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 As indicated by leading healthcare agencies like the Centers 

for Disease Control and Prevention (CDC) and the World 

Health Organization (WHO), the rising antibiotic resistance 

of bacteria is one of the major concerns of modern health-

care, and the development of novel growth-based rapid diag-

nostics is a key in addressing this problem. [  1  ,  2  ]  A common 

growth-based test used to help guide therapy is the antimi-

crobial susceptibility test (AST). Faster AST testing can lead 

to reduced inappropriate antibiotic use, decreased health care 

costs, and reduced prevalence of antimicrobial resistance. [  3  ,  4  ]  

To address this problem our group has been developing asyn-

chronous magnetic bead rotation (AMBR) biosensors that 

have been used to detect the growth of individual bacterial 

cells. [  5  ]  Here, we introduce a radically new type of AMBR 

sensor that detects bacterial growth-based on the rotation 

of a cluster of magnetic microparticles formed through self-

assembly. Using these self-assembled AMBR biosensors, the 

minimum inhibitory concentration (MIC) value of a uropath-

ogenic  Escherichia coli  isolate was measured. While detec-

tion of the presence of pathogens is a widely covered topic 

in research and assay development, here we focus on demon-

strating that AMBR can be used to perform AST testing. A 

new method for detecting the rotation of AMBR biosensors 

is also described, which hass enabled validation of a multi-

well prototype for rapid observation of bacterial growth. 
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 Magnetic microparticle self-assembly in the presence 

of a magnetic fi eld has been investigated by other groups, 

showing many interesting structures and dynamics. In fact, 

magnetic microparticles can self-assemble into various struc-

tures in an external magnetic fi eld, including rods and disk-

like clusters. [  6–13  ]  In a rotating magnetic fi eld, we show that 

these clusters exhibit asynchronous rotation, similar to the 

behavior of single particles, and this allows for their use as 

AMBR biosensors. We also experimentally demonstrate that 

the rotation rate of these self-assembled clusters—made of 

antibody-coated magnetic beads—can be used to measure 

bacterial growth and their response to antimicrobials. When 

bacteria grow, they alter the drag of the rotating magnetic 

bead cluster. This is a key feature of the AMBR sensor, as 

changes in the drag can be due to changes in viscosity, volume 

and/or shape, see  Figure    1  .  

 The rotational rate of magnetic particles in a rotating 

magnetic fi eld is inversely proportional to the drag experi-

enced by the particles when they are driven in the so-called 

asynchronous regime. This dependence enables their use as 

biosensors. [  5  ,  14–20  ]  These AMBR biosensors are extremely 

sensitive to volumetric changes and they have been used 

to detect and monitor the growth of bacteria at the single 

cell level. [  5  ,  15  ]  However, observing the AMBR biosensor 

signal of individual particles without a microscope can be 

challenging, due to their microscopic size and spherical 

form. Self-assembled AMBR biosensors were developed to 

address this challenge. Using a small self-assembled group 

of magnetic beads, instead of individual magnetic beads, 

allows for a more straight-forward implementation of 

AMBR biosensors on a multi-well prototype for bacterial 

growth studies. 

 Self-assembled systems can form in numerous ways and 

in countless shapes. Disk-like clusters of magnetic particles—

which are of interest for the purposes of this paper—can be 

formed in aqueous solutions such as water or PBS-buffer. 

When formed in this fl uidic environment, the clusters do not 

maintain their shape and, in our observations, change their 

shape nearly continuously. Due to the constantly changing 

drag, groups formed in this manner are diffi cult to use as 

AMBR biosensors. A similar shape-changing behavior was 

reported by Nagaoka et al. [  6  ]  To enable clusters to be used as 

AMBR biosensors, a curved interface was chosen, in combi-

nation with a modifi cation of the surrounding media, which 

stabilized the cluster’s shape and location. 
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    Figure  1 .     Overview of the AMBR biosensor technology. a) A schematic illustration of the droplet lensing effect used to amplify the rotational signal 
or the AMBR biosensor cluster: an LED or laser light is lensed by the droplet curvature, magnifying the shadow image of the particle cluster by 
100-fold. After the magnifi cation, the rotational period can be observed using a photodetector, which observes a periodic signal corresponding 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 fl uid changes. c) An optical microscopy image sequence of a self-assembled AMBR biosensor 
rotating asynchronously in a rotating magnetic fi eld. Frames are taken every 400 ms. d) The rotational frequency of a typical self-assembled 
AMBR biosensor 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 fi eld strength. The data is fi tted to a squared relationship. f) The 
rotational frequency as a function of the driving frequency, on a semi logarithmic axis. The error bars represent the deviations among four similar 
sized clusters (roughly 800 particles per cluster).  
 Cluster formation and dynamics are governed by the indi-

vidual beads that make up the cluster. Here, for simplicity, we 

examine single bead behavior, which share the same dynamics 

as magnetic bead clusters. A single superparamagnetic micro-

particle placed in a rotating magnetic fi eld (at a suffi ciently 

high frequency) experiences a torque,  τ  mag , in the direction of 

the rotating fi eld:

 
τmag = χ ′ ′Vm

B2

μ0
ê.

 
 (1)   

where   χ  ′  ′   is the imaginary part of the magnetic suscepti-

bility,  V m   is the magnetic content volume,  B  is the magnetic 

fi eld strength,   μ  0   is the permeability of free space, and  ̂e    is 

a unit vector pointing towards the direction of the magnetic 

fi eld rotation. Neglecting inertial forces (which are minute 

compared to the drag forces) and Brownian rotation forces 

(which are minute compared to the magnetic torque) the 

opposing torque due to drag can be expressed by:
8 www.small-journal.com © 2012 Wiley-VCH V
 τdr ag = − κηV ê,θ
.

  (2)   

where   κ   is the Einstein shape factor (6 for a sphere),   η   is 

the dynamic viscosity of the surrounding fl uid,  V  is the total 

volume of the rotating body, and   θ   is the angular orientation 

( θ
.
   is the rotational rate of the object, in radians s  − 1 ). The rota-

tional rate of the object can be solved by setting the magnetic 

torque equal to the fl uidic drag and combining  Equations 1  

and  2 , yielding: 

=
χ ′ ′Vm B2

κηVμ0
θ
.

 
 (3)    

 At a constant temperature and a constant rotating mag-

netic fi eld, the imaginary susceptibility  χ  ′  ′ , magnetic content 

volume  V m  , and the magnetic fi eld strength  B , all remain con-

stant. Under these conditions, the rotation rate of the particle 

is primarily a function of the rotational drag:
erlag GmbH & Co. KGaA, Weinheim small 2012, 8, No. 16, 2477–2482
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_θ ∝ γ −1,   (4)   

where the drag (  γ  ) is the product of the shape factor, viscosity, 

and volume:   γ   =   κ  η V.  The rotational period of the particle,  T , 

can be written in terms of the rotational rate,  θ
.
  , as  T = 2π/ θ

.
  . 

This can be combined with  equation (4)  to fi nally arrive at 

the equation relating the rotational period of the single 

bead superparamagnetic AMBR biosensor to the effective 

volume:

 T ∝ γ   (5)    

 Therefore any changes in the drag of the cluster can be 

observed by measuring its rotational period in time. 

 Microscopy experiments were performed on a hanging 

droplet sample, where the self-assembled AMBR biosensor 

was formed on the air-water interface of an inverted 2  μ L 

Müller-Hinton growth media droplet, see Figure  1 a. The 

reason for using an inverted droplet sample was three-fold:  

 i)     to minimize surface interactions between the interface and 

rotating magnetic beads,   

 ii)     to use gravity to help form the clusters in a reproducible 

location at the bottom of the droplet and to maintain the 

position during rotation, therefore “self-aligning”, and   

 iii)     to use the inverted droplet as a lens for magnifi cation pur-

poses, which is particularly useful for off-the-microscope 

measurements.    

 Magnifi cations can be 100-fold and higher, depending on 

the curvature of the drop and the distance away from the 

curved interface. These hanging-drop properties thus enabled 

the design of a simple and robust 16-well prototype that is 

shown in Figure 3b and discussed below. 

 Once a cluster was formed and its location maintained at 

the bottom of a hanging drop, several properties of the fl uidic 

sample can be measured using the cluster. Figure  1 b shows 

how a change in sample properties can cause a change in the 

drag that the cluster experiences. Specifi cally, (i) cluster expan-

sion, (ii) added volume from bacterial growth, or (iii) vis-

cosity changes can be monitored by measuring a change in 

the drag and thus, the rotatioal period. Rotational periods are 

determined by standard FFT or autocorrelation analysis. One 

key aspect of being able to use the self-assembled cluster as 

an AMBR biosensor is that the cluster does not spontane-

ously break apart. Figure  1 c shows a typical rotating cluster 

after being formed. Notice that while it has an amorphous 

shape, it maintains this shape throughout its rotation. This is 

especially important because change in shape will affect the 

rotation rate, as can be seen from  Equation 5 . To accomplish 

this stability in shape, a casein hydrolysate environment was 

used. In our studies, we found that groups could spontane-

ously rearrange if they were in water or PBS. However, upon 

addition of low amounts of casein hydrolysate ( ∼ 1%), the 

group shape was stable throughout its rotation. It turns out 

that Müller–Hinton broth contains 1.75% of casein hydro-

lysate, which means that MH is well suited for self-assembled 

AMBR applications. Media that do not have casein hydro-

lysate, such as water and PBS, can be spiked with casein 

hydrolysate. Alternatively, different and more “sticky” beads 

can be used. Furthermore, MH is the standard broth used 
© 2012 Wiley-VCH Verlag Gmsmall 2012, 8, No. 16, 2477–2482
in growing non-fastidious bacteria and in performing AST 

testing in a clinical microbiology laboratory setting, [  21  ]  which 

is why it was used in this study. 

 Once a stable group is formed, its magnetic and rota-

tional properties can be analyzed. While single particles, 

chains, and magnetic fl uids have been magnetically rotated 

and characterized, a cluster, such as described here, has 

not been characterized in the literature, especially with 

respect to use as an AMBR sensor. Because the stabililty 

of the cluster is critical when used as an AMBR sensor, the 

fi rst property analyzed was the rotational stability of the 

cluster. The rotational frequency (reciprocal of the rota-

tional period) of an unperturbed AMBR cluster was found 

to be stable over the time period of hours, showing only a 

0.7% variation over 2 hours (Figure  1 d). This stability of 

the rotation rate forms the basis for the AMBR sensor’s 

sensitivity. [  17  ]  Furthermore, the rotational frequency of the 

AMBR cluster has a quadratic dependence on the driving 

magnetic fi eld amplitude (at 100 Hz), which is expected 

from the literature for superparamagnetic rotators. [  5  ,  22  ]  

The rotational frequency is also expected to have only a 

weak dependence on driving frequency, which indeed is 

the case (Figure  1 e). Notably, ferromagnetic rotators, which 

can also be used as AMBR biosensors, have a different 

dependency. [  14  ,  15  ]  

 Using the optical microscope setup to simultaneously 

measure the rotation rate of the clusters and optically monitor 

bacterial growth, we measured the MICs of two antibiotics for 

a uropathogenic  E. coli  strain (see  Figure    2  a–c). Unaffected 

cell growth can be observed in approximately one hour after 

the beads are washed and placed on the microscope. The self-

assembled AMBR biosensors enabled MIC measurements 

and the determined values agreed with the traditional micro-

dilution method. The clinical MIC of the uropathogenic  E. coli  
isolate, as determined with an FDA approved automated 

system for susceptibility testing, the Vitek 2 (bioMerieux) was 

16  μ g mL  − 1  for streptomycin, and 2  μ g mL  − 1  for gentamicin. 

The MIC values that we measured with AMBR were respec-

tively 8 and 2  μ g mL  − 1  (see Figure  2 a,b), which are consistent 

with the reference MIC, within the accepted tolerance. [  21  ]  The 

growth and absence of growth measured with the AMBR 

sensors, see Figures  2 a,b, also agree with what was observed 

microscopically. Figure  2 c shows the microscopic images of 

the magnetic beads plus  E. coli,  in several antibiotic concen-

trations that were above and below the streptomycin MIC. 

With 0  μ g mL  − 1  and 2  μ g mL  − 1  concentrations, the magnetic 

beads (black) appear to be “pushed” apart and separated by 

a large number of  E. coli  cells (false colored red). In compar-

ison, the 4  μ g mL  − 1  and 8  μ g mL  − 1  samples showed little or 

no apparent growth and the original structure of the cluster 

was maintained. When the AMBR biosensor would be used 

for identifi cation purposes rather than here-described anti-

microbial susceptibility testing, one would have to control 

for false positives, see Supporting Information for additional 

information. The authors note that the gold standard method 

for AST testing in a clinical laboratory is currently performed 

on pure cultures (in addition to being separate from ID), 

therefore specifi city of the assay is not an issue for the cur-

rent AST applications.  
2479www.small-journal.combH & Co. KGaA, Weinheim
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    Figure  2 .     The rotational period of self-assembled AMBR biosensors used to observe the growth of uropathogenic  E. coli  with different concentrations 
of antibiotics of a) streptomycin and b) 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 inhibited keeping the rotational period constant. The MIC can be measured within 2 hours 
of inoculation. c) False colored optical microscopy images of a segment of the self-assembled AMBR biosensors in different concentrations of 
streptomycin (at 160 minutes), highlighting the presence or absence of the bacteria. Bacteria are false colored (red), and magnetic particles are 
black. Scale bar is 10  μ m.  
 To further establish the feasibility of using the AMBR 

biosensor for clinical MIC testing, a 16-well prototype was 

built and tested,  Figure    3  . The prototype was built using 

off-the-shelf electronic components, including inductors for 

magnetic fi eld generation, and laser diodes and photodiodes 

for observation, mirroring the schematic shown in Figure  1 a. 

Data acquired with the prototype is shown in Figure  3 a, dem-

onstrating that the rotational signal time dependence for 

self-assembled AMBR biosensors inoculated with bacteria, 

compared to the biosensors with no bacteria present. A dif-

ference can be seen within two hours from sample introduc-

tion to the prototype. These results demonstrate that using 

a self-assembled cluster and standard off-the-shelf compo-

nents, high-throughput off-the-microscope measurements 

can be achieved. Ongoing development has led to higher 
www.small-journal.com © 2012 Wiley-VCH V

    Figure  3 .     A Prototype device for rapid AST testing of bacteria using self-
assembled AMBR biosensors. a) Data from the prototype showing the 
difference between a sample inoculated with  E. coli  bacteria compared 
to a sample with no bacteria. The rotational periods are normalized 
to one after initial stabilization. b) An image of the prototype device, 
including the transparent sample card holder and black drawer. The 
prototype houses sample cards with 16-wells, which are loaded with 
self-assembled AMBR biosensor to observe bacterial growth. The 
prototype is connected to a computer and controlled with a custom 
computer program written in NI LabView.  
well count prototypes, lower protocol time (15 min), reduced 

starting concentration (1  ×  10 4  CFU mL  − 1 ), and reduced time 

to results.  

 To summarize, we have reported on the development of 

a novel type of self-assembled AMBR biosensor, and its use 

for antimicrobial susceptibility testing (AST). Using the self-

assembled AMBR biosensors, streptomycin and gentamicin 

minimum inhibitory concentrations against a uropathogenic 

bacteria,  E. coli,  were measured (8 and 2  μ g mL  − 1  respec-

tively), and found to agree with clinical reference methods. 

A high throughput prototype was constructed using exclu-

sively off-the-shelf components for operating the biosensors. 

Therefore, self-assembled AMBR biosensors offer a high 

throughput method for measuring bacterial growth and its 

inhibition to chemical agents, with a potential to improve 

clinical AST applications.  

 Experimental Section 

  Magnetic Particles Functionalization:  Streptavidin functional-
ized 2.8  μ m diameter superparamagnetic particles (Invitrogen, 
Dynal M-280) were further functionalized with biotinylated anti-
 E. coli  antibodies (Abcam, ab20640-1), using a modifi ed version 
of the manufacturers adsorption protocol. [  23  ]  Specifi cally, M-280 
bead stock solution (100  μ L), containing 6–7  ×  10 8  beads mL  − 1  
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 sepa-
rated and resuspended in PBS-TB solution (200  μ L). This solution 
was pipetted into 4 mg mL  − 1  antibody solution (30  μ L) and mixture 
was rotated in a 1.5  μ L 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 PBS (1 mL) resulting in a 
concentration of 6–7  ×  10 7  beads mL  − 1 . 
erlag GmbH & Co. KGaA, Weinheim small 2012, 8, No. 16, 2477–2482
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  Bacterial Growth Condition:  A uropathogenic  Escherichia coli  
isolate (obtained from Clinical Microbiology Laboratory, Univer-
sity of Michigan Hospital) was grown on Müller–Hinton (MH) agar 
media in 37  ° C for 18–20 hours, suspended in Müller-Hinton broth 
and diluted to 0.5 McFarland standard, which corresponds roughly 
to 1.5  ×  10 8  CFU mL  − 1 . 

  Binding Protocol:  To bind magnetic particles to the bacteria, 
the bacteria solution (12.5  μ L) was combined with anti- E. coli-
 coated magnetic beads (10  μ L) and MH broth (77.5  μ L). The vial 
containing this mixture was shaken in a 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. In our more recent experiments, this incu-
bation time has been reduced to 10 minutes for bacterial concen-
tration of 10 4  CFU mL  − 1 . Bacteria-coated beads were then removed 
from solution using a handheld magnetic separator (Bio-Nobile, 
PickPen 1-M), temporarily released into MH (300  μ L), dipped, but 
not released, in a second vial of MH and fi nally resuspended in MH 
(250  μ L), resulting in a 3  ±  0.5  ×  10 6  beads mL  − 1 . 

 Samples of bacteria-coated beads were then combined with 
equal volumes of MH containing varying concentrations of antibi-
otics. For microscope experiments, two droplets (1.55  μ L) of each 
antibiotic concentration were deposited onto PTFE-coated slides 
(Tekdon inc., 244-041-120) and inverted to create hanging drop-
lets. Samples were taped and sealed using a greased (Apiezon, L 
grease) custom-cut (1.6 mm thick) rubber spacer and a glass slide. 
Sample preparation varied slightly when using the PDMS sample 
card holder for prototype measurements: fi nal aliquots (7  μ L) were 
put into the custom sample card holder and sealed with a second 
PDMS layer. 

  Self-assembly:  Beads were pulled to the bottom of each 
droplet by holding the sample above a cone-shaped perma-
nent magnet for 20 seconds. For measurements performed on a 
microscope, samples were then placed within a pair of Helmholtz 
coils (four coils total) 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 oscillating 
magnetic fi eld (100 Hz, 1 mT) to align particles. After 30 seconds 
of the one dimensional fi eld, the second set of coils was turned 
on, creating an equivalent, orthogonal oscillating fi eld 90 °  out of 
phase, resulting in a rotating magnetic fi eld in the imaging plane 
(100 Hz, 1 mT). This rotating fi eld formed and rotated clusters of 
beads at the bottom of the hanging droplets. The authors note that 
in some cases the 1D fi eld could be used to eliminate the step of 
pulling the beads to the bottom of the drop using a cone magnet. 

  Observation:  One droplet of each concentration was selected 
for observation. The only selection criterion was that the cluster 
not be visibly contaminated with foreign contaminants, such as 
fi ber. Videos of each cluster rotation were taken at ten-minute 
intervals, at 50 fps, using a digital camera (Basler, piA640-210gm) 
with a 20 ×  objective of the inverted microscope. Rotation rates 
were determined using a LabView program called StaT tracker (by 
the University of St Andrews Optical Trapping Group), which was 
modifi ed to observe angular changes. 

  Prototype:  The prototype used in Figure  3  was built by an engi-
neering fi rm (Insight Product Development LLC, Chicago, IL) for the 
purpose of performing AST testing with the self-assembled AMBR 
biosensors. The design of the prototype was enabled by the self-
assembled AMBR biosensors and self-aligning and lensing proper-
ties of the hanging droplet samples. 
© 2012 Wiley-VCH Verlag Gmbsmall 2012, 8, No. 16, 2477–2482
 The prototype was designed to work with off-the-shelf elec-
tronic components; the rotating magnetic fi eld is generated by 
passing sinusoidal currents (at 100 Hz) through standard induc-
tors and the rotation rate of the AMBR biosensors is observed by 
aligning a collimated laser through each of the 16 sample holding 
droplets and monitoring the laser intensity with photodetectors. 
The sample holder card holds 16 hanging droplets and is made 
out of silicone rubber (polydimethylsiloxane, PDMS).   

 Supporting Information 

 Supporting Information is available from the Wiley Online Library 
or from the author.  
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