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We present a method for performing multiple single-molecule manipulation experiments in parallel
with magnetic tweezers. We use a microscope with a low magnification, and thus a wide field of
view, to visualize multiple DNA-tethered paramagnetic beads and apply an optimized image
analysis routine to track the three-dimensional position of each bead simultaneously in real time.
Force is applied to each bead using an externally applied magnetic field. Since variations in the field
parameters are negligible across the field of view, nearly identical manipulation of all visible beads
is possible. However, we find that the error in the position measurement is inversely proportional to
the microscope’s magnification. To mitigate the increased error caused by demagnification, we have
developed a strategy based on tracking multiple fixed beads. Our system is capable of
simultaneously manipulating and tracking up to 34 DNA-tethered beads at 60 Hz with �1.5 nm
resolution and with �10% variation in applied force. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2981687�

I. INTRODUCTION

One advantage of single-molecule �SM� studies on the
physics and chemistry of biological molecules is that they
are sensitive to heterogeneity in the sample. By building up a
histogram of measured characteristics from individual bio-
molecules, the SM experiment directly estimates the shape of
the underlying distribution. This provides more information
on the studied system than so-called bulk measurements, in
which the experimental output is an average over a large
number of molecules, and thus is insensitive to heterogene-
ity. However, the SM approach can be time consuming: to
make a statistically reliable estimate of the distribution, a SM
experiment must generate a large amount of data from many
biomolecules. SM techniques that generate data one mol-
ecule at a time are intrinsically limited in throughput, creat-
ing a significant practical hurdle for acquiring the needed
data set. SM fluorescence experiments have overcome this
hurdle by using multiplexed approaches, in which wide-field
imaging is used to track several individual molecules
simultaneously.1,2 In contrast, single-molecule manipulation
�SMM� experiments �using devices such as the atomic force
microcope,3 optical tweezers,4 and magnetic tweezers5,6�
typically acquire data one molecule at a time.

The logical solution to this problem is to design a
method capable of performing multiple SMM experiments in
parallel. Here we present such a strategy for magnetic twee-
zers, which are based on the manipulation of a single DNA
molecule tethered on one end to a glass surface and on the
other to a superparamagnetic bead.5,7 The tethered DNA mol-
ecule is stretched by subjecting the bead to a magnetic force
using an externally applied magnetic field gradient. The bead
is imaged in a microscope, and computer analysis of the
image gives the bead’s three-dimensional position, and thus
the end-to-end extension of the DNA.8 Since magnetic twee-

zers implement manipulation using a field that is relatively
homogeneous over a wide area, they are an ideal candidate
for multiplexing. Simultaneously manipulating and measur-
ing multiple bead/DNA complexes with magnetic tweezers
presents three challenges:

�1� To achieve consistent, calibrated manipulation of all
beads. In a truly parallel SMM experiment, all beads
would be manipulated with identical force �in magnitude
and direction�. In practice, polydispersity in the beads’
magnetic properties makes identical forces unattainable.
Thus, while nearly identical forces are desirable, the
force must be calibrated for each bead individually.

�2� To maintain the data acquisition rate. The computer
analysis required to convert the image of a bead to the
extension of the tethered DNA molecule is time consum-
ing for the processor. Thus, when attempting to analyze
multiple beads simultaneously in real time, it is impor-
tant to ensure that the image analysis does not slow the
data acquisition rate.

�3� To maintain experimental accuracy. Visualizing multiple
beads simultaneously is aided by decreasing the micro-
scope magnification and thus enlarging the field of view.
Demagnification is limited by the need to maintain an
image resolution high enough to accurately compute the
bead position.

We address each of these challenges and demonstrate a
system of multiplexed magnetic tweezers capable of simul-
taneously manipulating 34 tethered beads with forces known
for each bead and varying by �10% across the population
while measuring their positions at 60 Hz with nanometer-
scale accuracy. We also discuss strategies for using multi-
plexing to minimize experimental noise.
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II. METHODS AND MATERIALS

All experiments are performed using a custom-built in-
verted microscope illuminated by a 650 nm light emitting
diode with 7 nm spectral width �Roithner Lasertechnik
PR65-F1P0T�. The microscope consists of a 100� oil-
immersion objective �Nikon CFI Plan Achromat, numerical
aperture �NA�=1.25�, set into a piezoelectric stage �Physik
Instrumente P-725� for nanopositioning of the focal plane,
and a tube lens that forms an image captured at a 60 Hz
frame rate by a 782�582 pixel �8.37 �m pixel spacing�
charge coupled device camera �JAI CV-A10 CL�. As shown
in Fig. 1, both the position of the camera behind the tube lens
and the focal length of the lens are variable, allowing us to
adjust the magnification of the microscope �and consequently
the extent of the field of view�. The applied magnetic field is
generated by a pair of permanent rare-earth �NdFeB� mag-
nets �12.5 mm cubes, DuraMag NS-505050� located above
the sample stage, separated by 1 mm, and with their mag-
netic moments aligned antiparallel to each other. Variation of
the field in the sample plane is achieved by vertically trans-
lating the magnets with a dc servo motor �Physik Instru-
mente M-126.PD1� between 1 and 20 mm from the sample
plane.

DNA samples are generated by polymerase chain reac-
tion �PCR� from a 5386 base pair �bp� section of the
Lambda-phage genome �New England Biolabs N3011� using
one biotinylated primer and one digoxigenin-labeled primer
�Integrated DNA Technologies�. Bead/DNA tethers are
formed as described8 within a flow cell that consists of two
cover glasses joined by a double sided tape. The flow cell is
passivated with a solution of 0.1% Tween 20 �Sigma-Aldrich
P9416� and 0.1% Pluronic F-127 �Sigma-Aldrich P2443� for
10 min prior to the addition of magnetic beads. Typical
choices for tethered paramagnetic beads are Dynal MyOne
�1 �m diameter, Invitrogen 650-01� and Dynal M280
�2.8 �m diameter, Invitrogen 112-05D�.

Once bead/DNA tethers are formed, the bead position
�x ,y ,z� versus time is measured in real time using an image

analysis routine written in LABVIEW �National Instruments�,
similar to that developed by Gosse and Croquette.8 To track
the bead position in x and y �i.e., lateral position within the
image�, we measure from a single frame the intensity versus
pixel position I�x� of a set of pixels running in the x direction
through the bead center from the previous frame. The maxi-
mum of the self-convolution of I�x� gives the shift of the
bead center in x from the previous to the current image. An
identical calculation is carried out in y. The number of pixels
used to define I�x� is defined as the window size; typically,
we use window sizes between 64 and 128 pixels. For track-
ing bead position in z �the vertical direction�, we utilize the
increase in radii of the bead’s diffraction rings as the bead
moves away from the focal plane. The observed radii of the
diffraction rings are compared to calibration data obtained by
moving the focal plane in known increments while the teth-
ered bead is held stationary. Additionally, we track a refer-
ence bead that is continuously fixed to the surface; typically,
this reference is a polystyrene bead with a diameter of 1 �m
�Bangs Laboratories PS04N� or 2.5 �m �Bangs Laboratories
PS05N�. The calculated position of the fixed �reference� bead
is subtracted from the calculated position of the tethered �ex-
perimental� bead, which eliminates common mode noise
arising from mechanical drift, thermal drift, or vibration in
the apparatus.

III. EXPERIMENTAL DESIGN AND DATA ACQUISITION

A. Consistent manipulation of each
tethered bead

Performing parallel manipulation experiments requires
each tethered bead to be subjected to an approximately

identical force. The force F� applied to a bead is given by

F� = �m� �B� � ·�� �B� , where B� is the applied magnetic field, and

m� �B� � is the field-dependent magnetic moment of the para-
magnetic bead. Thus, applying identical forces to all beads
requires an identical field gradient in the vicinity of each
bead and for each bead to have the same moment. Since the
beads are paramagnetic, the constraint on moment requires
the field strength to be identical near each bead.

In practice, the constraints on the magnetic field param-
eters �strength and gradient� are not difficult to achieve. At
50� magnification, the field of view of the microscope is
128�96 �m2, which is much smaller than all relevant
length scales of the magnets. To confirm that the magnetic
field parameters are constant over the space accessible to the
beads, we performed finite-element calculations of the field
with the magnets located 1 mm from the sample plane. We
found that from the center to the edge of the field of view, the
magnitude of the field strength varies by no more than
0.02%, and the magnitude of the gradient varies by no more
than 0.2%. The direction of the field gradient is also quite
constant: the lateral component of the field gradient is no
more than 1.5% of the vertical component at the edge of the
field of view.

In contrast to the magnetic field, it is difficult to control
the magnetic properties of the beads themselves due to their
intrinsic polydispersity in size. The magnetic beads we use
here �Dynal MyOne� have a mean diameter of 1.05 �m with
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FIG. 1. �Color online� �a� Schematic of the magnetic tweezers and inverted
microscope. Magnification M is controlled by varying the focal length f of
the tube lens and maintaining the camera a distance f behind the lens. The
100� objective has a reference focal length of 200 mm, so M = f / �2 mm�.
�b� Images of 1 �m magnetic beads using different values of f , with M and
the size of the field of view noted.
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a relative variation in diameter of 3%. Basic magnetostatics
predicts that the bead’s magnetic moment increases linearly
with particle volume; thus, a 3% variation in diameter leads
to a 9% variation in magnetic moment, greatly exceeding the
variation in magnetic field parameters. Since polydispersity
in bead magnetic moments is unavoidable, it is necessary to
calibrate the force applied to each bead individually. This is
done by measuring the Brownian trajectory of each tethered
bead and applying a power spectrum-based analysis.9 Our
measurements indicate that the applied force typically varies
by 7%–10% when simultaneously manipulating multiple
beads. This variation is consistent with polydispersity in
bead size being the limiting factor in applying consistent
forces. However, since the force can be measured for each
individual bead, this variation is acceptable.

B. Maintaining the data acquisition rate

Tracking the tethered bead position in real time provides
several experimental advantages. Notably, it facilitates fine-
tuning of the experiment while in progress and simplifies
postexperiment data analysis. However, real-time tracking is
a challenge for multiplexed experiments since the time-
consuming image analysis algorithm must be applied to all
beads, and all calculations must be completed faster than the
frame rate of the camera. Using our tracking algorithm writ-
ten in LABVIEW on a computer with a 3 GHz processor run-
ning Windows XP, each call to the tracking routine takes
approximately 1 ms for a single bead when using a window
size of 64 pixels. Thus, a serial multiplexed bead tracking
routine would be limited to a maximum of �16 beads, given
our camera’s 60 Hz frame rate ��16.7 ms per frame�. How-
ever, LABVIEW allows the code to be multithreaded, meaning
that multiple operations within a single program can be sub-
divided into threads that can be executed in parallel if the
computer contains multiple processors. We optimized our
tracking code to utilize multithreading on a four-processor
computer �i.e., two dual-core processors�. This accelerated
the computation, allowing for tracking of up to 36 beads
simultaneously at 60 Hz.

IV. OPTIMIZATION

A. Limitations on packing density

Optimizing the multiplexed magnetic tweezers involves
tracking as many beads as possible. One limit on the number
of trackable beads is set by the time constraints of the image
analysis routine, as discussed above. A second constraint is
the limitation on packing density of the beads themselves:
closely spaced magnetic beads can �1� have overlapping dif-
fraction images that affect the image analysis routine and can
exert forces on each other through either �2� magnetic dipole
or �3� hydrodynamic interactions. We can estimate the mini-
mum allowable spacing from each effect: �1� We have found
that the high intensity of the innermost interference ring
dominates both the lateral �x ,y� and vertical �z� tracking al-
gorithms, so tracking accuracy is not measurably affected by
higher-order ring overlap. However, once the innermost rings

overlap, the diffraction pattern is no longer sufficiently sym-
metric, and tracking ability is lost completely. In practice,
this requires a spacing of �5–8 �m between 1 �m diam-
eter beads tethered by DNA �2 �m in length. Longer teth-
ers require calibration data with a greater amount of defocus,
necessitating a greater spacing to ensure no overlap of the
innermost ring. �2� According to the manufacturer, Dynal
MyOne beads have a mean induced magnetic moment
density of 42 emu /cm3 at saturating magnetic field
strength ��B��0.5 T�. For these beads, the maximum pos-
sible dipole-dipole force is negligible ��F��0.1 pN� for
r�8 �m. �3� The motion of a bead in solution creates a
fluid flow that tends to entrain nearby beads in its wake,
causing unwanted correlations between bead trajectories.
The strength of this interaction is described by a coupling
parameter, �.10 In bulk solution, for two beads with radius
a separated by a distance r, ���3 /2��a /r�.11,12 In our geom-
etry, all beads are located a distance h�r from a glass
surface. The presence of this surface screens the hydrody-
namic interactions, reducing the coupling constant to
��9�ah2 /r3�.12 For beads spaced as closely as allowed by
the other constraints �r=8 �m�, this screening effect makes
the hydrodynamic coupling negligible: for a=0.5 �m and
h=2 �m, ��0.04�1. We estimate that such a small value
of � will lead to at most an �0.1% error in the measurement
of applied force.

Thus, a minimal bead-bead separation of �8 �m for
1 �m beads tethered to �2 �m DNA permits effective
tracking and ensures that interactions between neighboring
beads are insignificant. Since the packing density is limited
by this minimum spacing, optimization of the multiplexed
magnetic tweezers can be accomplished by increasing the
microscope’s field of view by decreasing the magnification.
For Ntotal randomly placed tethers in a field of view with area
A, Poisson statistics indicate that the average number satis-
fying the required minimum distance r from its nearest
neighbor is �Nspaced	=Ntotal exp�−Ntotal�r2 /A�. With magnifi-
cation reduced to 50� �128�96 �m2 field of view� and a
required spacing of r=8 �m, this corresponds to a maxi-
mum of �Nspaced	=22 at Ntotal=61.

This value serves as a rough estimate of the number of
beads that can be tracked simultaneously under the afore-
mentioned conditions. However, since we are free to choose
an optimal field of view, it is possible to find a field
containing more than �Nspaced	 well-spaced beads. Alterna-
tively, existing technologies for micropatterning of surface-
immobilized biomolecules13 could theoretically be used to
create a densely packed array of tethers. This would provide
up to 192 well-spaced, trackable tethered beads in a single
field of view at 50� magnification provided future improve-
ments in computation speed.

B. Effects of demagnification on bead
tracking accuracy

We examined how reducing the magnification affects the
accuracy of the bead tracking routine. We prepared flow cells
with several bead types �1 �m paramagnetic, 2.8 �m para-
magnetic, 1 �m polystyrene, 2.5 �m polystyrene� fixed to

094301-3 Multiplexed magnetic tweezers Rev. Sci. Instrum. 79, 094301 �2008�



the surface and measured the standard deviation in measured
position at different magnifications. To fix the beads to the
surface, a dilute solution was pipetted onto a glass cover slip
and the beads were allowed to sediment and bind nonspecifi-
cally to the glass. The water was then air blown off the glass
and the cover slip was heated on a hot plate �150 °C for 5
min for the polystyrene beads, 200 °C for 30 min for the
magnetic beads�. Fixing the beads ensures that any measured
deviation in position arises from noise in the tracking routine
and not from actual motion of the beads themselves.14 We
tracked the fixed beads at various magnifications while hold-
ing constant the background intensity per pixel and the ratio
of magnification to window size.15 The beads were tracked
for 3 min �10 800 frames�, and the z position of each bead in
each frame was subtracted from the position of an arbitrarily
chosen reference bead of the same type. We then calculated
the standard deviation in z for each bead across the entire
acquisition and found that it is inversely proportional to the
magnification between 50� and 150� �Fig. 2�. While our
setup cannot access magnification lower than 50�, we would
expect this relation to hold to lower magnifications until the
diffraction rings are no longer resolved.

C. A multiplexing-based strategy for noise reduction

We measured bead position in reference to a bead fixed
to the surface, i.e., we determined the measured height zmsd

as zmsd=zexpt−zref, where zexpt �zref� is the height of the ex-
perimental �reference� bead. The experimental error �z of
zmsd is �z=
�expt

2 +�ref
2 , where �expt ��ref� is the error in

tracking the experimental �reference� bead. The advantage of
subtracting the reference bead position is that common mode
noise is absent from this expression. However, subtracting
the reference position introduces the intrinsic noise �ref of
tracking the reference bead. This added noise can be mini-
mized by tracking multiple reference beads and averaging
their positions. Then, the tracking error is decreased to
�z�N�=
�expt

2 +�ref
2 /N, where N is the number of reference

beads, and all reference beads are assumed to be identical. If
the experimental bead is identical to the reference beads,
then �expt=�ref��0, and the tracking error is

�z�N� = �0
1 +
1

N
. �1�

Figure 3 shows �z of a 1 �m diameter polystyrene bead
fixed to the surface and measured in reference to N other
fixed beads of the same type. The data are well fitted by
Eq. �1�.

D. Determining optimal magnification

Figures 2 and 3 demonstrate that our multiplexing strat-
egy creates opposing trends in the experimental noise. De-
creasing the magnification increases the number of visible
reference beads, which can be used to reduce the tracking
noise �Fig. 3, Eq. �1��. However, decreasing the magnifica-
tion increases the tracking noise of each individual bead
�Fig. 2�, meaning �0 in Eq. �1� increases with decreasing
magnification. Which trend dominates? Is there an optimal
magnification that minimizes tracking noise? Based on the
data in Fig. 2, the noise when using a single reference bead
��z�N=1�=
2�0� scales inversely with magnification: �0

	1 /M. Additionally, at constant bead density, the number N
of randomly placed reference beads in the field of view is
related to the magnification M by N	1 /M2. By inserting
these expressions into Eq. �1�, we find

�z�M� 	
 1

M2 + C , �2�

with constant C, which depends on the density of reference
beads in the sample. It is clear from Eq. �2� that tracking
noise decreases monotonically with increasing magnification
despite the fact that a lower magnification allows for the use
of more reference beads. However, even at a low magnifica-
tion �50��, tracking error on the order of �1–2 nm is
achievable with a single reference bead �Fig. 2�. This is an
acceptable accuracy for many SM experiments, particularly

FIG. 2. �Color online� Standard deviation of measured z position of different
bead types plotted vs inverse magnification. The solid lines are linear fits to
the data of each bead type. All beads are fixed to the glass surface, and each
measurement is made using a single reference bead of the same type. Track-
ing accuracy improves with larger and/or paramagnetic beads likely because
such particles scatter more light, enhancing the diffraction pattern.

FIG. 3. Standard deviation of the z position of a 1 �m polystyrene bead
measured with respect to a varying number N of reference beads of the same
type. All beads are fixed to the glass surface, and measurements are made
at 50� magnification. The curve is a fit to Eq. �1� with fit parameter
�0=2.019+ /−0.003 nm.
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in low-force situations where Brownian motion of the ex-
perimental bead, and not tracking error, becomes the domi-
nant noise source. Using this low magnification allows us to
take full advantage of our ability to track many tethered
beads simultaneously in order to maximize data throughput.

V. DEMONSTRATION

To illustrate the capabilities of the multiplexed magnetic
tweezers, we prepared a sample of beads tethered by 5386 bp
DNA and measured DNA extension versus applied force for
multiple beads. A total of 34 adequately spaced �r
8 �m�
tethers was chosen, while 10 were ignored due to inadequate
spacing.

The beads were tracked using a 64 pixel window size
and 50� magnification. The force applied to each bead at
each position was calibrated using power spectrum-based
analysis of the bead trajectories.9 We measured force-
extension curves for 34 tethered magnetic beads while using
2 reference beads, demonstrating our ability to track up to 36
beads simultaneously �Fig. 4�.

Of the 34 tethered beads, 14 force-extension curves
showed the wormlike chain �WLC� behavior expected for
double-stranded DNA, with persistence lengths ranging be-
tween 43 and 54 nm, consistent with prior data in a similar
buffer.16 The remaining beads exhibit a range of force-
extension behavior. Some show extensibility reminiscent of
the low-force behavior of single-stranded DNA,17 while oth-
ers vary only slightly, if at all, with force. These anomalous
behaviors are typical in SMM experiments: DNA damage
occurring during preparation, handling, or storage could give
rise to multiple nicks and/or bare single-stranded regions that
give rise to non-WLC force-extension behavior. Further,
some beads might be tethered by multiple DNA molecules or
be nonspecifically bound to the glass surface. The power of
multiplexing is clear in Fig. 4: instead of using a time-
consuming search to find a single suitable tether, we can

simply track all visible beads simultaneously. The large num-
ber tracked ensures that some fraction will exhibit the de-
sired behavior.

VI. CONCLUSION

We have developed magnetic tweezers capable of ma-
nipulating multiple bead/DNA complexes simultaneously
while measuring the extension of each DNA molecule in real
time. We have demonstrated parallel manipulation and mea-
surement of 34 DNA-tethered beads. The manipulation force
is calibrated for each bead individually; for different beads
manipulated at one time, the force can vary by �10% due to
polydispersity in the beads themselves but not due to varia-
tion in magnetic field parameters. We have found that, due to
constraints on bead packing density, a wide field of view
must be used in order to take full advantage of the increase in
data throughput that the multiplexed tracking algorithm pro-
vides. We have shown that while the tracking accuracy de-
creases with demagnification, the resolution is an acceptable
�1–2 nm for magnifications as low as 50� �128
�96 �m2 field of view�. The wider field of view also allows
for averaging over multiple reference beads, which consti-
tutes a novel multiplexing-based strategy for removing extra-
neous noise from the measurement. Overall, our multiplexed
strategy solves all issues associated with the low data
throughput of SMM experiments and should find wide appli-
cation to a variety of questions in the mechanics of DNA and
of protein-DNA interactions.
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