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Abstract

This paper demonstrates that it is possible to trap and release a super paramagnetic micro bead by
fixing three super paramagnetic micro beads in a triangular array at the sensitive end of a micro
cantilever, and by simply switching on/off an external magnetic field. To provide evidence of this
principle we trap a micro bead that is attached to the free end of single DNA molecule and that has
been previously fixed at the other end to a glass surface, using the standard sample preparation
protocol of magnetic tweezers assays. The switching process is reversible which preserves the integrity
of the tethered molecule, and alocal force applied over the tethered bead excludes the neighbouring
beads from the magnetic trap. We have developed a quadrature phase interferometer which is able to
perform under fluid environments to accurately measure small deflections, which permits the
exploration of DNA elasticity. Our results agree with measurements from magnetic tweezer assays
performed under similar conditions. Furthermore, compared to the magnetic tweezer methodology,
the combination of the magnetic trap with a suitable measurement system for cantilever deflection,
allows for the exploration of a wide range of forces using a local method that has an improved temporal

resolution.

Introduction

During diverse molecular processes forces are gener-
ated inside cells such as transcription or replication of
DNA, protein unfolding, translocation of proteins
across membranes, and cell locomotion [1, 2]. At
present, due to their versatility, atomic force micro-
scopy, and optical and magnetic tweezers are the most
commonly used techniques to measure force at the
single molecule level [3]. Optical trapping [4, 5] allows
for the application of forces and the manipulation of
biomolecules such as DNAs, [6] and the detection of
folding and unfolding events of proteins at a single-
molecule level [7, 8]. In addition to forces, magnetic
tweezers [9] apply torques on micro-magnetic beads
linked to single molecules through the displacement
and rotation of the external magnets. An advantage of
this methodology is that it generates very stable force
fields that can be simultaneously applied to many
individual molecules within the field of view of the

microscope [10]. Of the aforementioned techniques, a
disadvantage of magnetic tweezers is that they have the
lowest spatial resolution (5-10nm), but they are
suitable for use with very low forces (~0.1 pN)and do
not cause radiation heating or photo damage to the
sample. Conversely, micro cantilevers have important
advantages with respect to magnetic and optical
tweezers since they can be manufactured in a broad
range of sensing forces and a variety of systems are
available to detect their deflections, which provides
high accuracy force assessment over a wide dynamic
range [11, 12]. However, micro cantilevers have two
important disadvantages for the mechanical assess-
ment of single molecules; firstly, the cantilever tip
requires a specific surface functionalization in order to
ensure an appropriate and selective linkage to a
particular molecule [13], and secondly, following
contact with the tip-molecules, several trials and
elaborated procedures may be required to ensure that
only a single molecule has been linked to the

©2015IOP Publishing Ltd
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Figure 1. (a) Diagram illustrating tether preparation. One end of a DNA molecule is linked to the glass surface while the other is
attached to a super paramagnetic micro bead by surface treatment. (b) Diagram of a micro bead trapped at the end of a cantilever by

cantilever. In addition, once a molecule has been
tested, testing another molecule from the sample (with
the same cantilever) requires the breaking of the link
in order to create a new link, which increases the
uncertainty of the operation of subsequent links. This
is a serious limitation when a high number of
individual molecules are tested and statistical analysis
is required, or when the same molecule has to be tested
in a non-destructive manner.

We present a magnetic switch suitable to trap and
release single tethered super paramagnetic micro
beads, without having to unnecessarily submit the
neighboring tethered beads to large forces. An exam-
ple is given in which the switch is implemented at the
sensitive end of a micro cantilever, which combines
the versatility of cantilever based force measurements
with well established methods of sample preparation.
We demonstrate that the magnetic switch allows for
force spectroscopy measurements on single DNA
molecules leading to force extension curves that agree
with those obtained through the magnetic tweezer
assay.

The methodology for the preparation of tethered
molecules is derived from that of magnetic tweezers
assays (figure 1(a)), which is briefly discussed in the
methods section. In the following sections we demon-
strate that the single super paramagnetic bead used in a
tether can be captured through the simple act of
approaching the magnetic trap and switching on the
external magnetic field, as outlined in figure 1(b).
Thus, a mechanical assay can be applied, based on the
sensing capability of the cantilever, and the tether can
be released gradually which prevents any damage to
the molecule. As a result this has the benefit of allow-
ing the tracking of specific tethers through the

straightforward observation of the micro beads array
under an optical microscope.

Materials and methods

Magnetic tweezers experiments

DNA construct for magnetic tweezers

A simple protocol has been developed for the produc-
tion of half lambda phage DNA, 1/2 DNA, construct
without the use of polymerase chain reaction. It was
decided to label one end of the DNA construct with
biotin and the other end with digoxigenin, which
specifically bind to streptavidin coated beads and to an
anti-digoxigenin coated glass surface, respectively.
The initial DNA material is 24 ug of A DNA molecule
(NEB, N3011S). The DNA is heated to 65 °C for 5 min
in order to expose the cos site, and then rapidly cooled
to prevent reannealing. The incorporation of biotin
DNA labels (Biotin-14-dCTP, Invitrogen, 19518018)
at the cos site is achieved using a Klenow fragment (3’-
5’ exo-) (NEB, M0212S) and deoxynucleotide (ANTP)
solution mix (NEB, N0446S) for 1 h at 37 °C. The
reaction is ended by heating to 70 °C for 5 min. In
order to obtain single ended biotin functionalized
DNA, the molecule is separated into two halves using
Xbal (NEB, R0145s), this is a restriction enzyme that
recognizes TCTAGA sites and cuts the 4 DNA
molecule into two equal segments (4/2). The reaction
has a 1 hr duration and occurs at 37 °C. The /2 DNA
is filled with digoxigenin DNA labels (digoxigenin-11-
dUTP, Roche, 11573152910) using the same Klenow
fragment (3’-5 exo-) following the previously
described protocol. For optimal results, the ratios of
dNTP/digoxigenin or dNTP/biotin should be
approximately 25:1. The final solution is passed
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through a biospin chromatography column, (Biorad,
7326221) in order to purify the final DNA construct.
The estimated length of the final DNA molecule is of
24000 bp or 8.6 um considering a B-DNA structure.

Binding of DNA to magnetic beads and the glass surface
The tethered molecules are positioned inside a cham-
ber composed of a glass slide and a coverslip (VWR, 1
and 0.17 mm thickness, respectively), with a fixed gap
of 100 yum. DNA is linked to the lower glass slide,
which is coated with anti-digoxigenin (Roche,
11333089001) following the protocol from Selvin and
Ha [14]. The magnetic beads utilized in the experi-
ment are Dynabeads, coated with streptavidin (Life
Technologies, M-270, 2.8 um in diameter). To facil-
itate DNA glass binding, dual labelled /2 DNA, at 6
PM concentration, is introduced into the chamber and
incubated for 5 min at room temperature. Subse-
quently, beads at a concentration of 30 ng uL ™" in 1X
PBS buffer at pH = 7.4 are injected into the chamber to
promote DNA linkage of the beads. A schematic
representation of this step is showed in figure 1(a).

Magnetic tweezers setup

The measurements of force and extension on a single
DNA molecule were carried out using a home made
magnetic tweezers device. The setup of the device is
focused around an inverted microscope equipped with
a 100x oil immersed objective of N.A. = 1.3, this
permits imaging and analysis of the brownian move-
ment of the beads tethered to the DNA. Images are
captured with a USB 2.0 CMOS camera (Thorlabs,
DCC1545) with a setting frame rate of 100 fps and a
resolution of 80 x 80 pixels (84 nm px ). The force on
the beads is applied through an arrangement of
permanent rare Earth magnets. The geometry and
spatial location of the magnets was adjusted to
optimize the magnetic gradient and improve the force
on the beads [15]. The magnitude of the force applied
to the beads is controlled through the distance between
the beads and the magnets, and the rotation allows for
the application of torques on the beads. Displacements
and rotation around the axis of symmetry are con-
trolled by stepper motors (Physik Instrumente, PI
M-16 and PRS-200). A piezoelectric objective actuator
(Physik Instrumente, P-720) allows for precise motion
of the objective for the calibration step. Calibration
consists of capturing the diffraction patterns of a bead
at different distances from the reference surface. This
is done by moving the objective at intervals of 100 nm
throughout a total distance of 20 gm. The position of
the bead during the pulling test is then obtained by a
straightforward comparison of the actual bead diffrac-
tion pattern with examples from the patterns library,
which is generated through the calibration.

RMuiiozetal

Magnetic trap

Magnetic trap theory

A simplified operation of our magnetic switching trap
is illustrated in figure 2. The magnetic trap consists of
three super paramagnetic micro beads with centers
forming the vertex of an equilateral triangle. Beads are
fixed at the free end of the cantilever. In the presence of
a constant external magnetic field, beads are magne-
tized and cause strong field gradients in neighboring
regions. Therefore, if a fourth super paramagnetic
bead, polarized by the external field, approaches the
trap from a sufficiently short distance, it experiences
attractive dipolar forces. In order to provide an
estimate of the force applied to a bead by the trap, we
consider as a working hypothesis that the external field
By is homogenous within close proximity to the trap
and is responsible for inducing a magnetization on
each bead within the trap. To mathematically describe
our magnetic system, we approximate each bead to a
magnetic dipole whose moment is proportional to the
external field. In addition, we neglect any magnetic
influence of the cantilever. Thus, 7, = Vi, Bo/tos
where y, is the magnetic susceptibility and Vj, is the
volume of the super paramagnetic bead. The force
acting on the active bead is then,

F= V(n%b-B}), (1)

where B_’T =By + B, is the total magnetic field,
which we have approximated as the linear
superposition of the external field plus the field
produced by the induced dipole moments on the
trap B,. Since the external field is nearly homogeneous
and directed along the vertical z, equation (1)
becomes,

F

Il
<
—
5

¢ By), (2)

which provides an estimate of the vertical magnetic
force exerted by the trap on the active bead located at
the point of coordinates (x, y, z) as,
Vo Bo 0
E=2%020p (xy, 2. (3)
Hy 0z
The magnetic field provided by the trap is approxi-
mated to that of three magnetic induced dipoles (71;,
with i = 1 to 3) arranged in an equilateral triangle.
Thus, the trap field reads,

= Ho . 3;:(%1;;) 7

B 4r ; rl-5 ik )
where 72 = 7 — d;, while 7 describes the point in space
and d; indicates the vertex of the equilateral triangle
with a base equal to the beads diameter, defined by the
center of the beads with radius R and
|d;| = a = 2R/~/3. Since the external field is along 2
and the micro beads are assumed to have equal
properties, the induced dipole moments can be
written as, m; = V,,Bo/u, 2. After replacing m; in
equation (4) and then B, in equation (3), the vertical
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super paramagnetic beads forming the magnetic trap.

Figure 2. Scanning electron microscope images illustrating top and side views of the cantilever end modified by the inclusion of three

force on the active beads located at a distance z, along

the axis of symmetry (x, y = 0) reads,

3ViBs  z  9a® - 62
477#0 (ZZ + a2)5/2 z2 4+ a2 .

E (2) |x,y=0 =

(5)

The closest approach distance for the active bead in the
trap is zpi, = \/g 2R. The magnetic force at contact
then becomes,

_f6 Vi Be

. 6
64 Jr;,toR4 ()

EZ(Z = Zmin)lx,y:O =

In this case (Dynabeads) R = 1.4 um, y, = 0.76, By =
0.03T, uy = 47 x 1077 TmA™". With these values, the
maximum force applied to the trap can easily exceed
100 pN through an increase in the external field.
Considering the force for DNA overstretching is about
65 pN, the magnetic trap provides a wide range of
magnetic forces for DNA assessment.

Magnetic trap preparation protocol

Microspheres, 2.8 um diameter, streptavidin coated
Dynabeads, are diluted in milliQ water at concentra-
tions of 50 nguL~". A 10 uL volume of the resulting
solution is deposited onto a glass slide and left exposed
to the atmosphere to dry. To eliminate salt traces,
micro beads are further rinsed with distilled water,
however as a result of this process some micro beads
will be lost. Under an inverted optical microscope
(Nikon Eclipse), a tipless micro cantilever with
nominal force constant 0.03 N m™* (Arrow-TL1 from
Nano World), previously attached to the arm of a
three-axis water hydraulic micromanipulator with a
minimum graduation of 0.2 ym (MHW-3, from
Narishige), facilitates some micro beads to group into
triangular clusters of three particles. Each micro bead
is separated from one another by a sufficient distance
to allow for their manipulation without interference
(about 100 ym). Slow curing epoxy adhesive (Araldit)
provides strong attachment of clusters to the cantile-
vers and allows enough time for manual positioning.

To avoid an excess of adhesive, a thin layer of epoxy is
prepared onto the glass slide a few millimeters distance
from the cluster area. The sensitive end of a tipless
cantilever is brought close to the adhesive until contact
is made and some adhesive is transferred to the surface
by capillarity action. The cantilever is then gently
pushed against the selected cluster (see figure 2). Prior
to use the cantilever is left to dry at room temperature
for several hours.

Binding of DNA to magnetic beads and the glass surface
The fluid cell is an open reservoir consisting of a glass
surface (coverslip 0.15 mm thick) and a small glass
tube with internal diameter of 19 mm and wall
thickness of 1 mm, which is fixed at the center of the
glass surface by a small amount of UV optical glue. The
cell is initially rinsed with milliQ water followed by
abundant ethanol and dried with nitrogen flow. The
glass surface is coated with anti-digoxigenin following
the same protocol as in the magnetic tweezers experi-
ment. The biotinylated DNA in PBS buffer is put
inside the glass surface of the fluid cell and incubated
for 5 min at room temperature. Subsequently the same
Dynabeads in PBS buffer are put with the DNA inside
of the fluid cell, resulting in a final DNA concentration
of 6 pM, and 30 ng uL " of beads. The solution is kept
at room temperature and under a gentle rotation for
15 min to promote homogeneous linking.

Magnetic trap setup

A diagram of the experimental set up is presented in
figure 3. Observations are performed with a 40x
microscope objective positioned in an inverted posi-
tion, and images of tethered beads are captured with a
Thorlabs USB camera, model DCC1645C, with a
resolution of 1280 x 1024 pixels.

A coil positioned concentrically to the fluid cell,
generates a small homogeneous magnetic field in the
area of interest. This can be increased or decreased by
varying the current within the coil, allowing for either
the trapping or releasing of a tethered bead. An electric
circuit manages the variation of the current and
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Figure 3. Diagram representing the experimental set-up of the cantilever based force spectroscopy. A coil provides a homogeneous
magnetic field, which permits for either the trapping or releasing of a tethered bead. A micro positioning system permits the cantilever
tip to be positioned onto the selected tethered bead. Two polarized parallel lasers beams impinge upon the sensitive cantilever partand
the cantilever body. After reflection, the phase difference is detected by a quadrature phase interferometer, which provides the
cantilever deflection. As an optional alternative, it is possible to use a pair of ring magnets in order to avoid the overheating of the coil
from long periods of use, this option restricts the coil use for only disconnecting the trapped bead.
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triggers the camera to capture images. The magnetic
field is measured with a magnetic field sensor (sensi-
tivity 9 x 107 G).

Cantilever deflection measurement

A variety of well known methods can be used to
determine the force exerted on the cantilever [16, 17].
In this situation, to reduce errors and increase
sensitivity, a interferometric system is implemented to
accurately detect the absolute deflection of the canti-
lever maintaining continual sensitivity and low force
noise. The key element of this device is the quadrature
phase interferometer, as described in [18], in this case
its capabilities have been extended to perform under
fluid environments. Essentially, two parallel beams at
approximately 700 ym apart impinge simultaneously
on the bendable part of the cantilever and its rigid base.
The beams are of perpendicular relative polarization
and are obtained from a He-Ne single beam by means
of a calcite beam displacer. Thus, the cantilever
deflection induces a phase difference, ¢, in the
reflected beams, which is detected as a contrast of
intensities at two pairs of photodiodes [19]. The
contrast in one pair is cos(¢), and in the other pair it is
sin(¢h) due to the presence of the 1/4 plate. Thus, in a
polar representation, the contrast describes a circle of
constant radius, which ensures constant sensitivity
over the whole domain ¢ and of the cantilever
deflection (see figure 3). Losses from reflection beams
are minimized by using an anti-reflex window which
also serves as the upper lid of the fluid cell. In addition,
a spacer of 1 mm thickness allows the cantilever to be
fixed parallel to the lower face of this window.

Results and discussion

Magnetic force on a single super paramagnetic bead,
magnetic trap characterization

To characterize the magnetic click, we primarily investi-
gate the force it exerts on a microsphere fixed onto the
bottom of a glass cell, as a function of the vertical distance.
In order to simplify the process, in the absence of magnetic
field, we locate the magnetic trap just above the bead at a
distance of about 6 pm. The magnetic interaction is
measured through the detection of cantilever deflection
and carried out in a fluid environment. The measurement
is carried out by generating cycles of current, which in turn
produces cycles of a magnetic field (of about 200G
amplitude for 0.2 s and 0 G for 0.8 s), simultaneously the
cantilever approaches the bead at a constant velocity of
100 nm's~". The magnetic force is then modulated at the
same frequency (figure 4(a)), which allows for the
extraction the extend of thermal drift on the cantilever
detection caused by the heat of the coil. Thus, the
magnetic force is then calculated by the envelope of the
cantilever deflexion multiplied by the cantilever stiffness.
In figure 4(b) the resulting force is contrasted against the
predictions obtained from equation (5). The solid line
represents the best fit using the magnetic field as a fitting
parameter. Equation (5) provides a satisfactory explana-
tion for the magnetic force, however a By value that is
approximately 30% higher than the experimental value is
required to obtain a good agreement, indicating that
equation (5) underestimates the magnetic force.

DNA stretching by magnetic click
In order to trap a tethered molecule, primarily, in the
absence of a magnetic field the trap is directly
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Figure 4. (a) Cantilever deflection induced by magnetic field switching as the magnetic click approaches the super paramagnetic bead
fixed on the glass surface. (b) Magnetic force obtained from the envelope of cantilever deflection as a function of the distance from the
fixed bead. The green vertical line indicates the minimum distance at which it is possible for the bead to enter the trap due to the steric
effect. The solid line is the best fit obtained from equation (5).
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Figure 5. Typical force extension curve for a DNA tethered
molecule obtained through the measurement of the cantilever
deflection. Green curve: at sufficient high force and low
magnetic field the magnetic bead detaches from the trap. Blue
curve: occasionally DNA breaks, leading to an abrupt drop in
the pulling force to zero.

positioned above the selected bead at a distance of less
than 1 ym. The magnetic field is then switched on,
which induces the bead to lodge into the cavity of the
trap. It is found that a field of 80 G is both sufficient
and avoids over heating. Force curves are then
obtained through the vertical displacement of the
sample, which is achieved by means of the high
performance piezoelectric stage. figure 5 presents the
force exerted by the cantilever on the DNA tethered
molecule as function of the DNA extension, this was
determined by measuring the distance from the
bottom cell to the location of the tethered bead in the
magnetic trap. The force rapidly increases as the DNA
molecule stretches and approaches an extension close
to its contour length. However, at relatively low B,
(~80G) and sufficiently high DNA stress (in this case
approximately 50 pN), the tethered bead can detach
from the magnetic click. After detachment, the DNA
molecule retracts (see rightmost inset of figure 5) and

this during this process the overall magnetic force is
not equal to the DNA tension; thus the DNA almost
completely retracts (green curve). Occasionally DNA
may rupture as depicted on the middle inset of figure 5,
this process is denoted by the pulling force abruptly
dropping to zero (blue curve). The rupture of DNA at
low forces can be explained by the biochemistry of the
A/2 DNA synthesis, which implies that the linkage of
DNA labels relies on a reduced number of biotin or
digoxigenin molecules.

In order to test the consistency of the force mea-
surements, we apply the worm-like chain model
(WLC) to the force data obtained by the cantilever
click. In this model, the force reads [20]

T
po kT
Ly
1 <z> 1
X =+ - =
4(1 _ <z>) Ly 4
Lo
(<>
. a,—( ) , )
i=2 Lo

where L, is the persistence length, L, the contour
length and <z> the extension. With,
a, = —0.5164228, a; = —2.737418, a, = —16.07497,
as = —38.87607, a¢= —39.49944 and a; =
—14.17718.

The WLC model fits our data at low forces but
deviates significantly at higher extensions, figure 6(a).
This behavior has been reported in previous work [21]
and is due to the finite stretching modulus of real
DNA, which is not included in the WLC
(equation (7)). Also, force data are contrasted with
direct measurements, which are obtained during the
magnetic tweezers technique, figure 6(b). Compar-
isons indicate that the magnetic click provides force
data that are very similar to that obtained with the
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Figure 6. (a) Typical force curve obtained with the magnetic click methodology. The solid line is the fit applying the WLC model,
equation (7). Agreement is only obtained at low force with fit parameters Ly = 8.9 + 1.0 ym and L, = 48 & 7 nm. (b) Comparison of the
force versus extension curves obtained through the magnetic tweezer and the cantilever click in the low force regime, showing the
same fit to the magnetic tweezers data with parameters Ly =9.0 + 0.9 yum and L, = 46 + 7 nm. (c) Extension versus force curve fitted in
the high force regime by using the DNA extensible model, equation (8). With fit parameters Lo = 8.8 + 0.8 um, L, =49 + 5 nm and
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established magnetic tweezers method. Additionally,
in both cases the adjustment of the WLC model leads
to values of L, = 50 nm (obtained as fitting para-
meter), that are consistent with the accepted values
[20, 22]. This indicates that DNA preserves its integ-
rity during the magnetic click assay.

The extensible WLC model can be applied to
account for the behavior of DNA at greater extension.
Besides the entropic elasticity, this model accounts for
the enthalpy contribution to the DNA stiffness. In this
model the extension (z) is expressed as a function of
the force, Fas,

1/2
1(ksT F
=Ll - =22 2 8
(@) ="Lo Z(FLP] K, ®

where K|, is the stretch modulus.

A satisfactory agreement is observed (figure 6(c)),
leading to DNA extension modulus values
(Ko =864 pN) which are close to the well accepted
values [21], supporting our magnetic click method.

Conclusions

In conclusion, by developing a magnetic trap at the
bendable end of a microcantilever, we have shown the
potential for a hybrid technique which combines the
advantages of magnetic tweezer assays with cantilever
based force measurements. The main principles
described here can be further developed to miniaturize
and automatize the aforementioned hybrid device. For
example, the experiments showed that a small and
easily produced magnetic field generated by a small
electrical current in the coil, used in conjunction with
the micro beads, is sufficient to induce the trapping
effect. Thus, if enough space is available between the
lens and the fluid cell, it should be possible to
implement two coils in the Helmholtz’s configuration
to improve the magnetic field homogeneity. In order
to measure the deflection of the cantilever, several
available solutions can be implemented, dependent on

application, based on laser beam deflection or inter-
ferometry. In this case, our choice has shown that it is
possible to obtain reliable DNA force curves, even at
very low forces. However, cantilevers provide a wide
range of forces, which open future opportunities to
explore the mechanical properties of biological sys-
tems with a broader scope and better temporal
resolution.
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