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Abstract
This paper presents a novel application of magnetic particles for biosensing, called label-acquired
magnetorotation (LAM). This method is based on a combination of the traditional sandwich assay
format with the asynchronous magnetic bead rotation (AMBR) method. In label-acquired
magnetorotation, an analyte facilitates the binding of a magnetic label bead to a nonmagnetic solid
phase sphere, forming a sandwich complex. The sandwich complex is then placed in a rotating
magnetic field, where the rotational frequency of the sandwich complex is a function of the
amount of analyte attached to the surface of the sphere. Here, we use streptavidin-coated beads
and biotin-coated particles as analyte mimics, to be replaced by proteins and other biological
targets in future work. We show this sensing method to have a dynamic range of two orders of
magnitude.
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1. Introduction
Magnetic microbeads have been used in a variety of methods as labels to indicate the
presence of a biological molecule [1-3]. The basic structure of these assays involves
capturing the target of interest, either an antigen or an antibody, on a surface, and using
antibody-labeled magnetic beads or particles to bind to the target. The presence of the
magnetic labels can be measured in a variety of ways, including changes in
magnetoresistance [4,5], relaxation time [6,7], translational motion [8,9], and particle
agglutination [10-12]. In this paper, we demonstrate label-acquired magnetorotation, in
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which the target facilitates the binding of magnetic label beads to a nonmagnetic sphere, and
the rotational frequency of the resulting sandwich complex in a rotating magnetic field
depends on the number of attached magnetic label beads. Label-acquired magnetorotation is
based on the principles of asynchronous magnetic bead rotation (AMBR), where magnetic
particles rotate at a different rate than that of a driving magnetic field [18]. AMBR has
previously been used in our laboratory to measure magnetic properties of magnetic particles
[13], dynamic viscosity [13], detect bacterial cells with single cell sensitivity [14], and for
designing a portable sensor [15]. Asynchronous rotation of microparticles has also been
studied in a variety of other systems [16-27].

Superparamagnetic beads, which here are micron-sized beads, each typically composed of
an inert polymer sphere embedded with superparamagnetic nanoparticles, have several
advantageous properties for use as labels [2]. The magnetic material of the
superparamagnetic beads is stable over time, and the beads are stable over long term storage
and under most physiological conditions. Biological samples typically have little, if any,
naturally occurring magnetic material, thus reducing the likelihood of background
interference (with the exception of rare counterexamples, such as magnetotactic bacteria
[28]). Super-paramagnetic beads are readily manipulated by external magnetic fields, and
can be quantitatively detected by a variety of methods.

Sandwich immunoassays are common assay techniques used to detect biological molecules.
A sandwich assay includes three components: a solid phase to isolate the analyte from the
solution; the analyte itself; and a label or indicator, which binds specifically to the analyte.
This results in the analyte being “sandwiched” between the solid phase and the label [29].
Some of the more frequently used labels include fluorescent molecules, enzymes, and
superparamagnetic beads [30-32]. Here, we perform a sandwich assay on the surface of a
non-magnetic sphere with superparamagnetic beads as labels.

Micron-scale spheres, particles, and magnetic beads are readily available commercially, in a
variety of sizes, coated with biotin or streptavidin, making them an ideal model system for
developing new immunoassays. Streptavidin is a tetrameric protein (MW~60 kDa) isolated
from the bacteria Streptomyces avidinii, and forms a very strong noncovalent bond (Kd ≈
10−15 M) with the protein biotin (MW~244) [33]. This protein pair has been used previously
to develop spin valve sensors [34] and photonic surface crystal wave [35] assays. In this
paper, the biotin-coated particles serve as a mimic for a biological analyte. In future work,
biotin and streptavidin will be replaced by proteins and antibodies of clinical interest.

A schematic representation of the sensor is shown in Fig. 1. The setup consists of three
components: 6.7 μm streptavidin-coated solid phase spheres, 40 nm biotin-coated particles
serving as an analyte mimic, and 1 μm streptavidin-coated superparamagnetic label beads.
This figure demonstrates the concept of label-acquired magnetorotation: the sandwich
complex rotates only when it has acquired magnetic labels, and rotates faster with additional
analyte. To the best of our knowledge, this design represents the first combination of label-
acquired magnetic rotation with a sandwich assay for the detection of a biological target.

2. Materials and methods
1 × Dulbecco’s Phosphate-Buffered Saline (PBS) was obtained from MP Biomedicals
(Solon, OH). Tween-20 was obtained from Acros Organics (Geel, Belgium). 10% Bovine
Serum Albumin (BSA) Blocker solution was obtained from Pierce (Rockford, IL). 6.7 μm
streptavidin-coated polystyrene solid phase spheres (Spherotech, Lake Forest, IL), with
density ρ = 1 g/cm3, were washed three times by centrifuging and discarding the
supernatant. The spheres were then resuspended and diluted 1:10 in a PBS solution that
contained 0.1% Tween-20 and 0.1% BSA (which will be referred to as PBS-TB) to reduce
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nonspecific adsorption, resulting in a final concentration of 3.02 × 103 spheres/μL. 40 nm
yellow–green fluorescent biotin-coated particles (Invitrogen, Carlsbad, CA) were diluted in
PBS-TB to final concentrations ranging 1.62 × 105–5.12 × 107 particles/μL. 10 μL of the
diluted 6.7 μm streptavidin-coated solid phase spheres were mixed with 10 μL of each
biotin-coated particle solution and incubated end-over-end on a Sarmix SR1 (Sarstedt,
Numbrecht, Germany) rotating mixer for 18 h. Excess biotin-coated particles were removed
by centrifuging the solution and discarding the supernatant three times, and the sample was
then resuspended in PBS-TB. (This step was necessary because free biotin-coated particles
would cause the streptavidin-coated superparamagnetic label beads to clump.) Successful
binding and washing were confirmed by fluorescent microscopy with a 488 nm wavelength
light excitation.

1 μm Dynal T1 streptavidin-coated superparamagnetic label beads (Invitrogen), ρ= 1.8 g/
cm3, were washed three times, and were then resuspended and diluted 50 × in PBS-TB, for a
final concentration of 1.94 × 105 beads/μL. Two microliters of the biotin-coated 6.7 μm
spheres and 2 μL of the 1 μm streptavidin-coated superparamagnetic label beads were
mixed and diluted with 26 μL of PBS-TB, and then transferred to a well on a non-binding
surface 384-well plate (Corning, Corning, NY). The components were incubated at room
temperature for 4 h. During the incubation, the 1 μm streptavidin-coated superparamagnetic
label beads bound to the exposed biotin-coated particles on the 6.7 μm streptavidin-coated
solid phase spheres, forming sphere–particle–bead sandwich complexes. A coverslip fluidic
cell was fashioned between two 22 × 40 mm No. 0 thickness coverslips (Pierce, Rockford,
IL) separated by a single piece of double-sided clear tape (3M, St. Paul, MN). The sandwich
complexes were transferred from the 384-well plate and pipetted into the coverslip fluidic
cell. The ends of the fluidic cell were sealed with Apiezon L grease (Apiezon, Manchester,
UK) to prevent convection, drift and evaporation.

A schematic representation of the experimental setup is shown in Fig. 2. A rotating magnetic
field was created with a pair of orthogonal Helmholtz coils that fits onto an inverted
microscope. One pair of coils was driven by a sine wave, and the other pair was driven by a
cosine wave, generating a uniform rotating magnetic field between the coils. The driving
frequency and amplitude were controlled by an in-house custom-built function generator and
amplifier. The field in the center of the coils was 1 mT rotating at a frequency of 20 Hz, as
measured by a 3-axis magnetic field transducer (SENIS GmbH, Zurich, Switzerland). The
rotation of the spheres was observed using two setups. The first was an Olympus IMT-2
inverted microscope (Olympus, Melville, NY) connected to a Photometrics Cool Snap ES
camera (Roper Scientific, Trenton, NJ). Videos were recorded on a computer using
MetaMorph (Meta Imaging Software, Downington, PA). The second was an Olympus IX71
inverted microscope with an oil-immersion 100 × objective connected to a Basler
piA640-210gm camera (Basler, Highland, IL). Videos were recorded on a computer using
an in-house program written in LabVIEW (National Instruments, Austin, TX). Videos were
analyzed using the St. Andrews particle tracker (with custom modification to allow for
tracking of angular orientation) [36], a sophisticated LabVIEW-based particle tracking
program.

3. Theory
3.1. Theoretical overview

For a magnetic object actively rotating in a fluid, the magnetic torque (τmag = m × μ0H) and
the rotational fluidic drag (τdrag = γdθ/dt) oppose each other, and are the primary factors
determining the rotational dynamics in a low Reynolds number environment. The magnetic
torque is composed of the induced (e.g. paramagnetic and superparamagnetic) and
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permanent (e.g. ferromagnetic) magnetic moments of the bead. This relationship is
expressed below

(1)

(2)

(3)

where mind is the induced magnetic moment of the bead, mperm is the permanent magnetic
moment of the bead, μ0 is the permeability of free space, H is the magnetizing field, γ is the
drag coefficient, θ is the angular orientation of the object, and dθ/dt is the rotational rate in
radians/s. Note that for this case, other forces, such as inertial and Brownian, are neglected.
For a rotating body in fluid, γ = κηVH, where κ is the shape factor (equal to 6 for a sphere),
η is the dynamic viscosity, and VH is the hydrodynamic volume of the rotating body. The
magnetic torque arising from the induced magnetic moment can be obtained by combining
the relationships mind = MVm and M = χH, where M is the magnetization of the material, χ
is the magnetic susceptibility and Vm is the magnetic volume. In a rotating magnetic field,
the magnetic susceptibility can be separated into real and imaginary parts χ = χ′–iχ″,
corresponding to in-phase and out-of-phase components of the magnetization. When the
above relationships are substituted into τind = mind × μ0H and the cross product is carried
out (namely |(χ′H–iχ″H) × H| = χ″H2), one arrives at Eq. (4), which describes the torque
arising from an induced magnetic moment

(4)

The torque arising from the permanent magnetic moment in a rotating magnetic field can be
expressed as

(5)

where t is time and Ω is the rotational frequency of the field. Combining Eqs. (1)-(5), yields

(6)

Eq. (6) describes the behavior of the rotating sandwich complex, composed of 1 μm
superparamagnetic beads (with a small ferromagnetic component), in a rotating magnetic
field.

The magnetic beads used in this study are composed of 1 μm polymer spheres embedded
with superparamagnetic nanoparticles. In the presence of a magnetic field, the magnetic
moments of these nanoparticles align with the field, and can undergo Neel relaxation. If the
frequency of a rotating field is sufficiently high, the magnetic behavior is dominated by the
imaginary susceptibility, which has been discussed in detail in the literature [26,37-40].
When dealing with only an induced moment, Eq. (6) reduces to

(7)
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When dealing with only permanent magnetic dipoles, Eq. (6) reduces to

(8)

As has been previously shown [18,23], Eq. (8) can be analytically solved.

3.2. Theory for rotating sandwich complex
For the frequency and magnetic field amplitude used in this manuscript, 20 Hz and 1 mT,
the rotation rate scales with the square of the magnetic field amplitude, as given by dθ/dt ∝
H2 (data not shown). Additionally, the rotation rate increases with increasing driving
frequencies between 10 and 1000 Hz, which suggests dependency on imaginary
susceptibility in Eq. (7). Both observations indicate that, under these conditions, the induced
moment of the beads dominates over their permanent moment and is the primary cause of
the driven rotation. As a result, we obtain the following relationship since other variables in
Eq. (7) are constant during the experiments, and changes in the drag coefficient are assumed
to be negligible

(9)

For a collection of particles with induced dipoles, the total moment is approximated as the
sum of the individual induced moments of each particle. Therefore, Eq. (9) can be rewritten
as

(10)

This dependence can be seen in Fig. 5b, and Eq. (8) holds for materials that do not have
permanent dipoles. Eq. (10) establishes that the rotational frequency of a sandwich complex
in a rotating magnetic field is a function of the number of 1 μm super-paramagnetic beads in
the rotating sandwich complex (expressed later in this paper in Hz (e.g. (1/2π)*(dθ/dt)).
Assuming the beads attach proportionally to the concentration of the analyte, we can rewrite
Eq. (10) as

(11)

Indeed, this general behavior of an increased rotational rate with increased analyte coverage
is observed over two orders of magnitude as shown in Fig. 6, and is discussed in detail
below.

4. Results and discussion
Sandwich complex assays were performed with biotin-coated particles as the analyte, which
mimic a biological target. The concentration of biotin-coated particles was measured by
observing the rate of rotation of the (solid phase sphere)–(biotin-coated particle)–
(superparamagnetic label bead) sandwich complex. The 6.7 μm solid phase sphere has a
surface area of 141 μm2. Given that a 40 nm biotin-coated particle would occupy an area of
1.26 × 10−3 μm2, one 6.7 μm sphere could bind up to 105 biotin-coated particles. The
superparamagnetic label beads have a diameter of 1 μm, and occupy an area of 0.866 μm2,

Hecht et al. Page 5

J Magn Magn Mater. Author manuscript; available in PMC 2012 October 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



which, given the limits of the packing efficiency of spheres, suggest that 145
superparamagnetic label beads can bind to that surface. This configuration would be
expected to produce a sensor with approximately 2 orders of magnitude of dynamic range,
as indicated by Eqs. (7) and (10), assuming that the magnetic moments of the beads are
additive. The position at which the beads bind to the sphere should mostly affect the rotation
at low numbers of binding beads. A variation in the binding location of a few beads could
affect the rotational speed, which would result from differences in location-dependent torque
and drag. However, as the number of beads on the sphere increases, this effect will have a
smaller contribution. A full theoretical investigation into the specifics of this effect warrants
further study, potentially using Hydro++ [41], but is beyond the scope of this manuscript.
Furthermore, the 6.7 μm “mother” sphere is more than 300 times bigger than a 1 μm label
bead, thus the binding of a single bead to the sphere should not significantly alter the
sphere’s center of rotation or shape factor. 1 μm beads were selected as labels for these
experiments, so that they could still be individually distinguished by using light microscopy.

Scanning electron micrographs of the sandwich complexes are shown in Fig. 3. The three
complexes shown were from samples with total biotin-coated particle concentrations of 2.88
× 107, 2.88 × 106, and 2.88 × 105 particles/μL. Fig. 3a shows a reasonably dense coverage
of the sphere by the superparamagnetic label beads, while Fig. 3b shows fewer beads, and
Fig. 3c shows only two beads. This trend confirms that a greater number of
superparamagnetic label beads are present with increasing amounts of biotin-coated particle.

The frame-by-frame analysis of sandwich complexes, from four 15 s videos recorded at 20
frames per second, is shown in Fig. 4a. These four videos are included online as
Supplementary Videos S1–S4. The angle of the sandwich complex in each frame is
calculated against the first frame in the video, which is defined as the zero angle. One
complete rotation is 360°. The sandwich complexes occasionally were out of focus, which
caused the tracker to mistrack the complexes for those frames. These outlying points were
removed from Fig. 4a, based on calculating the jackknife residuals for each point and
discarding outliers, whose residuals exceeded the Bonferroni criteria [42]. The four videos
represent sandwich complexes with rotational frequencies of 133, 231, 303, and 396 mHz.
The traces demonstrate the stability and consistency of the rotation of a sandwich complex
during a 15 s observational period. Ten frames from each of the four videos, 0.5 s apart, are
shown in Fig. 4b. These images show the sandwich complexes rotating clockwise.

The stability of the rotational frequency of sandwich complexes was also measured.
Sandwich complexes were observed for 60 min, with 15 s videos of the rotating complex
captured every 5 min. Eight sandwich complexes were observed in total; four adhered to the
coverslip before the end of the 60 min, and were excluded from the analysis. The use of
PBS-TB decreased nonspecific adherence to the coverslips, but did not completely prevent
it. The average (±SD) rotational frequencies of the four complexes determined from the
videos over the observational period are: 124.1 ± 6.2, 203.3 ± 5.1, 302.1 ± 4.2, and 410.8 ±
6.3 mHz. The rotational frequencies of the four sandwich complexes are shown in Fig. 5a,
and demonstrate that the rotational frequency of a rotating complex is stable over at least 60
min.

The behavior of individual sandwich complexes was found to determine the relationship
between the rotational frequency and the number of attached superparamagnetic label beads.
The number of superparamagnetic label beads attached to the complex was determined by
visual inspection. The rotating magnetic field was then turned on, and the rotational
frequency of each complex was measured. These results are shown in Fig. 5b. (During
observations, it was difficult to distinguish individual beads when more than 40 were on a
solid phase sphere, so complexes with more than 40 attached beads were excluded from this

Hecht et al. Page 6

J Magn Magn Mater. Author manuscript; available in PMC 2012 October 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



analysis.) It should also be noted that a complex will rotate with as little as two attached
superparamagnetic label beads, which suggests that the theoretical lower detection limit of
the system could be on the order of a few analyte molecules bound to the surface, for this
solid phase sphere and magnetic label bead combination.

Having established the stability of the rotation of a sandwich complex, and the relationship
between rotational frequency and the number of attached superparamagnetic label beads,
label-acquired magnetorotation (LAM) was then shown to be capable of measuring the
concentration of biotin-coated particles in solution. Sandwich complexes with a range of
biotin-coated particle concentrations were prepared as described in the experimental section,
transferred into a coverslip fluidic cell, and placed in a rotating magnetic field. Eight
sandwich complexes from each concentration of biotin-coated particles were chosen at
random and 15 s videos of each sandwich complex were recorded. Complexes that adhered
to the surface of the coverslip were not considered for analysis (the number of attached
magnetic labels did not appear to be a factor in determining sandwich complex–surface
adhesion). The results are shown in Fig. 6. The rotational frequency of the sandwich
complex increases with increasing biotin-coated particle concentration over the range 1.62 ×
105–9.70 × 106 biotin-coated particles/μL, and then plateaus at higher concentrations. This
plateau is likely due to the saturation of the sphere by superparamagnetic beads labels. The
lowest detected concentration of biotin-coated particles was 2.88 × 105 particles/μL. No
formation of sandwich complexes, or rotation of the 6.7 μm spheres, was observed in
control samples with no biotin-coated particles.

These results demonstrate that label-acquired magnetorotation can be used to detect the
presence of biological targets. One of the challenges facing this system is the significant size
distribution of beads and spheres, which accounts for the wide distributions and large
standard deviations in our data (Figs. 5b and 6). When comparing one sandwich complex to
another, the uniformity of the solid phase is important. The 6.7 μm solid phase spheres had a
coefficient of variability in the diameter of 5.8% as determined by fluorescent activated cell
sorting [43]. Since the rotational frequency of the sphere depends on volume, this results in
up to a 17.4% variability in rotational frequency. Additionally, the superparamagnetic label
beads, composed of magnetic nanoparticles embedded in a 1 μm non-magnetic bead, exhibit
significant bead-to-bead variability in magnetic content. Similarly, 2.8 μm
superparamagnetic beads from the same manufacturer have been reported to have a
variability in magnetic responsiveness (a combination of bead magnetic moment and shape
factor) on the order of 30% [44,45], and observations in our laboratory suggest a similar
variability for the 1 μm beads (data not shown). These high variabilities could be reflected
by the data presented in Fig. 5. Despite the variabilities, averaging through multiple samples
allows for validation of this new method.

The potential sensitivity of this method was indicated by the rotation of a sandwich complex
which was observed after the attachment of just two superparamagnetic label beads. The
system described here presents a number of potential advantages for diagnostic applications,
and we are exploring a number of avenues that could turn this new method into a clinically
useful technology. We envision that label-acquired asynchronous magnetic bead rotation
will be used in future diagnostic devices. Such a system could be applied to detect a wide
range of biological targets, including proteins, viruses, bacteria, and cancer cells, or any
other target associateable with an affinity molecule. Currently, work is underway on label-
acquired magnetorotation for the detection of antigens with antibodies, using a photodiode
and a laser for monitoring rotation [15]. Additionally, work is underway to transfer this
system onto a microfluidic chip.
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5. Conclusion
This paper presents a proof-of-principle for a new kind of biosensor, based on label-acquired
asynchronous magnetic bead rotation. The sensor is based on a sandwich assay, with a
nonmagnetic sphere as the solid phase and superparamagnetic beads as analyte labels and
utilizes asynchronous magnetic bead rotation (AMBR). The rotational frequency of the
sandwich complex in a rotating magnetic field depends on the concentration of the analyte
present in the solution. This sensor demonstrates the potential for a simple and sensitive
technique, with two orders of magnitude in dynamic range, which we hope would improve
upon parameter optimization. Although further work remains to be done, this system
exhibits potential for integration with other developing diagnostic devices for proteins and
other biological macromolecules.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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AMBR Asynchronous Magnetic Bead Rotation
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Fig. 1.
Schematic representation of the design of label-acquired magnetorotation. (a) The three
components of the sandwich assay are shown, the solid phase sphere (6.7 μm streptavidin-
coated sphere), the analyte mimic (40 nm biotin-coated particle), and the label (1 μm
streptavidin-coated superparamagnetic bead). Streptavidin is a 60 kDa tetrameric protein,
and is represented by the cloverleaf symbol in the schematic representation. Biotin is a 244
Da molecule, and is represented by blue dots. (b) Initially, the analyte is incubated with the
spheres in a microcentrifuge tube. Following removal of the unbound analyte, the solution is
transferred to a square-bottom 384-well plate, where the spheres are incubated with
magnetic beads that bind selectively to the analyte, which forms a sandwich complex. (c) In
the presence of a rotating magnetic field of constant magnitude, its rotational frequency, is a
function of the number of attached superparamagnetic label beads.
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Fig. 2.
Schematic representation of the setup used in this paper. Sandwich complexes are pipetted
into a coverslip fluidic cell. A rotating magnetic field is created by two orthogonally
oriented Helmholtz coils with each coil wrapped with 90 turns of copper wire. The field is
controlled by a function generator and an amplifier. Parallel coils are considered part of a
“pair”. The pairs are driven 90° out-of-phase with each other. The spheres are observed
through 60 × and 100 × objectives connected to a digital camera. Videos are analyzed to
determine rotational frequency.
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Fig. 3.
Scanning electron micrographs of sandwich complexes incubated with three different
concentrations of biotin-coated particles, (a) 2.88 × 107, (b) 2.88 × 106, and (c) 2.88 × 105

μL−1. The 1 μm superparamagnetic label beads can be seen attached to the surface of the
6.7 μm solid phase spheres. The structures in the background of these images likely resulted
from salts left by the buffer after evaporation.
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Fig. 4.
Examination of the behavior of individual sandwich complexes. (a) Frame-by-frame
analysis of four different rotating sandwich complexes. The angle at each time point
represents the number of degrees through which the complex has rotated since t0 (360°
represents one full rotation). The rotational frequency of the complex is shown above each
trace. (b) Ten frames from each of the videos in part (a), in 0.5 second intervals. The top
sandwich complex completes about 1.75 rotations over the 10 frames, while the bottom
sandwich complex completes about 0.75 rotations over the 10 frames. The driving frequency
is 20 Hz for all samples. Scale bar is 5 μm.
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Fig. 5.
(a) The stability of the rotation of a sandwich complex over time. The rotational frequency
of the complex was obtained every 5 min over a 60 min observational period. The mean ±
standard deviation of the rotational frequency for the four complexes over the observational
period is 124.1 ± 6.2, 203.3 ± 5.1, 302.1 ± 4.2, and 410.8±6.3 mHz. (b) Relationship
between the rotational frequency of the sandwich complex and the number of attached
superparamagnetic beads. A linear trendline fits the data (r2 = 0.649). Note that a sandwich
complex will rotate with as little as two attached beads.
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Fig. 6.
A log–linear plot of the relationship between rotational frequency of the complex and
concentration of an analyte incubated with the sphere. Each point represents an average of
eight measurements (± SD). At high concentrations of biotin-coated particles, the sensor
saturates and the rotational frequency plateaus. The sensor is linear over its dynamic range,
indicated by the dashed line, r2 = 0.982.
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