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A BST R A C T 
 

This paper presents proof of principle of a new type of 
biosensor, based on label-acquired magnetorotation, called 
the asynchronous magnetic bead rotation (AMBR) assay. 
This assay is modeled after a traditional sandwich assay, but 

ere as the solid phase and a 
1.05 
40 nm biotin-coated particle) is sandwiched between the 

and the presence of the analyte is indicated by this binding. 
The sandwich complex is placed inside a rotating magnetic 
field, and the rotational frequency of the sandwich complex 
is a function of the concentration of bound analyte. The 
AMBR assay is demonstrated to be sensitive over two orders 
of magnitude in physiologically relevant concentrations. 

 
IN T R O DU C T I O N 

 
Developing devices that can simply, rapidly, and 

quantitatively detect biological molecules has long been a 
goal of biomedical research. Such devices can improve 
patient access to diagnostic and monitoring capabilities, and 
improve the information available to healthcare 
professionals working outside of hospital settings. Examples 
of such devices have been developed for cancer biomarkers 
(1), biological warfare agents (2), and bacteria (3), 

Sandwich assays are one of the common techniques for 
detecting proteins in solution. A sandwich assay contains 
three components: a solid phase, to isolate the sample from 
solution, the analyte itself, and a label, which binds 
specifically to the analyte and reports its presence in a 
manner that is easily detected by the end user. The solid 
phase and the label form a sandwich around the analyte (4). 
Typically, fluorescent molecules, enzymes or magnetic 
beads are used as labels (5-7). 

Superparamagnetic beads possess several advantages for 
use as magnetic labels, because of the stability of both the 
magnetic moment and the beads themselves, both in 
physiological conditions and in long term storage, and the 
lack of significant background magnetic materials in most 
biological samples (8, 9). Magnetic beads labeling biological 
molecules have been detected by a variety of methodologies, 
including relaxometry (10), rotating chains (11), and 
magnetoresistive sensing (12). The AMBR assay is based on 

the previously developed principles of asynchronous 
rotation, which have been used to detect single bacterial cells 
(13). 

The two primary forces involved in the rotation of a 
spherical object in a fluid are torque and drag. Equations 
describing the rotation of superparamagnetic beads in a 
liquid have been previously developed (14-16).  

Micron-scale beads, spheres and particles are readily 
available commercially in a variety of sizes and coated with 
biotin or streptavidin, making them an ideal model for the 
development of immunosensors. Streptavidin is a tetrameric 
protein (MW ~ 60 kDa) isolated from the bacteria 
Streptomyces avidinii that forms a very strong noncovalent 
bond (Kd -15 M) with biotin (MW ~ 244) (17).  

 

E XPE R I M E N T A L 
  

-coated spheres and 40 nm biotin-
coated particles were obtained from Spherotech (Rockford, 

-coated beads 
were obtained from Invitrogen (Carlsbad, CA). All bead 
solutions were washed twice, by centrifugation for the 
nonmagnetic spheres, and by magnetic separation for the 
magnetic beads, and resuspended in 1x PBS with 0.1% 
Bovine Serum Albumin (BSA) and 0.1% Tween-20 (PBS-
TB). The spheres were diluted to a final concentration of 
3.02 x 103 
concentration of 1.94 x 105 
serially diluted to eleven solutions between 1.62 x 105 to 
5.12 x 107  

-
various solutions of biotin-coated particles overnight by end-
over-end rotation. Unbound biotin particles were removed 

-coated 
-TB in a well on a non-binding 

surface 384-well plate and allowed to incubate for 4 hours. 
Diffusion was sufficient for mixing. The solution was then 
transferred into a coverslip flow cell, formed by two zero-
thickness glass coverslips separated by a single piece of 
double-sided tape. The ends were sealed with grease to 
prevent drift and evaporation. A schematic of this method is 
shown in Figure 1. 

The coverslip cell was placed inside a rotating magnetic 
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field, formed by two pairs of orthogonally-oriented 
Helmholtz coils, powered by 90o-offset sine waves,  
generating a rotating magnetic field in the x-y plane. The 
rotation of the sandwich complex was recorded on an 
inverted microscope by a CCD camera connected to a 
computer running either MetaMorph (Meta Imaging 
Software, Downington, PA) or an in-house designed video 
capture program written in LabVIEW (National 
Instruments,Austin, TX). The rotational frequency of the 
sandwich complexes was determined by an in-house 
modified version of the St. Andrews Particle Tracker (18). 

 
R ESU L TS 

 
Scanning electron micrographs of sandwich complexes 

are shown in Figure 2a. The three images are of sandwich 
complexes incubated with biotin-coated particle 
concentrations of 2.88 x 107 6 

5 
analyte-to-sphere ratio of 104:1, 103:1, and 102:1 
respectively. The first image shows a relatively dense 
coverage of the solid phase sphere with magnetic label 
beads, whereas the last image shows only two attached 
magnetic label beads (the biotin-coated particles are too 
small to discern in these images). Figure 2a suggests that the 

number of attached beads is positively related to the 
concentration of analyte incubated with the solid sphere. 

Screenshots, at 500 ms intervals, of four videos of 
rotating sandwich complexes are shown in Figure 2b. The 
angle of the sandwich complex relative to its initial position 
was calculated for every frame by the St. Andrews Tracker, 
and is shown in Figure 2c. Due to Brownian motion along 
the z-axis, the complex occasionally came out of focus, 
causing the tracker to miss a few frames, which can be seen 
in the figure. However, since each angle was calculated 
relative to the position at t0, these missed frames did not 
affect subsequent measurements. Figure 2c shows the 
consistency and stability of the rotation of the sandwich 
complex over short periods of time. 

The stability of the rotation of sandwich complexes over 
long periods of time is shown in Figure 2d. The rotation of 
eight sandwich complexes was observed for 60 minutes, 
with videos recorded every five minutes. Four of the 
sandwich complexes stuck to the bottom of the coverslip 
before the end of the analysis period, and they were excluded 
from the analysis. For the remaining four complexes, the 
rotational frequency was determined from each video, and 
plotted against time. Figure 2d shows that the rotational 
frequency of the sandwich complexes did not trend up or 
down over the course of the observational period.  
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The number of magnetic label beads attached to 
individual sandwich complexes was determined by visual 

inspection using an oil-immersion 100x objective. Once the 
number of attached superparamagnetic label beads was 
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determined, the rotating magnetic field was turned on, and 
the rotational frequency of the sandwich complex was 
determined as in the previous experiments. The rotational 
frequency as a function of the number of attached 
superparamagnetic label beads is shown in Figure 2e. This 
demonstrates that the rotational frequency of the sandwich 
complexes is a linear function of the number of attached 
superparamagnetic label beads over two decades.. 

Finally, the AMBR assay was used to measure the 
concentration of biotin-coated particles incubated with the 
solid phase spheres. After the solution was injected into the 
coverslip cell, eight sandwich complexes were chosen at 
random for each concentration of biotin particles. 15 second 
videos of their rotation were captured and the rotational 
frequency calculated. The rotational frequency is plotted as a 
function of biotin-coated particle concentration in Figure 2f. 
The rotational frequency of the sandwich complex increases 
logarithmically over the biotin-coated particle concentration 
range of 1.62 x 105 to 9.7 x 106 
plateaus. This plateau is likely due to the saturation of the 
solid phase sphere by the superparamagnetic label beads. 
The lowest detected concentration of biotin-coated particles 
was 2.88 x 105  treat each particle 
as a single molecular unit, this would represent a limit of 
detection of 478 fM of biotin-coated particles.  

One of the challenges of this system is the significant 

phase spheres had a coefficient of variation of 17.4% in 
volume, and previous work has reported variations in the 
magnetic responsiveness of similar beads to be on the order 
of 30% (19), and unpublished work in our lab found a 
similar result. Averaging through multiple sample 
measurements allows for validation of this method. 

This system is quite versatile, and could be applied to 
any analyte that has a matched sandwich antibody pair. 
Work is currently underway to reproduce these results with a 
clinically relevant antigen, and using a laser and photodiode 
system (20), instead of a microscope, for determining the 
rotational frequency. While still in the preliminary stages of 
development, the system described here presents a number 
of potential advantages for diagnostic applications, and in 
our future work, we intend to explore a number of new 
avenues that could turn this technology into a clinically 
useful technology.  

 
C O N C L USI O N 

 
This work represents a proof-of-principle for a new kind 

of biosensor, based on label-acquired magnetorotation. This 
sensor is based on a sandwich assay, with a nonmagnetic 
sphere as the solid phase and small superparamagnetic beads 
as the analyte labels, and uses asynchronous magnetic bead 
rotation (AMBR). The rotational frequency of the sphere in a 
rotating magnetic field is a monotonic function of the 
concentration of analyte present in the solution. This 
magnetorotation sensor demonstrates the potential for a 
simple and sensitive technique, with two orders of 
magnitude in dynamic range, which is likely to improve 

upon system optimization. Although further work remains to 
be done, this system exhibits potential for addressing the 
global need for simple, inexpensive, rapid and portable 
diagnostic systems.  
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