics. Therefore this work demon-
strates a non-microscopy based approach for monitoring individual cell growth dynamics,
including cell elongation, generation time, lag time, and division, as well as their sensitiv-

ity to antibiotics.
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Figure 6: Growth and division of a single E. coli bacterium, measured with an AMBR
sensor and observed with an optical microscope. (a) Schematic figures and (b) 100X oil
immersion optical microscopy images of the magnetic particle sensor with initially a
single bacterium attached and subsequent cell divisions. The scale bar is 2 um. (¢) Cell
growth and division as observed with the AMBR sensor. After a period of growth, the
first cell division is observed at 104 minutes and again at 177 and 199 minutes. The er-
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ror bars correspond to the measurement error in the rotational period and the exponen-
tial fits are a guide to the eye. Data is normalized to 1 at time zero.

High frequency AMBR

Higher frequency asynchronous magnetic bead rotation allows better averaging,
higher resolution and higher bandwidth studies, which will allow applications, such as
real time single bacterium growth monitoring with sub-diffraction limited sensitivity and
single virus detection, both in their given fluid environment. The relative uncertainty in
bead radius of the ferromagnetic AMBR sensor is proportional to the relative measure-
ment uncertainty and has no explicit frequency dependence. The sensitivity of the system

is therefore:

(12)

where the sensitivity of the AMBR sensor, S, is defined as the smallest detectable
change in the system’s hydrodynamic radius », and it is governed by the uncertainty in

the bead frequency measurement, A(@). In order to measure the uncertainty of the bead

rotation measurement, a 6.7 um diameter magnetic bead AMBR sensor was driven with a
400 Hz, 1 mT, rotating magnetic field and was continuously measured over 37 seconds.
The data is shown in Figure 7. The average rotation period was 25.4 Hz, with a 0.7 Hz
standard deviation. Using these values and Equation (12) to calculate the sensitivity, the

AMBR sensor was found to be sensitive to a 59 nm bead diameter change.

14



00s 10.7 s 20.1s 30.7 s

) a b C d .

= [

=

=

£

<C

ra \s_ [N \ e
10 30 10 30 10 30 10 30
5 e Frequency (Hz) Frequency (Hz) Frequency (Hz) Frequency (Hz)
E 28 1 T . T T L] L) L]
>
227 L i
e °
qg)— 26 [ ] ° o ° '
t25‘. i ". .'. ct'.o ..Oio L
o [ ] ®
8 24 1 L 1 L 1 L 1
@ 0 5 10 15 20 25 30 35
Time (s)

Figure 7: The AMBR sensor signal in time. (a-d) Fast Fourier Transform plots of rota-
tion data, at time 0's, 10.7 s, 20.1 s and 30.7 s. (e) The rotational period of the AMBR
sensor in time, as measured with the Fourier analysis, examples of which are shown in
parts a-d. The average of the bead frequency is 25.4 + 0.7 Hz. The AMBR sensor is a
6.7 pm magnetic bead in 31 °C water.

Microfluidic integration of AMBR

Bead translation, magnetic interactions, surface adhesion and stiction are factors
that may reduce the efficiency and accuracy of the AMBR biosensors under some exper-
imental conditions [4]. By confining individual AMBR sensors within nanoliter-sized
water-in-oil (w/o) droplets in a microfluidic channel, the magnetic beads are isolated
within a defined space, separated from the neighboring beads, and separated from the
channel walls by a thin oil layer. Microfluidic platforms also reduce reagent use and ena-
ble parallelization and high throughput due to their small dimensions. Therefore, integra-
tion of AMBR with microfluidics is advantageous in many respects. Sinn et al. microfab-
ricated and characterized microfluidic channels to form droplets containing the maximum

number of individual magnetic particles. The asynchronous rotation of the magnetic par-
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ticles was characterized, concluding that water-in-oil droplets offer a good platform for
AMBR studies with excellent stability and less stiction compared to glass surface, see

Figure 8 (Sinn et al. to be published).
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Figure 8: (a) Microfluidic glass channels are patterned and etched using standard glass
lithography. Inlet and outlet holes are formed with electrochemical drilling. Device is
UV-glued onto a 0-thickness cover slip and inlet and outlet ports are UV-glued to the
access holes. (b) Image of the microfluidic droplet device. (c) A picture of the microflu-
idic device inside the electromagnet coils, which generate a rotating magnetic field of
0.9 mT amplitude at its core. (d) Optical microscopy image of an 8.8 um magnetic bead
rotating asynchronously with an external rotating magnetic field at a 50 Hz driving fre-
quency, bead rotation rate being much lower (0.8 Hz). Visual aid is provided to observe
the bead rotation. (e) Droplets of 0.5 nL to 1 nL in volume are formed by applying vac-
uum at the outlet and applying hydrostatic pressure at the oil inlet. A microfluidic de-
vice of this design holds between 50 and 75 droplets.

Small population growth and antibiotic susceptibility testing (AST)

Inappropriate antibiotic use is a major factor contributing to the emergence and
spread of antimicrobial resistance. The long turnaround time (over 24 hours) required for

clinical antimicrobial susceptibility tests (ASTs) often results in patients being prescribed
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empiric therapies, which may be inadequate, inappropriate, or overly broad, prior to
complete diagnosis. Reduction in the AST time would enable earlier and more appropri-
ate therapies to be prescribed. A “Rapid AST” proof-of-principle study was done with
AMBR biosensors in microfluidic water droplets, see Figure 9 (Sinn et al., to be pub-
lished). AMBR biosensor droplet microfluidic platform was demonstrated, enabling sin-
gle cell and small cell population growth studies for applications aimed towards rapid
AST. A small cell population of uropathogenic E. coli was confined in microfluidic drop-
lets and exposed to concentrations above and below the minimum inhibitory concentra-
tion (MIC) of gentamicin. Growth was observed for bacteria treated with gentamicin
concentrations below the MIC; no growth was observed for bacteria treated with gen-
tamicin concentrations above the MIC. A 100% difference in the sensor signal (ie. rota-

tional period), was observed within 25 minutes between samples with and without antibi-

otics.
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Figure 9: Small population E. coli growth curves measured with AMBR biosensor. The
MIC, is 1 pg/mL. Bacteria treated with gentamicin concentrations below the MIC con-
tinued to grow, whereas bacteria treated with concentrations above the MIC did not
show noticeable growth.
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Off-the-microscope studies

The ability of the AMBR biosensors to transform femtoliter scale volume changes
into frequency variations of orders-of-magnitude-larger magnetic particles is what makes
the technology powerful. While most of the AMBR biosensor experiments to date have
been conducted on an optical microscope, it is not ideal for automation purposes. The ro-
tation rate of the AMBR sensor can be measured by its vertical displacement over time
(see Figure 10) [4], or by focusing a low power laser, which has been done using a simple
prototype device without optical microscope [8,9]. A fast Fourier transform (FFT) can be
used to decipher the rotation rate of a particle from the periodic raw signal, for example
the displacement of the particle or the laser intensity fluctuating due to particle rotation.
Using the above mentioned methods, the work is underway to improve AMBR biosensor
compatibility with the industry standard 96- and 384-well plates for rapid growth studies
such as antimicrobial susceptibility testing (AST) of bacteria, chemotherapy sensitivity
and resistance assays (CSRASs) for cancer cells, yeast antifungal testing and research ap-

plications.
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Figure 10: The rotational behavior of a single magnetic particle below (a-b) and above
(c-d) the critical driving frequency. From the periodic data, a Fourier transform was
taken to determine the average rotation rate, parts b and d. Below the critical driving
frequency, part b shows only one main peak, which is a result of the particle being in
phase with the external field (with a constant phase lag). At external rates above the
critical frequency, part d reveals two main peaks, one that results from the slower net
rotation of the particle and one that results from the faster counterclockwise rocking of
the magnetic particle.

Cell magneto-rotation (CM) and cancer cell studies

Suspended cells behave differently than adherent cells, which is especially im-
portant in predicting the environmental responses of circulating tumor cells (CTCs) and
stem cells. However, the growth response of cancer cells in the suspended state is diffi-
cult to study due to the lack of existing methods for that purpose. Elbez et al. describe a
new method for quantitative, real time monitoring of cell size and morphology, on single
live suspended cancer cells, unconfined in three dimensions [7]. The precision is compa-

rable to that of the best optical microscopies, but, in contrast, there is no need for confin-
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ing the cell to the imaging plane. The cell magneto-rotation (CM) method is based on na-
noparticle induced cell magnetization, where magnetic nanoparticles are attached to the
cell or internalized in the cytoplasm. By using a rotating magnetic field, the magnetically
labeled cells are actively rotated, and the rotational period is measured in real-time. A
change in morphology induces a change in the rotational period of the suspended cell
(e.g. a bigger cell rotates slower). Using CM it is possible to monitor cell swelling and
death, in real time at the single cell level, see Figure 11. This method could be used for
multiplexed real time single cell morphology analysis, with implications for CTC drug

sensitivity, drug testing, drug discovery, genomics and three-dimensional culturing [7].

—_
o

:. 0000 0S O @ Figure 11: Changes in the rotation period

of a single live HelLa cell in 5% Ethanol.
The HeLa cell is a human cervical carci-
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Label-acquired magneto-rotation (LAM) biosensor

Another type of AMBR based biosensor has been demonstrated, which takes ad-
vantage of the fact that the rotation rate depends on the amount of magnetic material pre-

sent in the particle (see equation 3 and 4) [18]. Instead of measuring volume (and assum-
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ing constant magnetic moment), the LAM biosensor measures the magnetic content (and
assumes the volume to be constant). Therefore, when a nonmagnetic sphere acquires
magnetic moment by specific antigen-antibody interactions, the amount of antigen in the
sample is reflected by the acquired magnetic moment and therefore the rotation rate of
the particle. See Figure 12 for a schematic of the system. LAM biosensor has been used
to detect Thrombin with a limit of detection below 1 nM, where Thrombin was used a

model system for relevant detection system.
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Figure 12: a) Schematic illustrating label-acquired magnetorotation. A central 10 pm
nonmagnetic sphere and 1 um superparamagnetic label beads are coated with a sand-
wich pair of affinity molecules (either antibodies or aptamers) specific to the target, and
are then mixed with the target. The target is sandwiched between the central sphere and
the label beads, creating a magnetic sandwich complex. The sandwich complex is trans-
ferred to a rotating magnetic field, where the rotational frequency of the sandwich
complex is a function of the number of attached superparamagnetic label beads (and
therefore the concentration of the target as well). In the absence of the target, a sand-
wich complex is not formed, so the nonmagnetic central sphere does not rotate in the
magnetic field. b) An example of the application of label-acquired magnetorotation.
Thrombin was chosen as a sample analyte and detected using a sandwich aptamer pair.
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Magnetically modulated optical nanoprobes

Modulated optical nanoprobes (MOONSs) can be nonmagnetic, modulated by

Brownian rotation [44], or magnetic, modulated with magnetic fields (Mag-
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MOONSs)[45,16]. The periodic magnetic modulation of the MagMOONS can be used to

separate a weak fluorescent signal from the background fluorescence (Figure 13).
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Figure 13: (a) Modulated optical nanoprobe sensor. (b) Background-free measurement
taken by a magnetically modulated optical nanoprobe (MagMOON). An external mag-
netic field orients the MagMOON, causing its fluorescent excitation and observed
emission to blink on and off as it rotates. Note that the background fluorescence does
not blink.

This simple procedure increases the signal-to-background ratio by 3-4 orders of
magnitude [45], enabling the use of fluorescent nanoparticle sensors in samples with
highly scattering or fluorescent backgrounds. The MOON functionality can be added to
any fluorescent nanoparticle sensor by using a vacuum deposition with magnetic or non-
magnetic metal as the coating material. The MOONSs have also been used for local vis-
cosity measurements by using the AMBR technique [22], which enables simultaneous

physical and chemical measurements if fluorescent probes are used.

22



Outline of the Dissertation

The chapters in this dissertation have either been published in some form or will
be submitted. The full references for each publication are:

Chapter I: Kinnunen, P., Hrin, A, McNaughton B. H. and Kopelman R. Asyn-
chronous magnetic bead rotation (AMBR) biosensors and biomedical applications. In J.
N. Anker and T. Mefford (Ed.) Biomedical Applications of Magnetic Particles. Taylor &
Francis. (In Press 2011)

Parts of the chapter also included in U.S. provisional patent application No.
61/474,113 “Magnetic-Label-Acquired Rotation to Measure the Concentration of a Pro-
tein or Other Biomarker in Solution” filed on April 11", 2011.

Chapter 11: Kinnunen, P., I. Sinn, B. H. McNaughton, and R. Kopelman. 2010.
High frequency asynchronous magnetic bead rotation for improved biosensors. Applied

Physics Letters 97, no. 22. doi: 10.1063/1.3505492.

Chapter Il11: Kinnunen, P., I. Sinn, B. H. McNaughton, D. W. Newton, M. A.
Burns, and R. Kopelman. 2011. Monitoring the growth of individual bacteria using asyn-
chronous magnetic bead rotation sensors. Biosensors and Bioelectronics. doi:

10.1016/j.bi0s.2010.10.010.

Chapter 1V: McNaughton, B. H., P. Kinnunen, R. G. Smith, S. N. Pei, R. Torres-
Isea, R. Kopelman, and R. Clarke. 2009. Compact sensor for measuring nonlinear rota-
tional dynamics of driven magnetic microspheres with biomedical applications. Journal
of Magnetism and Magnetic Materials 321, no. 10 (May): 1648-1652. doi:

10.1016/j.jmmm.2009.02.106.

23


http://dx.doi.org/10.1063/1.3505492
http://dx.doi.org/10.1016/j.bios.2010.10.010
http://dx.doi.org/10.1016/j.jmmm.2009.02.106

Chapter V: Kinnunen, P, B. H. McNaughton, T. Albertson, I. Sinn, S. Mofak-
ham, D. Newton, A. Hunt and R. Kopelman. (To be submitted 2011) Self-assembled
magnetorotation sensors for bacterial drug resistance.

Parts of the chapter also included in U.S. provisional patent application No.
61/474,123 “Asynchronous Magnetic Bead Rotation Sensing Systems and Methods.”
filed on April 11" 2011. And in U.S. provisional patent application No. 61/402,310
“Multi-Well Reader Device, Disposable Card, and Method for Asynchronous Magnetic
Bead Rotation Assays.”

Appendix A: A literature review by Kinnunen, P. Not published.

Appendix B: Kinnunen, P, D. Youngstrom, B. H. McNaughton and R. Kopel-
man. Not published.

Appendix C: Kinnunen, P, I. Sinn, B. H. McNaughton and R. Kopelman. Not

published.
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CHAPTER II:

High frequency AMBR for improved biosensors

Biosensors with increasingly high sensitivity are crucial for probing small scale
properties. The Asynchronous Magnetic Bead Rotation (AMBR) sensor is an emerging
sensor platform, based on magnetically actuated rotation. Here the frequency dependence
of the AMBR sensor’s sensitivity is investigated. An asynchronous rotation frequency of
145 Hz is achieved. This increased frequency will allow for a calculated detection limit
of as little as a 59 nm change in bead diameter, which is a dramatic improvement over

previous AMBR sensors and further enables physical and biomedical applications.

Introduction

Magnetic beads are used in a variety of applications, such as micro mixing
[12,46,47], analyte enrichment [48-50] and biosensors [5,51-54]. Immunomagnetic sepa-
ration and the availability of various magnetic bead biosensors allows for analyte isola-
tion and detection with a single platform. Our current work concentrates on Asynchro-
nous Magnetic Bead Rotation (AMBR) sensors, which have the capability of measuring
changes in the sample over time, whereas much of the past work with magnetic bead bio-

sensors has concentrated on analyte detection. AMBR has been previously utilized for
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sequential detection of individual bacterial cells in fluid [5]. Only recently have fluidic
environments been incorporated into other high resolution sensing techniques, such as
micromechanical oscillators [55], allowing for real time studies of live cells [56]. Higher
frequency asynchronous magnetic bead rotation allows more averaging, higher resolution
and higher bandwidth studies, which will allow applications such as (1) real time single
bacterium growth monitoring with sub-diffraction limited sensitivity and (2) single virus

detection, both in their given fluid environment.

Theory of high frequency AMBR

In a rotating magnetic field, the motion of a ferromagnetic bead becomes asyn-

chronous with the field above a critical driving frequency, Q,. The rotation in the syn-

chronous regime (i.e. below the critical driving frequency) has been used for a variety of
applications [57,58]. The AMBR approach concentrates on the asynchronous regime. Re-
call from the first chapter that the critical driving frequency for a ferromagnetic bead is a
function of the permanent magnetic moment of the bead, =, the magnetic field strength,

B, the shape factor, » (which is 6 for a sphere), the kinematic viscosity, », and the vol-

ume of the bead, v

mB
V- (13)

0 =

c

And above the critical driving frequency, the (asynchronous) rotation frequency

of the bead, (6), is described by equation (3) given again below:
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where Q is the driving frequency. AMBR can also be performed with superparamagnetic
beads; however, we limit our theoretical discussion here to ferromagnetic beads.

To date, the reported rotational frequencies for AMBR sensors have been between
0.2 and 29 Hz [4,5,20,22,28,35,37,59,60], as summarized in Table I. Current AMBR ap-
plications, such as micro mixing, pathogen detection and growth studies could all benefit
from higher rotational frequencies. We therefore investigate the AMBR probes’ sensitivi-
ty, with respect to the bead rotation frequency, and demonstrate a system with a 49.15 Hz
asynchronous rotation frequency, and achieve a 145 Hz critical frequency. The demon-
strated system consists of a ferromagnetic bead driven with a 1 mT magnetic field in wa-
ter. The experimental data is accurately described using ferromagnetic particle theory
(Equation 14), with no observed contribution of superparamagnetic origin [4,37].
Table I: Reported critical frequencies of magnetically actuated asynchronously rotating

systems in the literature. We designate ()., as the approximate maximal rotational
frequency of the driven system.

(O)max (Hz) Driven system Author
159 Elongated magnetic particles ~ Tierno®
145 Magnetic half coated beads Kinnunen®
29 Two bound magnetic particles Ranzoni®
12 Magnetic microparticles Janssen®
10 Magnetic carbon nanotubes Korneva®
6.3 Magnetic hole systems Helgesen'
2.4 Ferromagnetic beads McNaughton?
1.08 Barium ferrite particles McNaughton"
0.95 Magnetic microspheres McNaughton'
0.2 Ferromagnetic beads McNaughton’
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Materials and Methods

Magnetic beads were prepared using a previously reported method [61]. A mono-
layer of 6.7 um diameter polystyrene particles (Spherotech TP-60-5) was coated with a
340 nm thick Nickel layer and magnetized in a 200 mT magnetic field, perpendicular to
the surface. This process results in half-coated beads, where one side is nickel and the
other hemisphere is polystyrene. The beads were resuspended in deionized and filtered
water, with 0.5 % of sodium dodecyl sulfate. Nunc, LiveCell Array slides (Thermo Fisher
Scientific, Rochester) were used to keep each bead from significant translational move-
ment during the experiment. The beads were placed in a rotating magnetic field where the
rotation was analyzed; see Figure 14 for a schematic of the system. A set of two custom
built perpendicular Helmholtz coils was used to generate a rotating magnetic field with

magnitudes of 0.25 mT to 1 mT, at frequencies 1 Hz to 1 kHz; Figure 14b.
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Figure 14: (a) Schematic representation of the laser and microscope setup in which a
low power laser, in conjunction with a dichroic mirror, a microscope objective and a
photodiode, was used to measure the rotation rate of a single magnetic bead. A digital
camera can be used to simultaneously capture a video of the rotating system. (b) Cus-
tom designed Helmholtz coils were used to create a rotating magnetic field in the imag-
ing plane. (c) An optical microscope image of a half coated 10 pum bead (300 nm Nick-
el coating) with a 5 um scale bar. (d) Image sequence of a 6.7 um bead rotating syn-
chronously in the LiveCell Array in a 10 Hz field. The time between each frame is 14
ms and the scale bar is 10 pum.

The rotational frequencies of the magnetic beads, shown in Figure 15, were meas-
ured by focusing a low power laser (633 nm, 2.5 mW) on the bead of interest and analyz-
ing the modulation frequency of the deflected light; the light is modulated once during
every bead rotation due to the nickel half coating. The light modulation could be meas-
ured by placing a 13 mm? photodetector above the sample, (Thorlabs, PDA36A) ~100
mm away and a few centimeters off-center of the laser beam exiting the sample. This was
achieved by using a dichroic mirror that passes all wavelengths but that of the laser
(Figure 14a). Measurements were taken on an inverted microscope (Olympus, 1X 71)

with a photodetector, a data acquisition board (National Instruments, NI PCI-6221) and
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analyzed with a Fast Fourier Transform (FFT) routine, implemented in a LabView (Na-
tional Instruments) program. For Figure 16, the rotation rates were determined using a
digital camera (Basler, piA640-210gm); the videos were taken at 383 frames per second,
and analyzed with ImageJ software by plotting a region of interest (ROI) intensity over
time and applying a FFT with a 512 point Dirichlet window (512 points equals 1.3 se-

conds).

Results and Discussion
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Figure 15: The bead rotation frequency at varying driving frequencies for two 6.7 um
magnetic beads with rotating magnetic field strengths of 0.5 mT and 1 mT for data sets
1 and 2, respectively. The data is fitted with a single parameter least squares method to
the theory of a ferromagnetic bead in a rotating magnetic field (Equation 14). Inset: Da-
ta set 1 zoomed in at the high driving frequency region, so as to demonstrate the quality
of the fit.

In this letter, the sensitivity of the AMBR sensor, S, is defined as the smallest de-
tectable change in the system’s hydrodynamic radius, Ar, and it is governed by the un-

certainty in the bead frequency measurement, A(é). The partial derivative method can
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be used to investigate how the uncertainty in the bead frequency A(¢) affects the uncer-

tainty in the bead radius

xA<é>. (15)

The radius + can be solved as a function of the bead frequency (é) , using equa-

tions (13) and (14) and assuming a spherical bead. The partial derivative can be carried

out and if a constant ratio <é>/§2 = 1/5 is assumed, one obtains

(16)

Therefore, the relative uncertainty in bead radius is proportional to the relative
measurement uncertainty and has no explicit frequency dependence. The sensitivity of

the system is therefore

(17)

In order to measure the uncertainty of the bead rotation measurement, a 6.7 pm
diameter magnetic bead AMBR sensor was driven with a 400 Hz, 1 mT rotating magnetic
field and was continuously measured for 37 seconds. The data are shown in Figure 16.
The average rotation period was 25.4 Hz, with a 0.7 Hz standard deviation. Using these
values and Equation (17) to calculate the sensitivity, the AMBR sensor was found to be

sensitive to a 59 nm bead diameter change, which corresponds to a 4 femtoliter volume
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change. We anticipate that this sensitivity will allow for applications such as (i) real time
single bacterium growth monitoring with sub-diffraction limited sensitivity and (ii) single

virus detection, both in their given fluid environment.
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Figure 16: The AMBR sensor signal in time. (a-d) Fast Fourier Transform plots of rota-
tion data, at time 0's, 10.7 s, 20.1 s and 30.7 s. (e) The rotational period of the AMBR
sensor in time, as measured with the Fourier analysis, examples of which are shown in
parts a-d. The average of the bead frequency is 25.4 + 0.7 Hz. The AMBR sensor is a
6.7 pm magnetic bead in 31 °C water.

To investigate the feasibility of the presented AMBR system for micro mixing

applications, we calculated the maximum Reynolds number of the system [22]

Re _ ~1x1072. Although this value is low for micro mixing applications, it is be pos-

max

sible to achieve significantly higher Reynolds number values by increasing the magnetic
field strength, bead size, amount of magnetic material, and/or by using a material with
higher magnetic moment. For systems with a constant ratio of hydrodynamic volume to

magnetic content volume, the critical rotational frequency remains constant for all sized
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particles. This suggests that Reynolds numbers of ~10 can be achieved with an order of
magnitude larger bead having a nickel coating amounting to 5 % of its diameter. In-
creased rotational frequencies of the magnetic beads reported in this letter were achieved
by fabricating custom magnetic beads by thermally evaporating nickel onto nonmagnetic
microparticles. Equation (14) was used to calculate the magnetic moment of the individu-
al beads [22] with a 145 Hz critical frequency, 6.7 um diameter, 1 mT magnetic field, 1
mPas dynamic viscosity and a shape factor of 6 yielding m ~ 8.6 x 10713 Am?*. Applica-
tions other than micromixing could be possible by the use of high frequency rotation,
such as drag based binding affinity measurements. For example, the tension exerted onto
a 10 nm long molecular tether attaching a 1 um bead to the equator of a 6.7 um ferro-
magnetic bead rotating synchronously at 145 Hz was estimated to be on the order of 1
pN; this value is large enough to break non-specific bond interactions [51].

In summary, we demonstrated high frequency AMBR measurements with up to
145 Hz critical driving frequency and calculated the resulting sensitivity of 59 nm change
in the bead diameter, corresponding to a 4 femtoliter volume change. This sensitivity
could allow for improved single bacterium growth monitoring and single virus detection.
Furthermore, the high frequency rotation regime might also be used for applications such

as micromixing and binding affinity measurements.
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CHAPTER III:
Monitoring the growth of individual bacteria using

asynchronous magnetic bead rotation sensors

Introduction

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 meas-
urement of nanoscale growth dynamics of individual bacterial cells, over multiple genera-
tions. This torque-based magnetic bead sensor monitors variations in drag caused by the
attachment and growth of a single bacterial cell. In this manner, we observed the growth
and division of individual E. coli bacteria, with 80 nanometer sensitivity to the cell
length. Over the life cycle of a cell we observed up to 300 % increase in the rotational
period of the biosensor due to increased cell volume. In addition, we observed single bac-

terial cell growth response to antibiotics. This work demonstrates a non-microscopy
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based approach for monitoring individual cell growth dynamics, including cell elonga-
tion, generation time, lag time, and division, as well as their sensitivity to antibiotics.

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 [39-41]. However, the spatial resolution of far-field optical micros-
copy techniques is limited by the diffraction of light. High sensitivity tools that have
proven useful for single cell analysis include scanning probe techniques [42] and cantile-
vers [43], 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 optimal in air, rather than in water. Here we pre-
sent a high-resolution sensing method that works optimally in aqueous environments
[22].

In this manuscript, we implement the asynchronous magnetic bead rotation
(AMBR) method to measure the nanogrowth of individual bacterial cells. AMBR sen-
sors, as reported by our lab, have previously been used for a variety of applications
[4,5,20,22]. The rotational dynamics of magnetic objects rotating asynchronously with
the driving magnetic field have also been used for a other applications and investigations.
One of the first investigations was a system consisting of a ferrofluid and a pair of non-
magnetic rotating spheres called “magnetic holes” [32,59]. Similar magnetic rotational
studies have been used for the characterization of magnetic carbon nanotubes [35], mag-
netotactic bacteria [62], traveling wave magnetophoresis [15,63], micro mixing [12,64],

and artificial microscopic swimmers and microdrills [10,65]. Additionally, nonmagnetic
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systems that undergo asynchronous rotation have been used for the rotation of glass na-
norods in fluid [29]. The presented AMBR method enables the growth of a single bacte-
rium to be measured throughout its life cycle and over sequential generations. Indeed, we
show that the elongation of individual E. coli bacterial cells can be observed with 80 nm
sensitivity in cell length. This high-sensitivity, prolonged monitoring, single cell analysis
technique could be useful in population heterogeneity studies, and could radically shorten
the test time for identification (ID) and antimicrobial susceptibility testing (AST) of mi-
croorganisms.

As mentioned, these single cell studies employ the AMBR method [4,5,20,22],

b
C

(] ()]

© ©

£ £

S a

£ £

<< <<

Frequency Frequency

d

1 Electromagnets

2 Fluidic sample

3 Hydrodynamic sensor with bacterium
attached

4 Microscope objective

Figure 17: 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. (b) Cell elongation (schematic). (c) Schematic illustrating of
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 magnetic bead
system, in which a single E. coli cell is attached to a 2.8 um magnetic bead. The scale
bar is 2 pum.



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
asynchronously with the magnetic field [4,62] and in the case of a superparamagnetic
bead the rotational period, T, is proportional to the effective volume of the rotating body,

T «V,, . In the asynchronous rotational regime, the effective volume is defined as
V, =&V, where « is the Einstein shape factor (6 for a sphere, and higher for other

shapes). For a complete derivation, see Theoretical derivation section (below). There-
fore, by monitoring the rotational period of the magnetic bead, it is possible to detect sin-
gle bacterium binding events [5] and, as demonstrated in this manuscript, measure single
bacterial cell growth on the nanometer 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 [41], with a constant diameter; thus changes in the rotational peri-
od of the bead correspond to bacterial elongation. A schematic of this is shown in Figure
17(a-c). Within this manuscript, the sensitivity is defined as the smallest detectable

change in the sensor or its environment.
Materials and methods
Theoretical derivation
The torque exerted on a magnetic bead in a magnetic field can be expressed by

‘rmag=m><B=(m +mind)><B, (18)

perm
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where T is the total magnetic torque due to the induced magnetic moment m,,, and

permanent magnetic moment m in a magnetic field B. In a time varying magnetic

perm *
field, the induced magnetic moment is not necessarily parallel to the magnetic field, and
therefore can contribute to the torque. By use of previously described equations for asyn-
chronous rotation, arising from magnetic torque [4,37,62], the total magnetic torque in a

rotating magnetic field can be expressed by

g = [Mn H (27", B]<B =, Bin (Qt-0)é+ 7V, 876, (19

perm
where y'is the real partand y" is the imaginary part of the magnetic susceptibility, Q is

the driving frequency, V, is the magnetic content volume, g, the permeability of free

m

space, and € is a unit vector. The real part of the susceptibility, y', does not contribute to

the cross product in Equation (19), as it remains parallel with the magnetic field. The first
term on the right hand side of Equation (19) corresponds to the permanent magnetic mo-
ment, and the second term corresponds to the induced (superparamagnetic) moment. In

the experiments, we implement a 500 Hz driving field while the critical frequency of the

system, Q_, is on the order of 1Hz. As a result, the superparamagnetic torque dominates

and the first term in Equation (19) can be neglected (Q2>> Q). This allows for Equation

(18) to be simplified to

Tiag = Mg X B, (20)

mag

leading to
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BZ
Tmag = Z”V —e. (21)

m

Ho

Neglecting both inertial forces (where drag forces dominate) and Brownian rota-
tion forces (where magnetic torque dominates) the torque of a rotating body in a viscous

fluid [4,22,62] can be expressed by:

Toag = Trnag = KTV e, (22)

where « is the Einstein shape factor, 7 is the dynamic viscosity of the surrounding fluid,

V is the total volume of the rotating body, and # is the angular orientation (8 is the rota-
tional rate of the object, in radians/s). The rotational rate of the object can be solved by

combining Equations 21 and 22, which yields

. rrv BZ
f=2"n>_ (23)

KN Hy
At a constant temperature and a constant rotating magnetic field, the imaginary
susceptibility »”, magnetic content volume V_, magnetic field strength B, and the dy-

namic viscosity », remain constant. Under these conditions, the rotation rate of the parti-

cle is primarily a function of the effective volume

0o —, (24)
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The rotational period of the particle, T, can be written in terms of the rotational
rate, 6, as T =27r/9, which yields the basis of the superparamagnetic AMBR sensor,

namely Equation (25):

TocV,y,. (25)

Notably, a similar equation has been reported for the measurement of the Browni-
an relaxation peak of magnetic particles as measured with AC susceptometry [53]. How-
ever, 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, Equation (25) does not describe the location of the Brownian relaxation peak. In-
stead, Equation (25) 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.

Cell culture and attachment methods

Uropathogenic E. coli bacteria (obtained from the Clinical Microbiology Labora-
tory, University of Michigan Hospital) were grown on Mueller-Hinton agar plates (BBL)
at 37 °C for 12 to 18 hours. The bacteria were then suspended in 2.2 % Mueller Hinton 11
(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 10°
beads/mL concentration). The sample was incubated, with 175 rpm shaking at 37 °C, for
another 1.5 hours. 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
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containing MH broth with 1 % Pluronic F-68 [66] (MP Biochemicals) and 0.1 % BSA
(Thermo Scientific). All experiments were conducted at room temperature. The minimum
inhibitory concentration (MIC) of the E. coli was measured as 8 pg/mL ampicillin, as de-

termined by conventional broth microdilution methods.

Experimental setup and measurement conditions

Isolated bead-bacteria complexes were placed in a rotating magnetic field on an
inverted optical microscope (Olympus 1X71, 100x/1.3 oil) and 1 minute videos were tak-
en at 5 minutes intervals at 16 fps using a digital camera (Basler, piA640-210gm), see
Figure 18. Videos were analyzed using ImageJ software [67] by plotting the “z-axis pro-
file” 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 [4]. The intensity plot
was analyzed by applying a Fast Fourier Transform (FFT) in Matlab (The MathWorks,
2009), and the frequency of the highest amplitude FFT peak indicate the rotational rate of
the particle (see Figure 17). Occasionally, the highest amplitude FFT peak did not corre-
spond to the observed rotational frequency of the particle, and instead was twice the ob-
served rotational rate. The peaks were fitted with a Gaussian function in order to deter-
mine the peak position 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
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magnitude, which was measured with a 3-axis magnetic field probe (Senis Gmbh, C-

H3A-2m).

Experimental errors

The error in determining the rotational period was designated as the FFT peak
width (FWHM) of the amplitude signal (Figure 18 and Figure 19). Fixed cells (E. coli
suspended in 1 % Glutaraldehyde for 30 minutes) were measured over 120 minutes,
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
hours, showing long term stability in the rotational period. Bacterial length measurements
were performed with a bright field microscope and a 100X oil immersion objective. The

theoretical diffraction limit is estimated to be 4/(2N.A)~700nm/2.6 ~270nm, which

we assumed to be our error in the bacterium length measurements on the microscope. To
determine the bacterial cell length, intensity profiles were taken across the length of the

bacterium, with ImageJ software.

Results and discussion

We demonstrated the sensitivity of the AMBR method by measuring the growth
and division of a single E. coli cell throughout its life cycle and over multiple generations
(Figure 18). Bacterial cells were attached to 2.8 pum diameter magnetic beads coated with
specific antibodies. After immunomagnetic separation, individual cell growth and re-

sponse to antibiotics were observed by using the AMBR method. Measurements per-
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formed on an inverted bright-field microscope allowed for visualization of bacterial elon-
gation and division, Figure 18b, and quantification of the resulting changes in the rota-
tional period of the sensor, Figure 18c (normalized data). Over the first cell division cy-
cle, the rotational period of the AMBR sensor changed from (0.8 £ 0.03) s to (3.2 £ 0.2)
s, which corresponds to a 300 % increase in the rotational period. Similarly, over the se-
cond and third cell divisions, the periods changed from (1.0 £ 0.1) s to (6.2 £ 0.4) s (520
%) and from (2.3 £ 0.2) s to (5.8 = 0.3) s (150 %), respectively. These dramatic changes
in the rotational period are governed by the volumetric changes of the attached bacteria.
The significant abrupt reduction in rotational period at time 104 minutes (e.g. a factor of
2.1 £ 0.3) is exactly, time wise, correlated to cell division as observed on the optical mi-
croscope. Furthermore, the rotation of the bead did not lead to the detachment of any bac-
teria 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 Figure 18c
at 104 minutes; and a division with detachment occurred at 177 minutes. 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).
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Figure 18: Growth and division of a single E. coli bacterium, measured with an AMBR
sensor and observed with an optical microscope. (a) Schematic figures and (b) 100X oil
immersion optical microscopy images of the magnetic particle sensor with initially a
single bacterium attached and subsequent cell divisions. The scale bar is 2 pum. (c) Cell
growth and division as observed with the AMBR sensor. After a period of growth, the
first cell division is observed at 104 minutes and again at 177 and 199 minutes. The er-

ror bars correspond to the measurement error in the rotational period and the exponen-
tial fits are a guide to the eye. Data is normalized to 1 at time zero.

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 (Figure 19a). A comparison
shows that the rotational period of the AMBR sensor and the optical microscopy meas-
urements of the cell elongation were in good agreement (Figure 19b) and consistent with
the derived linear relationship. To estimate the sensitivity of the AMBR sensor in re-
sponse to cell elongation, the rotational period of the sensor (ie. the sensor signal) was
correlated 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
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relationship between the rotational period of the AMBR sensor and the attached bacte-
rium is shown in Figure 19b, 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-
ure 19b 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
microscope setup, see Experimental errors section for the calculation. We measured the
rotational period from a series of images, obtained with an optical microscope; however,
with the AMBR method, rotation can also be observed without a microscope, by just us-
ing a combination of a low power laser and a photodiode [20]. 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 concen-
trations of antibiotics was measured. The E. coli growth, in the presence of a low concen-
tration 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 sen-
sor. These growth trends were again confirmed with optical microscopy (Figure 19). 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 value and the “no growth”
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pattern at the MIC. The ultimate sensitivity of this method depends on the orientation of
the attached bacterium and the axis of rotation of the bacterium-sensor complex. Howev-
er, irrespective of this sensitivity limitation, the method can be used to clearly distinguish
between growth and no growth of individual bacteria, as shown in Figure 19c, 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
environmental effects, in particular to antibiotics, within only minutes.

In addition to using the method to study single cell response to environmental
conditions, it is envisioned that this method could ultimately also be used for drug dis-
covery research and for rapid antimicrobial susceptibility testing (AST) in clinical set-
tings. The current clinical standard in AST is based on turbidity measurements of bacteria
populations, leading to an approximately 24 hour instrument time when performed on
pure cultures [1]. Since the AMBR sensor measures the response of individual bacterial
cells instead of changes in the entire population, multiplexing this technique could dra-
matically reduce AST times. Furthermore, integration with a high-throughput microfluid-
ic 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.
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Figure 19: AMBR sensor measurements of elongation, compared with microscope ob-
servations, 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 meas-
ured 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 the Experimental errors section. (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.

Conclusions

The growth of individual E. coli bacteria over multiple generations and the effect
of antibiotics were measured, at the nanometer scale, using an AMBR sensor. 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 pg/mL and 8 pg/mL concentrations of the antibiotic ampicillin demonstrate a
drastic differentiation from ‘“growth” to “no growth”. Finally, while the demonstrated
AMBR sensor has been optimized for bacteria, preliminary work has extended the meth-

od to studies on other individual cells, such as yeast and cancer cells.
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CHAPTERIV:
Compact sensor for measuring nonlinear rotational dynamics of driven

magnetic microspheres with biomedical applications

Introduction

The linear-to-nonlinear rotational dynamics of magnetic particles have been
emerging as both an interesting tool for studying nonlinear dynamics and for biomedical
applications such as bacterial detection and growth monitoring [5]. Traditionally, experi-
ments utilize standard microscopy and image analysis techniques to monitor and measure
the rotation rate of magnetic and nonmagnetic particles. In the context of potential appli-
cations, there remains a need for a more elegant method to measure the rotational dynam-
ics of these particles.

In 1990, the seminal experimental and theoretical work of Helgesen et al. detailed
the rotational dynamics of a pair of magnetic holes (hon-magnetic microspheres in a fer-
rofluid), in which nonlinear behavior was observed at sufficiently high external magnetic
field rotation rates [59]. Many groups followed this work, with various nonlinear rotation
studies of small scale systems. For example, Shelton and coworkers used angular mo-

mentum from polarized light to torque a glass nanorod [29]. They theorized and experi-
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mentally verified that the average rotation rate of the glass rod had a nonlinear depend-
ence on the rotation rate of the polarized light and showed that the nonlinear rotation rate
is dependent on the optical torque and fluidic drag of the system. The nonlinear rotation
rate of magnetic microspheres has a similar dependence on drag as a torqued glass nano-
rod. Indeed, Biswal and Gast showed that chains of paramagnetic microspheres are gov-
erned by similar rotational dynamics [12].

Korneva and coworkers were among the first to apply the nonlinear rotation rate
to measure a physical value. They used this type of rotational behavior to estimate the
magnetic moment of carbon nanotubes filled with magnetic nanoparticles [35]. Yellen
and colleagues developed a new method of magnetophoresis, based on the principles of
asynchronous rotation [15]. Recently, theoretical treatment on single magnetic particle
systems have been developed and demonstrated [4,62], but previous studies did not focus
on applications of such systems. While many systems have been shown to exhibit nonlin-
ear rotational dynamics, no studies considered single cell detection and growth monitor-
ing applications. To fill this research gap, our group of investigators have studied the
nonlinear rotation of magnetic microparticles and explored a number of applications, in-
cluding single bacterial cell detection [4,5,22]. Here, we describe an important new step
in this work, namely the development of a method and device to accurately monitor mag-
netic particle rotation in a stand-alone configuration.

The orientation and rotation rate of magnetic particles can be measured on ac-
count of their physical and optical asymmetries. Nonlinear rotation occurs at high fre-

quencies when the phase-lag between an external rotating magnetic field and the perma-
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nent dipole of an aligning magnetic particle exceeds n/2. After this point, the magnetic
particle cannot overcome the viscous drag (to remain phase-locked with the external
field's rotational frequency) and thus "slips", rotating asynchronously (nonlinear rotation-
al regime) with the driving field. In this case, the average rotational frequency of the

magnetic particle has a lower value than that of the driving field. The average particle-

rotation-rate, (6), is given by

4\ - Q, Q<Q,
< >_ Q—Q* -0, >0, (26)

where Q is the rotational rate of the external field and €. is the critical frequency at

which the particle motion changes from being synchronous with the field, to being asyn-

chronous [68,62]. This point of criticality is given by

o -MB @7)

¢ = W
where m is the magnetic moment of the particle, B is the magnetic field, « is the particle
shape factor (e.g., for a sphere, x =6), V is the particle volume, and 7 is the dynamic
viscosity. This type of asynchrony also appears in the flashing of fireflies and in Joseph-
son junction voltage dynamics [69].

As can be seen from Equation 27, one of the physical properties that the nonlinear
rotation rate depends on is fluidic drag. When a bacterium (or bacteria) attaches to a ro-

tating magnetic particle, the particle’s volume and shape are drastically changed. This
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produces more drag and, therefore, the nonlinear rotation rate slows down considerably.
This technique can determine a change in drag caused by the attachment of a 1.0 um par-
ticle to a 1.9 um nonlinear rotating magnetic microsphere [22]. Even the binding of a
single bacterium is straightforward to detect by attachment to a 2.0 um sphere; in fact, the
nonlinear rotation rate was observed to slow down by a factor of ~3.8 on average, which
corresponds to 280% increase in rotation period [5]. The technique is also dynamic in the
sense that a change in drag causes a direct change in the nonlinear rotation rate; so the
growth of an attached bacterium would cause further changes in drag. It is in this way,
through changes in drag, the bacterial growth can be monitored, potentially enabling rap-
id antimicrobial susceptibility measurements.

The ability to detect and monitor biological agents is of fundamental importance
for rapid and accurate medical diagnostics. Recent investigations have focused on the de-
velopment of micro- and nanoscale oscillating systems as novel detection schemes that
are both ultra-sensitive and rapid. Detection methods utilizing oscillatory systems offer a
powerful and diverse group of extremely sensitive tools that have demonstrated single
biological agent detection [5,70,71,55,72,73]. Micro- and nanoscale oscillators can be
classified into several general categories, some of which include resonant nanomechani-
cal (NEM) cantilevers [55,72], rotational-based oscillators bound to a substrate via car-
bon nanotubes [74], and fluid-based magnetically actuated systems [45]. A key distinc-
tion of the latter systems is that they exhibit a nonlinear behavior that enables a new sens-
ing scheme, a scheme where viscous effects can be used to great advantage [5] — unlike

the application of cantilevers [75-77,73], which work best in air or vacuum surroundings.
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We note here that drag depends on volume rather than mass. This makes detection in vis-
cous media both possible and desirable, and therefore facilitates continuous monitoring
for bacterial growth applications. Indeed, nonlinear micro-oscillators have the property
that both single bacterium detection and its growth can be performed with the same tech-

nique, thus allowing for combined rapid detection and growth monitoring — Figure 20.

(a) Pre-Detection: (b) Post-Detection: (c) Growth-Detection:
Fast Rotation Slow Rotation Continuously Slowing
Rotation

Rotational
Frequency

‘.—-—

Figure 20: Schematic of the nonlinear rotation rate of a magnetic microsphere function-
alized with an antibody (a) with no attached bacteria, (b) with one bacterium, and (c)
after bacterial growth. The rotation rate slows as more bacteria are attached or grow on

the surface of the particle.

Despite limiting factors, cantilevers have been used for the detection of single
biological agents, such as bacteria; however they operate dynamically with high sensitivi-
ties only in air or vacuum environments [55,72]. Indeed, cantilevers are capable of detect-
ing pathogens in fluids, but not when operated in a dynamic mode. Instead, they utilize
static deflection, which allows for detection in fluids [78], but not for continuous moni-
toring of the growth dynamics of attached pathogens. Cantilevers have been used to mon-

itor bacterial growth, but the cantilever was not operated in a fluid, rather in a “humid
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environment” [79]. Most recently, Burg et al. [73] have demonstrated that single bacterial
cells in fluid can be detected, when the fluid is flowed through the interior of a cantilever.

There remains a clear need for small scale oscillating systems to be operable in
fluids, specifically so that the fluid environment can be continuously monitored. This fea-
ture is what makes nonlinear magnetic oscillators both significant and unique. Namely,
they can be used to detect a single bacterium and have a sensitivity that will allow for
monitoring subsequent bacterial growth [5,22], which in turn, will allow for rapid antibi-
otic susceptibility measurements. Therefore, in this paper we present a new method that
utilizes a laser diode and a photodiode detector device for measuring the linear-to-

nonlinear rotational dynamics of magnetic microspheres.

Experimental

The prototype housing was printed with acrylonitrile butadiene styrene (ABS)
plastic, using a rapid prototyping machine (Dimension FDM Elite rapid). The housing
was fabricated to interface with standard Thorlabs parts, including an unamplified photo-
diode and a 4.5 mW 635 nm focused laser — see Figure 21. The laser was mounted on a
small translation stage that allowed for alignment in the sample plane. The laser was fo-
cused through the sample plane, where a single particle was held in an inverted droplet.
This forced the particle to the center of the droplet, where the particle remained as it was
rotated by an external magnetic field. The rotating magnetic field was produced using
either a set of perpendicular coils or a cylindrical magnet (magnetized along the diame-

ter) attached to a stepper motor. While the rotating magnet setup accomplishes asynchro-
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nous rotation, it is not as precise as a set of coils, due to the asymmetry of the field pro-

duced by the magnet.
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Figure 21: Schematic illustration showing the (a) experimental setup used for the proto-
type and (b) relevant parameters for particle rotation. (c) Image of constructed proto-
type, which has dimensions of 14 cm x 10 cm x 10 cm.

Magnetic particles with an approximate diameter of 40 microns and with a strep-
tavidin coating were diluted to approximately 1 particle/ 10 puL (Spherotech, Inc.) in
phosphate buffered saline (PBS). For preliminary experiments with bacteria, particles
were coated with biotic conjugated anti-E. coli antibodies and diluted in Luria Broth
growth media. A single 10 uL droplet of the diluted solution was placed onto a coverslip
and inverted on the sample plane of the prototype. The laser was then focused through the
particle in the droplet. The method also works when more than one particle is in the drop-
let, but for maximum sensitivity to drag and viscosity, a single particle was isolated. A
low power bright field microscope was used to examine the droplet and confirm that a

single particle was in the droplet.
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The photodiode on the prototype device was interfaced to a computer via a USB
data acquisition (DAQ) board UE9 (Labjack, Inc.). The data were then acquired, saved,
and analyzed using a program written in LabVIEW 8.5 (National Instruments). The pro-
gram takes the periodic data of the forward scattered light and measures the period (or
frequency) of the rotation data, using an autocorrelation algorithm. The data are then tak-

en for various external driving frequencies.

Results and Discussion

The raw voltage-time characteristics of the photodiode were obtained and ana-
lyzed in real-time — see Figure 22 parts a and b. When a particle is in the beam of the fo-
cused laser, the laser light is scattered. The photodiode is positioned on the prototype de-
vice so that the varying intensity of the forward scattered light can be measured. As the
particle rotates in the beam, the light is scattered differently for varying orientations.
Therefore, the photodiode measures the particle orientation through variation in the for-
ward scattered light. The magnetic microsphere has enough inherent optical asymmetry
to create these varying intensities. Figure 22a shows the raw photodiode data for a single
40 um magnetic microsphere rotating synchronously with the external field (both the par-
ticle and the field are rotating at 0.23 Hz). Figure 22b shows the raw data for the same
particle, but at a higher driving frequency of 0.6 Hz. At this driving frequency the particle
is asynchronous with the external field and therefore, has a lower average rotation fre-

quency of 0.06 Hz.
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Figure 22: Prototype data from the photodiode, where the magnetic microsphere is ro-

tating in (a) the linear regime (synchronous) at a driving rate of 0.23 Hz and (b) in the

nonlinear regime (asynchronous) at a driving rate of 0.6 Hz. Autocorrelation of photo-

diode data for (c) synchronous data, where the particle rotation rate is 0.228 Hz and (d)
raw asynchronous data, where the particle rotation rate is 0.058 Hz.

An autocorrelation algorithm was implemented to determine the rotational period
of the raw data streaming to the computer, thus allowing the real-time monitoring of the
properties of the particle (e.g. magnetic moment, volume, shape) or the particle’s envi-
ronment (e.g. viscosity). We have performed preliminary experiments where the growth
of attached E. coli was rapidly monitored and where viscosity changes, resulting from a
one degree Celsius change in surrounding water, were measured. We were also able to
monitor the rotational dynamics of a single 20 um magnetic microsphere, using the same
configuration. With further optimization of the laser focus, smaller particles can be moni-

tored using this laser and photodiode setup.
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Indeed, measuring the rotational rate of a single magnetic microsphere is straight-
forward using this method. A full characterization of the linear to nonlinear rotational dy-
namics allows for a more accurate determination of the physical parameters of the sys-
tem. This was accomplished by interfacing a stepper motor, with an attached magnet, to a
computer. The external driving frequency was incremented, and at each step, a value for
the rotational rate of the particle was measured. This allowed for an entire linear-to-
nonlinear curve to be obtained — see Figure 23. The data are in good agreement with
equation (26), but exhibit some variation from the fit. This variation from Equation (26)
is a result of nonuniformities in the rotating magnetic field [59]. These nonuniformities
can be corrected by implementing electromagnets to create a rotating field, rather than a

permanent magnet.
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Conclusion

To the best of the authors’ knowledge this is the first measurement of asynchro-
nous rotation without a microscope or a CCD camera. While experimenters to date have
had much success using microscopy techniques, there is still a need for a simpler and
more robust stand-alone instrument, especially for potential usage in clinical diagnostics.
This new method of monitoring the nonlinear rotational dynamics of magnetic micro-

spheres has potential for many biomedical applications.
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CHAPTER V:

Self-assembled magnetorotation sensors for bacterial drug resistance

Bacterial antibiotic resistance is one of the top concerns of modern healthcare
worldwide [80]. The development of rapid growth based diagnostics is a key in address-
ing this problem [1,2]; faster diagnostic tests will reduce inappropriate antibiotic use [81],
decrease health care costs [82], reduce the prevalence of antimicrobial resistance [82,83],
and lower mortality rates. Here we introduce self-assembled magnetorotation sensors for
antibiotic susceptibility testing (AST), specifically in measuring the minimum inhibitory
concentration (MIC) value, and demonstrate a prototype that can monitor multiple sen-
sors simultaneously. We rapidly measured the MIC for uropathogenic Escherichia coli
isolate using the self-assembled magnetorotation sensors. Reducing the time required to
determine the MIC value has an important clinical impact, as patients may be adminis-
tered more appropriate and adequate antibiotic therapies earlier, which subsequently may

lead to more effective treatment [84,81,82].

Introduction

The rotational rate of magnetic particles within a rotating magnetic field is pro-

portional to the drag experienced by the particles when they are driven in the so-called
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asynchronous regime, which enables their use as biosensors [4-6,8,9,18,22,24,59]. These
asynchronous magnetic bead rotation (AMBR) biosensors have been used to detect and
monitor the growth of bacteria at the single cell level [5,6]. However, observing the rota-
tion of spherical microscopic objects usually requires the use of a microscope. Here we
introduce self-assembled magnetorotation sensors that are based on the AMBR technolo-
gy and also demonstrate a prototype that can be used to monitor multiple sensors simul-
taneously without the use of a microscope.

In an external magnetic field, a magnetic dipole moment is induced in each super-
paramagnetic microparticle and the particles self-assemble to various structures, includ-
ing rods and disk-like clusters [85-89]. Previous applications of these self-assembled
magnetic microparticle clusters include micropumps in microfluidic channels [90,91].

In a rotating magnetic field, these clusters exhibit asynchronous rotation similar to
single particles, and can, therefore, be used for sensing applications. We show that when
the shape of the assembled magnetic particle clusters remains unchanged in time, their
rotation rate can be used to monitor changes in drag. These self-assembled magnetorota-
tion sensors are used to measure the MICs of uropathogenic E. coli bacteria. A stand-
alone prototype for monitoring 16 self-assembled AMBR sensors simultaneously is con-
structed and it is used to observe bacterial growth within 90 minutes.

Disklike clusters of magnetic particles can be formed in water or PBS-buffer, but
these clusters continuously change their shape in rotating magnetic field, a similar behav-
ior reported by Nagaoka et al. [85,92]. Modifying the surrounding media by adding ca-

sein stabilizes the clusters within a magnetic field, i.e. do not change shape in time. The
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same behavior was observed with particles decorated with specific antibodies. Mueller
Hinton (MH) Broth, the general growth media used for culturing bacteria for AST in clin-
ical laboratories, contains casein (which is also how its use in self-assembled AMBR sen-
sors came about serendipitously, enabling rigid instead of ever-changing cluster struc-
tures to be formed).

As shown previously, a superparamagnetic particle placed in a rotating magnetic
field (at sufficiently high frequency) experiences a constant torque in the direction of the
rotating field [6,37]. It is, therefore, a reasonable approximation that our roughly circular
discs also experience a torque that is constant in time. This approximation is certainly
valid when one is interested in time steps larger than the rotational period of the driving
field. Given this assumption, the rotational period of an object under constant torque in
fluid is only a function of its fluidic drag (if surface interactions can be neglected). There-
fore any changes in the drag of the cluster can be observed by measuring its rotational
period in time. The changes in drag are due to change in the size of the cluster, either
from spreading between particles or bacterial growth on edges, or change in viscosity of

the medium; see Figure 24b.

Results and Discussion

The experiments were performed in a hanging droplet sample, where the self-
assembled AMBR sensor was formed on the air-water interface of an inverted 2 pl
growth media droplet. The reason for using an inverted droplet sample was three-fold: 1)

to eliminate surface interactions ii) to use gravity to form the clusters in a reproducible
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location at the bottom of the droplet, therefore “self-aligning” iii) to use the inverted
droplet as a lens for magnification purposes (Figure 24a), which is useful for off-the-

microscope measurements, and forms the basis of the 16 well prototype device intro-

duced below.
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Figure 24: a) A schematic illustration of the droplet lensing effect used to amplify the
rotational signal: an LED or laser light is focused by the droplet curvature, magnifying
the ‘image’ of the particle cluster by 100-fold. After the magnification, the rotational
period can be observed using a photodetector, which observes a periodic signal corre-
sponding to the rotational period of the cluster. b) The rotational period of the cluster
changes accordingly when i) the cluster expands, ii) bacteria etc. attach to the cluster,
or iii) the viscosity of the surrounding fluid is changed. The rotational period of the
cluster can be measured using the Fast Fourier Transform (FFT), and observing the
peak location. c) An optical microscopy image sequence of a self-assembled magnetic
particle cluster rotating asynchronously in a rotating magnetic field. Images are taken
every 400 ms, magnetic field frequency is 20 Hz with 1 mT field strength. The result-
ing rotational period of the cluster is 1.7 s.

e

Using an optical microscope to simultaneously measure the rotation rate of the
clusters and monitor bacterial growth, we measured the MICs of two antibiotics for uro-

pathogenic E. coli (see Figure 25a-c).
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Figure 25: a-b) The rotational signal frequency of magnetic particle clusters used to ob-
serve the growth of uropathogenic E. coli with different amounts of antibiotics (strep-
tomycin and gentamicin). When the antibiotic is ineffective the bacteria keep growing
and slow down the rotation of the cluster, and when it is effective the growth is inhibit-
ed keeping the rotational period constant. The data points are taken every 10 minutes
and connected for clarity. c) False colored optical microscopy images of the cluster
sensors in different concentrations of streptomycin (data in part a) at time 160 minutes,
showing a part of the cluster to highlight the presence or absence of the bacteria. Bacte-
ria are colored red, and magnetic particles are black. Scale bar is 10 um. d) The rota-
tional frequency of a typical self-assembled AMBR sensor as a function of time, where
a few obvious outliers have been removed. The standard deviation of the frequency is
0.7 %. e) The rotational frequency of a magnetic particle cluster as a function of the
magnetic field strength. The data is fitted to squared relationship. f) The rotational fre-
quency as a function of the driving frequency on a semi logarithmic axis. The error bars
are the deviation between four similar sized clusters (roughly 800 particles per cluster.
g) The rotational frequency of many clusters as a function of the packing density divid-
ed by the Feret’s diameter (maximum caliber) of the cluster. There is a good correla-
tion.

The self-assembled AMBR sensors enabled rapid MIC measurements and the de-

termined values agreed with values obtained with the traditional microdilution method.
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The clinical MIC of the uropathogenic E. coli isolate was 16 pg/mL for streptomycin and
2 pg/mL for gentamicin, determined with an FDA approved automated system for sus-
ceptibility tests, Vitek 2. Using the self-assembled AMBR sensor, the MIC values that we
measured were 8 and 2 pg/mL (see Figure 25a-b), which are consistent within one dou-
bling dilution of the reference MIC [93].

To characterize our self-assembled AMBR sensors, we measured the rotation
rates of multiple clusters as a function of time, magnetic field strength, frequency, and
cluster size (Figure 25d-g). The rotational period (reciprocal of the rotational frequency
in Hz) of an unperturbed AMBR cluster is stable, showing only 0.7 % variation in time
(Figure 25d). The rotational frequency of the AMBR cluster has a quadratic dependence
on the driving magnetic field amplitude (at 100 Hz), which is expected from the literature
[6,37], as is the weak dependency on the driving frequency (Figure 25e and f). Although
no correlation was found between the size of the group (area-wise, data not shown), the
rotational frequency of the clusters increases with increased packing density of the cluster
and decreased Feret’s diameter (also called the maximum caliber), see Figure 25g.

A prototype was built by an engineering company (Insight Product Development
LLC, Chicago, IL) for the purpose of performing AST testing with the self-assembled
magnetorotation sensors (See Figure 26). The design of the prototype was enabled by the
self-assembled AMBR sensors and self-aligning and lensing properties of the hanging

droplet samples.
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Figure 26: a) An image of the prototype device for rapid AST testing of bacteria using
self-assembled magnetorotation sensors. The prototype accepts cards with 16 wells,
which can be loaded with different amounts of samples containing a self-assembled
magnetorotation sensor with antibiotics and bacteria. The prototype is controlled with a
custom computer program written in NI LabView. b) Data from the prototype showing
the difference between a sample inoculated with E. coli bacteria compared with a sam-
ple with no bacteria. The rotational periods are normalized to 1 after initial warming of
the sample.

The prototype was designed to work with off-the-shelf electronic components; the
rotating magnetic field is generated by passing sinusoidal currents (at 100 Hz) through
inductors and the rotation rate of the AMBR sensors is observed by aligning a laser
through each of the 16 sample holding droplets (see Figure 24a) and monitoring the laser
intensity with photodetectors. The sample holder card holds 16 hanging droplets and is
made out of polydimethylsiloxane (PDMS). Data acquired with the prototype is shown in
Figure 26b, showing the rotational signal of self-assembled magnetorotation sensors in-
oculated with bacteria, compared to the sensors with no bacteria present. A difference can
be seen within two hours from the inoculation. One of the problems with this generation
prototype is the slow evaporation of the droplets through the gas-permeable PDMS card,
manifestation of which can be seen in Figure 26b as the slight slowing down of the con-

trol rotation.
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Methods

Magnetic particles functionalization

Streptavidin functionalized 2.8 um diameter superparamagnetic particles (Invitro-
gen, Dynal M-280) were functionalized with biotinylated anti E. coli antibodies (Abcam,
ab20640-1) using a modified version of the Bangslabs adsorption protocol [94]. Specifi-
cally, 100 pl of the M-280 bead stock solution (6-7 x 10° beads/mL) was combined with
an equal volume of Phosphate Buffered Saline (PBS) with 0.1% Bovine Serum Albumin
(BSA) and 0.1% Tween-20 solution, referred to as PBS-TB. Beads were magnetically
separated and resuspended in 200 uL of PBS-TB solution. This solution was pipetted into
30 pL of stock antibody solution (4 mg/ml) and mixture was rotated in a 1.5 pl vial at
room temperature for 24 hours, end-over-end at 60 rpm, and then allowed to sit at room
temperature for 1.5 hours. Particles were magnetically separated and washed three times

in PBS and resuspended in 1 ml of PBS resulting in 6-7 x 10" beads/ml concentration.
Bacterial growth conditions

Uropathogenic Escherichia coli isolate (Clinical Microbiology Laboratory, Uni-
versity of Michigan Hospital) was grown on Mueller Hinton (MH) agar media in 37 °C
for 18-20 hours, suspended in Mueller-Hinton broth and diluted to 0.5 McFarland stand-

ard, which corresponds roughly to 1.5 x 108 CFU/m.
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Binding protocol

To bind magnetic particles to the bacteria, 12.5 ul of the bacteria solution was
combined with 10 pl of anti-E. coli coated magnetic beads and an additional 77.5 ul MH
broth. The vial containing this mixture was shaken in dish on a rocking platform shaker at
~180 rpm at 37 °C for 1.5 - 2 hours, to bind the bacteria to the magnetic beads. Bacteria
coated beads were then removed from solution using a handheld magnetic separator (Bio-
Nobile, PickPen 1-M), temporally released into 300 pl of MH, removed from that solu-
tion, dipped but not released in a second vial of MH and finally resuspended in 250 pl of
MH, resulting in a 3 + 0.5 x 10° beads/ml.

Samples of bacteria coated beads were then combined with equal volumes of MH
containing varying concentrations of antibiotics. Two 1.55 uL droplets of each antibiotic
concentration were deposited onto 1.5 mm PTFE coated slides (Tekdon inc., 244-041-
120) and inverted to create inverted droplets. Sample was taped and sealed using a
greased (Apiezon, L grease) custom-cut 1.6 mm thick rubber spacer and a glass slide.

Beads were pulled to the bottom of each droplet by holding the sample above a
permanent magnet for 20 seconds. Sample was then placed within pair of Helmholtz coils
on Olympus IX71 inverted microscope, in a custom built on-stage incubator that was held
at 37 + 1.5 °C. One of the two sets of coils was turned on creating a lateral 100 Hz oscil-
lating 1 mT magnetic field to align particles. After 30 seconds of 1D field, the second set

of coils was turned on, creating an equivalent, orthogonal oscillating field 90° out of
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phase, resulting in 100 Hz 1 mT rotating magnetic field in the imaging plane. This rotat-
ing field formed and rotated clusters of beads at the bottom of the hanging droplets.

One droplet of each concentration was selected to observe. The only selection cri-
terion was that the cluster not be visibly contaminated with foreign particles. Videos of
each cluster were taken at ten-minute intervals at 50 fps using a digital camera (Basler,
piA640-210gm) with 20x objective. Rotation rate was determined using a LabView pro-
gram called StaT tracker (by the University of St Andrews Optical Trapping Group),

which was modified to observe angular changes.

Conclusions

We report on the development of a self-assembled AMBR sensor, and its use for
antimicrobial susceptibility testing (AST). The minimum inhibitory concentration (MIC)
of uropathogenic E. coli to streptomycin and gentamicin was measured using the method.
A new method for the visualization of the AMBR biosensor signal is presented, and
based on it a stand-alone prototype for monitoring 16 self-assembled AMBR sensors

simultaneously is constructed and used to observe bacterial growth within two hours.
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CHAPTER VI:

Conclusions and future work

In the previous chapters we have explored the various applications and develop-
ments of the emerging AMBR (asynchronous magnetic bead rotation) sensors. Due to the
broad applicability of the sensor platform, the most appealing potential applications are
still taking shape. This dissertation summarizes the development work we have done with
AMBR sensors in the past three year. The first chapter gives the historical context and the
basic introduction to the work that I, and other people in the Kopelman laboratory have
done. Chapter Il — V summarize original research which is either published in peer re-
viewed journals or is going to be submitted. In the second chapter we investigated the
effect of the bead frequency on the sensor sensitivity, and demonstrated 145 Hz critical
frequency of an AMBR sensor, resulting in a 59 nm theoretical sensitivity in the bead ra-
dius. In the third chapter the extreme volumetric sensitivity of the AMBR biosensor is
used to measure the growth of individual bacteria, with up to 80 nm sensitivity to the cell
length. In the fourth chapter we introduce a compact sensor for the observation of AMBR
biosensor signal, since the work done in Chapters Il and Il was done using an optical
microscope. We demonstrate a novel method for observing AMBR biosensor signal using

a combination of a focused laser and a photodiode, which marks the first AMBR observa-
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tion without an optical microscope. In the search for more robust AMBR biosensor for
antimicrobial susceptibility testing, Chapter V introduces self-assembled AMBR sensors.
Based on the self-assembled AMBR sensors we design a robust 16 well prototype, and
validate it toward antimicrobial susceptibility testing. The minimum inhibitory concentra-
tion of a uropathogenic E. coli was measured in two hours. In summary the work present-
ed here transformed a biosensor which had to be observed with a powerful microcope,
into an extremely robust and reproducible inexpensive off-the-microscope biosensor with
the possibility for massively parallel measurements of up to thousand biosensors (see the
section below). There is a great need for such biosensors in research including drug dis-
covery, and in the clinical setting for the rapid observation of bacterial growth.

To increase the throughput and simplify the sample preparation, it is possible to
integrate AMBR biosensors with microfluidics [24]. By combining the small size and
ease of sample preparation made possible by microfluidics technology and the high sensi-
tivity of AMBR sensors, we imagine that it will be possible to achieve a biosensor that is
especially suitable for point-of-care settings.

The sections below introduce some aspects of the AMBR biosensor that will be
further developed in the future. The sections include: the use of a CMOS pixel array for
the parallel measurements of AMBR biosensor; a novel pre-enrichment separation step
that can be used to separate magnetic beads by their volume; and lastly a method for fab-

ricating neutrally buoyant magnetic beads for AMBR biosensors.
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CMOS pixel array for massively parallel AMBR measurements

Methods for observing multiple AMBR biosensors in parallel are needed for even
wider applicability of the platform. One potential approach, introduced below, is to use
the pixel array found in digital cameras, where the pixels are 2 — 10 um in diameter. The
theoretical limit of the number of parallel measurements is thousand sensors per single
standard size CMOS array, which can be found even in most inexpensive cameras. The
sample can be placed directly on top of the pixel array (protected by a thin glass layer),
and if it is illuminated by a collimated light beam directly from above, the AMBR sensor
draws a “shadow image” on the pixel array (Figure 27 a), and the rotation can be ob-
served from the modulation in the shadow image, provided that the sensor is not perfectly
spherical. As a preliminary result we therefore used a CMOS camera pixel array (with no
lenses) and an LED light source to measure the rotation of an elongated 16 pm particle,
Figure 27. We expect that any AMBR sensors with larger than 15 pum diameter can be
measured using the same principle, including yeast cells and the cluster AMBR sensors
introduced in Chapter V. Furthermore, a single CMOS array is large enough to measure
the rotation rates of up to a thousand of such sensors simultaneously, which can be done
using particle tracking and frequency analysis software. Due to the nature of the collimat-
ed light, no focusing is needed, making the parallel observation of sensors feasible while
using off-the-shelf electronic components, such as a CMOS camera and an LED light

source.
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Figure 27: The rotation of a single 16 um particle rotation observed using a CMQOS pix-
el array. a) A schematic of the principle how to use a CMOS camera pixel array with-
out lenses to observe particle rotation. b) The light intensity of a region of interest,
modulated by the rotation of the particle. The modulation can be used to measure the
rotation rate of the particle. c) Images of an elongated 16 pum particle taken with a
CMOS pixel array, rotating asynchronously in a rotating magnetic field. The sample
was placed on top of the pixel array, separated by a thin glass slide. The time between
frames is 150 ms, and the length of the scale bar is 15 pum. For experimental methods,
see Appendix C.

Sorting magnetic particles by their critical AMBR frequency

Magnetic isolation of the target of interest from a patient’s fluid sample is an im-
portant sample preparation method. Magnetic isolation is also widely used in detecting
pathogenic bacteria from food samples in a similar fashion. Since any magnetic particles
can be used as AMBR biosensors, the “whole cell separation method” can be used as a
preparation step for measuring bacterial growth with the same magnetic particles, as the
bacteria will have already been attached, allowing for seamless integration of the two

methods. However, during whole cell separation of bacteria, only a subpopulation of the
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magnetic particles have cells attached, and in AMBR biosensor growth applications it is
crucial that the bacteria-to-beads ratio is sufficiently large, otherwise the signal is lost in
the noise. Therefore, a useful pre-step would be to isolate the subpopulation, which has

bacteria bound to it, where the bacteria-to-beads ratio is at least one.
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Magnetic microparticles can be sorted by their critical asynchronous frequency by
‘rolling” on a surface. By applying an ‘elliptical’ rotating magnetic field, only particles
that possess a critical frequency above a certain value will rotate. The magnetic particles’
rotation frequencies within elliptical rotating magnetic fields with different x and y com-
ponent strengths can be seen in Figure 28 [59]. The critical frequency is inversely propor-
tional to the volume of the rotating body, and therefore this method can be used to sepa-
rate, for example, bare magnetic particles from magnetic particles with a single cell at-
tached after binding procedure.

Similar magnetic bead sorting with rotating magnetic fields has been described by
Yellen et al. [15]. However it is fundamentally different in that it relies on the migration
of the magnetic field gradients and also requires the fabrication of micropatterned mag-

netic material.

73



Continuous flow
[microfluidies)

& ]
L
[ ]
&
* £
[ ™ —
[ ]
[ ]
[ ]
A
c—ﬁg %gﬁ‘

Figure 29: Bare magnetic particles are separated from the ones
that have a bacterium bound in a microfluidic channel. Exam-
ple of the separation by the critical AMBR frequency, where
the elliptical field rotates from left to right and out of the image
plane. Black spheres are magnetic particles and blue ovals de-
note bacteria.

Naturally buoyant magnetic particles

High magnetic moment particles are required for many applications; however a

high magnetic moment also means a high fraction of magnetic material. Since the specif-

ic gravity of most of the used magnetic materials is many times higher than water, the

settling of the magnetic particles becomes an issue in some applications. Thus far, we

have considered only AMBR sensors that are driven at the bottom of the fluid, at the wa-

ter-air interface or on the surface of the sample container. However, it could be advanta-

geous for some studies to observe freely floating AMBR sensors, with no interface or

surface interactions. Such AMBR biosensors need to be neutrally buoyant (have a charac-

teristic specific gravity of one, or adjusted according the density of the sample fluid). A

method to fabricate neutrally buoyant magnetic particles is explained below. Using the

same technique, the specific gravity of the particles can be tuned to the desired value.
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Non-magnetic particles that have a low specific gravity can be turned magnetic by
coating them with magnetic material. This can be easily done with vapor deposition of
nickel or cobalt. At the same time the specific gravity of the particles is increased, and by
adding the right amount of coating, the density can be tuned.

For example, 10 um diameter hollow glass spheres have a density of 0.8 g/cc, and,
therefore, they would be turned neutrally buoyant by coating the particle with a 150 nm
layer of Nickel (8.9 g/cc) and 5 nm gold (19.3 g/cc). Considering that 10 um particles
with a 300 nm Nickel coating have a 3 x 10 Am? magnetic moment and 150 a Hz criti-
cal frequency [95] and that the critical frequency is proportional to the nickel coating
volume [22], 10 um particles with 150 nm thick Ni coating would be expected to have a
magnetic moment and critical frequency at half of those values (1.5 x 10* Am2 and 75

Hz). See Figure 30 for a schematic.

Gold coating

19.3 g/ce

Neutrally buoyant (1 g/cc)
magnetic particle with

3x10* Am* magnetic moment
and

75 Hz critical AMBR frequency

Nickel coating

8.9 g/cc T—
—

Hollow glass
sphere 0.8 g/cc

Figure 30: Neutrally buoyant magnetic particle made by half coating a hollow glass
sphere. Coating thicknesses are exaggerated for visualization.
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APPENDIX A:

Ferrohydrodynamics and the early history of AMBR

The term ferrohydrodynamics was introduced in 1964 by Neuringer and
Rosensweig [96] in "Ferrohydrodynamics” which is considered as the first publication in
this field of science. The research on ferrohydrodynamics has grown due to the interest in
using ferrofluids in the presence of magnetic fields in order to convert magnetic energy
into motion with no moving parts, and the increase of viscosity of magnetorheological
(MR) fluids in applied magnetic fields. Ferrofluid dynamics in rotational magnetic fields
were first studied experimentally by Moskowitz and Rosensweig in 1967 [25]. The phys-
ics behind the rotation were not understood, and it was believed that each particle follows
the field with a phase lag. A theoretical study of single ferromagnetic (FM) and superpar-
amagnetic (SPM) particles in rotating magnetic fields was conducted two years later to
answer some of the risen questions [26]. Caroli and Pincus found out, correctly, that for
FM particles there is a critical frequency below which the particle rotates synchronously
with the rotating field, but they got the behavior slightly wrong above the critical fre-

quency: their results state that the particles “oscillate about their initial positions with a

characteristic frequency ,” :
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where Q is the driving frequency and Q_ is the critical frequency. Instead the correct
behavior is the following: “particle rotation rate which is steady but which has superim-
posed on it an oscillatory component of relatively small magnitude; the mean particle ro-
tation rate decreases as [the driving frequency] increases” as Popplewell, Rosensweig and
Johnston deciphered correctly from their numerical integrations of the equations of mo-
tion in 1990 [27]. The frequency of the oscillations was indeed correct in Caroli’s and
Pincus’ paper, and the value they acquired for the critical driving frequency was:

_MB__mB
677 Knvmag (A2)

Q

C

which indeed agrees with the more recent model [4]. Caroli and Pincus also touched on
the behavior of single SPM particles, ending up with a critical frequency for a single

SPM particle in a rotating magnetic field

6n | (A3)

where y is the static susceptibility given by the Langevin formula and K >0 is the ani-

sotropy constant (“valid when the system thermalizes [reaches thermal equilibrium] in a
time short compared to all the characteristic times of the problem”). The behavior of the

SPM particles above the critical frequency was found to be the same as for ferromagnetic
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particles (namely eq. AL with O™ substituted for Q_), where they possibly made the

same mistake of ignoring the overall average rotation forward. The author was not suc-

cessful in finding other studies on single SPM particles in rotating magnetic fields. Caroli

and Pincus calculated a value for Q" at 300 Kelvin, yielding Q™ ~10° Hz . However

the Neel relaxation time (and presumably therefore also Q™) has an exponential de-

pendence on the particle volume, and therefore a small change in the particle radius

changes the critical frequency dramatically.
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APPENDIX B:

Measuring the growth of a yeast cell with AMBR biosensor

Asynchronous Magnetic Bead Rotation (AMBR) biosensors have been used pre-
viously for detection [5] and growth measurement of single bacteria [6], and in a modi-
fied configuration for protein detection [18]. As a platform technology, the AMBR bio-
sensors can be used to measure the growth of any cells (or any volume/viscosity/shape
changes), with slight modifications in the sensor. In this implementation, 3 um magnetic
particles were attached to Saccharomyces cerevisiae yeast cells (5 — 10 um diameter),
and micropatterned microwells were used to restrict the translation of the sensors and
yeast cells. A custom stage top incubator was built to keep the cells at 30 °C during the
experiment (see Figure B1 for the setup schematic). The rotational periods of the sensors
were measured using a microscope and video analysis software.

Magnetic particles are bound to the yeast cells using specific antibodies, which
essentially introduces a magnetic moment to the yeast cell. Due to the magnetic moment,
the cells (with magnetic particles attached), rotate in a rotating magnetic field, with a ro-
tation rate that is a function of the total volume of the cell. Therefore as the yeast cell in-
creases in volume during budding, its rotational period increases, and the rotation period

can be used to observe changes in the cell volume (Figure B1 c).
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Figure B1. Schematic representation of the AMBR sensors experimental setup. a) On-
microscope incubator used for the yeast cell studies, including 1) micromachined sam-
ple holder and 2) a set of electromagnet coils for generating a rotating magnetic field.
b) Close up of the sample holder where the scale bar is 10 micrometers. ¢) The change
in the AMBR sensor’s rotational frequency due to the budding of a yeast cell, symbol-
ized by the small white circle.

Results and Discussion
Two magnetic particles were attached to a single yeast cell and it was separated in
a microwell for analysis. We observed a larger than 3-fold increase in the rotational peri-
od of the AMBR sensor due to the growth of the single yeast cell over 60 minutes (Figure

B2).
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Figure B2. The growth of an individual S. cerevisiae yeast cell monitored with an
AMBR sensor. a) Rotational period of the AMBR sensor as a result of the budding of
the yeast cell in liquid growth media. b) Optical microscopy images of the budding ob-
served in part a). The scale bar is 5 um. ¢) The analyzed AMBR sensor signal (Fourier
transform) of the data in part a) at 8.5 minutes and 60 minutes.

Asynchronous magnetic bead rotation can be used to transform nanoscale volu-
metric changes into frequency changes, and the growth of individual yeast cells was
measured using that principle as described earlier. However the rotation rate of the sensor
was measured using an optical microscope, so the advantage of using the AMBR tech-
nique is not great, since the volumetric resolution of the AMBR sensor is only a little bet-
ter than that of an optical microscope [6]. A low tech method of measuring the rotation of
single AMBR sensor particles is needed for a wider applicability of the sensor. One such
method has been demonstrated [8], however its scalability is limited due to the need of a

focused laser.

Experimental methods

Magnetic particle functionalization

Streptavidin coated 3 um diameter superparamagnetic particles were further func-
tionalized with S. cerevisiae antibodies using the following protocol. A 1 mg aliquot of
the magnetic particles (112-05D, Invitrogen) was washed and resuspended in 100 pL of
PBS-TB (prepared by adding 0.1% Tween 20 (ACROS Cat. #23336-2500) and 0.1% bo-
vine serum albumin (BSA, Thermo Scientific) to phosphate buffered saline (1x PBS,
1860449 MPBI0). The secondary antibodies (25 pL of biotinylated rabbit IgG antibodies,

2 mg/mL ab6720, Abcam) were then introduced and incubated with gentle agitation
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(Sarmix MR1, Sarstedt) for 3 hours in room temperature, following with magnetic sepa-
ration (DynaMag-2, Invitrogen) twice into 100 pL of PBS-TB. The same binding proce-
dure was repeated for the primary antibodies (12.5 pL of rabbit polyclonal antibody to S.
cerevisiae, 4 mg/mL ab19498, Abcam) and the fully functionalized magnetic particles

were then resuspended in 1 mL of PBS-TB and stored in 4 °C.
Cell culture procedures

The budding yeast Saccharomyces cerevisiae cells (ATCC# 2601) were grown on
YPD agar (Y100, Teknova) in 30 °C for 2-3 days prior to experiments. The cells were
then suspended in YPD-PB (prepared by adding 0.1% Pluronic F-68 (cat. #2750049
MPBI0) and 0.1% BSA to YPD broth (Y5006 Teknova)) in 1-5 x 10° yeast cells/mL
concentration (obtained by adjusting the turbidity to 0.5 McFarland standard). Magnetic
particles were attached to the yeast cells by incubating 25 uL of the previously prepared
particle solution with 500 puL of the cell solution with vigorous mixing (1000 rpm) for 60

minutes in room temperature.
Rotation measurements with an optical microscope

After binding, 2-5 uL of the magnetic particle and cell solution was pipetted onto
a microfabricated microscope slide with 15 um wells (cat. #130504, Thermo Scientific)
along with 1 mL of YPD-PB solution, and the sample was then ready for growth
experiments. The experiments were conducted on two inverted optical microscope setups

(Olympus IX71 and IMT-2), with a custom made 30 °C incubator and two sets of
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perpendicular air core electromagnets fitted on top, see Figure Bla. The electromagnets
were used to generate a rotating magnetic field, 1 mT in amplitude at 100 Hz frequency.
The coils were driven with two sinusoidal signals, 90 degrees out of phase, controlled
with a computer program to achieve a uniform rotating magnetic field. To analyze the
rotation frequency of the AMBR sensor, continuous videos were acquired at 2-5 fps
during the growth experiments. By drawing an area of interest and analyzing the intensity
over time by applying a fast Fourier transform, the rotation frequency could be

determined, see Figures B2 a and c.

Conclusions
The growth of individual yeast cells was observed using an asynchronous magnet-
ic bead rotation (AMBR) biosensor. During the budding of a yeast cell, a three-fold in-

crease was observed in the AMBR sensor signal.
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APPENDIX C:
CMOS pixel array for AMBR measurements:

experimental methods

The rotation measurements were done with a pixel array in Mightex 5 megapixel
monochrome CMOS USB camera (BCN-B050-U), which has 2.2 by 2.2 um pixels. The
camera is sold ‘board level’ with no enclosing, and can therefore be used for these exper-
iments as is. The smaller the distance between the sample and the pixel array, the better
resolution can be achieved. That in mind, “windowless” CMOS pixel array that has no
glass covering the pixel array would be optimal for this application. Mightex offers such
cameras (MCE-B013-UW), however the available models have larger pixel size (5.2 by
5.2 um), which is not acceptable as it lowers the resolution. As a light source we used a
regular low power white LED 20 cm above the sample. We used two pinholes (with
roughly 2 mm openings) to minimize stray light; one close to the LED and another one
just above the sample. The camera was connected to a PC through a USB port, and the
videos were captured using the software that came with the camera. Further image analy-
sis including pixel intensity calculations was done using a free ImageJ program.[67]

A microstep stepper motor driver (G201X, Geckodrive, Inc., Califormia) was

used as an inexpensive means to generate amplified sine and cosine signals needed for
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rotating magnetic field generation. The G201X accepts 18-80 VDC power supply (1-7A),
and requires a step signal that depicts the output frequency (CNO0173, Centent co., Cali-
fornia). The amplified sin/cosine signals were passed through 2 perpendicular spools of
magnet wire (22 AWG, Fisher Scientific), which creates a magnetic field up to 5 mT be-
tween the spools, and it can be amplified even further by introducing soft iron cores
(WLS44370-35, Sargent-Welch) to the magnet wire spools. Using this setup we were
able to generate rotating magnetic fields up to 200 Hz with acceptable quality, in an area
of about 1 cm®, while keeping the cost of the rotating magnetic field setup under $300.
The complete setup used to generate the data in A3, including the CMQOS pixel array and
the LED light source, can therefore be constructed with under $1,000 investment exclud-

ing the computer.
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