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Superparamagnetic beads are widely used in biochemistry and single-molecule biophysics, but the
nature of the anisotropy that enables the application of torques remains controversial. To quantitatively
investigate the torques experienced by superparamagnetic particles, we use a biological motor to rotate
beads in a magnetic field and demonstrate that the underlying potential is 7 periodic. In addition, we tether
a bead to a single DNA molecule and show that the angular trap stiffness increases nonlinearly with
magnetic field strength. Our results indicate that the superparamagnetic beads’ anisotropy derives from a
nonuniform intrabead distribution of superparamagnetic nanoparticles.

DOI: 10.1103/PhysRevLett.114.218301

Micrometer-sized superparamagnetic beads are ubiqui-
tously used in biochemistry and biotechnology, finding
applications in, e.g., diagnostics that rely on capturing
and detecting analytes or mixing microliter-sized volumes
[1]. In addition, superparamagnetic beads are routinely
employed in single-molecule magnetic tweezers (MT) as
force [2] and torque [3] transducers. The ability of MT to
apply both forces and torques to biological macromolecules
has been used to probe their mechanical properties and to
investigate enzymes and molecular motors in real time [2—4].

The forces exerted on superparamagnetic beads in the
fields applied by MT have been successfully modeled [5,6],
and the ability to quantitatively predict the forces in MT has
enabled the rational design of experimental configurations
optimized for force application [6,7]. In contrast, there is
currently no well-accepted theory to predict the torque on
superparamagnetic beads inside an external field. A pre-
dictive understanding of the magnetic torque would be
desirable, considering the increasing use of magnetic beads
to apply and measure torque and twist [3,8—13].

While the forces experienced by superparamagnetic
particles depend on the total induced magnetization and
the magnetic field’s gradient [5], the torque is given by [3,14]

=i xB. (1)

The applied torque 7 will only be nonzero provided that the
magnetic dipole moment 7. is not aligned with the external
field l§; application of torque to a superparamagnetic bead
requires the bead to exhibit some degree of anisotropy. In
contrast, the forces can be understood in a purely para-
magnetic model [5].
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Several models have been put forward to describe the
magnetic anisotropy in superparamagnetic beads, which
typically consist of magnetite (Fe;O,) or maghemite
(y-Fe,O3) nanoparticles (NPs) (=~ 8 nm in diameter) dis-
persed in a nonmagnetic, confining polymer matrix [15,16].
The general approach is to consider the magnetic dipole
moment of a single NP [Fig. 1(a)] and to determine the
magnetic dipole moment of the entire bead by taking into
account the ensemble of NPs, often taken to be non-
interacting [Fig. 1(b)]. In this Letter, we test four such
models using biological tools for quasistatic fields
(< 50Hz), at room temperature, and with sampling inter-
vals > 1 ms, all typical parameters for MT measurements
on biological samples.

The basic model to describe single NPs in an external
field is due to Stoner and Wohlfarth (SW). The SW model
assumes a NP to be in a single-domain state, in which all
magnetic dipole moments are aligned along a single
direction and collectively act as a single dipole moment
[23]. The single-domain state occurs when the particle sizes
are below a certain critical size [15,23]. The free energy F of
a particle in the SW model is given by [23]

1 o=
F = ECVSinZQI — |m||B| cos 65, (2)

where C is the anisotropy constant, V the NP’s volume, and
0; and 60, are as defined in Fig. 1(a). The angle between the
magnetic field B and the anisotropy axis will be designated
by Onp [Fig. 1(a)]. The first term (% CV sin? 6,) describes the
energetic penalty for misalignment of the magnetic dipole
moment 7 with a preferred directional axis inside the NP
[dashed line in Fig. 1(a) for C > 0]. The second term

© 2015 American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.114.218301
http://dx.doi.org/10.1103/PhysRevLett.114.218301
http://dx.doi.org/10.1103/PhysRevLett.114.218301
http://dx.doi.org/10.1103/PhysRevLett.114.218301

PRL 114, 218301 (2015) PHYSICAL

REVIEW LETTERS

week ending
29 MAY 2015

1 d)
© T ow / @1 pom
05 % 05
B Z B
~, 0PN A T\L “““ S O
@ @
-05 -05
s 05 1 Y 05 1
Op/m 0,/m
e) 05 : £) 1
©° oo 0 e
0.5 \l,
< ,T
-05
-05 -1
21 —ose 0/n05 1 -1 —0.59 o/nos 1

FIG. 1 (color). (a) A single-domain NP with a (uniaxial)
anisotropy axis (dashed line), magnetization M (green arrow),
in an external magnetic field B (red arrow). 6, (0,) is the angle
between the magnetization M and the anisotropy axis (magnetic
field I§). (b) A superparamagnetic bead containing multiple NPs.
The net magnetic dipole moment of the bead (solid green arrow)
comprises the contribution of all NPs inside it. (¢c)—(f) The angle
6, as a function Oyp. The NP is rotated from fyp = O to 7, back to
—r, and again to 0. The magnetic field increases from blue to
green to red. The dashed diagonal line (horizontal line) corre-
sponds to 8, = Oyp (0, = 0, which holds for a pure paramagnet).
(c) SW model. For intermediate fields (green), hysteresis occurs.
(d) The limit of the SW model in which NPs behave like PDMs.
(e) The special case of the SW model in which the individual NPs
behave like SPMs. (f) Model in which NPs are approximated as
2SF magnets. For fields higher than the coercive field (green and
red), hysteresis occurs. Details of the calculations for 6, are in
Sections 1-4 in the Supplemental Material [17].

(|m||B| cos 6,) describes the energetic preference of the

magnetic dipole moment 7 to align with the field B. The
net orientation 6, of the magnetic dipole moment m will be
determined by the competition between these two contribu-
tions to the overall free energy (Fig. 1(c); Section 1 of [17]).
The magnitude |m| is solely determined by the number of
dipoles in the domain and is unaffected by the external field

B or by the anisotropy axis.

Three limiting cases of the basic SW model have been
used in the literature to describe the behavior of super-
paramagnetic beads. In the limit 1 CV > |m||B|, the mag-
netic dipole moment m strongly aligns with the anisotropy

axis and essentially acts as a permanent dipole moment
(PDM) [14], i.e., 8, = Oxp [Fig. 1(d)] and |m| = const.
(Section 3 of [17]). In a second case [24], a single domain is
considered to be superparamagnetic (SPM) [25]; i.e., the
magnetic dipole can thermally explore all orientational
states. This will be the case, if the measurement time scale
is much longer than the Néel relaxation time, or, equiv-
alently, the measurement temperature is well above the
blocking temperature [25,26]. In this limit, the magnetic
dipole moment is best described by its time average. Both
|(m)| and (6,) (Fig. 1(e); Section 2 of [17]) will depend on
the free energy [Eq. (2)], i.e., on exp(—F/kgT) [27-34].
Finally, a recently proposed model [8] simplifies the SW
model by reducing the continuous range of 6, to just two
orientations aligned with the anisotropy axis (“two-state-
flipping,” 2SF), i.e., 6; = nz, where n is an integer.
Flipping between these orientations requires an external
magnetic field B to overcome the coercive field Ecoercive of
the NP, i.e., provided |1§| > |1§Comive , 0, =0xp—nn
[Fig. 1(f) green and red lines; Section 4 of [17]]. Below
the coercive field, 79| < |1§C(,ercive , the NP acts as though it
has a PDM [Figs. 1(d) and 1(f) blue line].

To quantitatively probe the torque response of commer-
cially available superparamagnetic beads commonly used
in MT measurements, we followed two complementary
experimental strategies. In a first assay, we used the
flagellar motors of E. coli bacteria [Fig. 2(a)] to rotate
magnetic beads inside a static external magnetic field.
We fixed E.coli cells (MTB32 [35] AcheY strain, i.e., the
motor rotates solely in the counterclockwise direction) to
glass cover slips (Menzel-Glidser) coated with poly-L-
lysine (Sigma-Aldrich, P4707). Streptavidin-coated mag-
netic beads (Dynabeads® MyOne™; 1 um diameter) were
attached to the biotinylated hooks of the flagellar motors
anchored in the membranes of these cells [36]. The
movement of the beads was monitored by imaging the
sample plane onto a camera (JAI-PULNiX RM-6740CL) at
200 Hz [Fig. 2(c)], and from the tracked (x,y) position
[Fig. 2(e)] the rotation angle was deduced [Fig. 2(f)] by
fitting an ellipse to the (x,y) positions.

In the absence of an external magnetic field, the
magnetic beads were freely and continuously rotated by
the flagellar motors. Increasing the external field by
approaching a pair of magnets to the sample increases
the maximal opposing torque experienced by the motor
[Fig. 2(b)]. At high fields (|B| > 40 mT), the motor
completely stalls (Section 8 of [17]). At intermediate fields,
the bead is forced through the magnetic potential by the
flagellar motor. During one revolution, the bead slows
down and speeds up twice [Fig. 2(f), inset] as the magnetic
torque opposes and assists the motor, respectively. The
positions of opposition and assistance appear as peaks and
wells in the angular histogram, respectively, and reflect the
magnetic energy landscape. The peaks in the histogram
shift systematically with magnet orientation [indicated by
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FIG. 2 (color). (a) Schematic of the experimental setup (not to §
scale) for scanning the magnetic potential experienced by a % 5 4 6° 5001000 £ 0 100 200 300 400
superparamagnetic bead. The magnetic bead is connected to the Time (s) Counts (#) @ Magnetic field (mT)

flagellar motor (red) via the hook (black). The two magnets are
5 x5 x5 mm, and the gap between the two magnets is 1 mm.
(b) Top view of the experimental configuration (not to scale).
(c) Camera image of the experimental configuration (scale bar
1 ym). (d) Predictions for the different models, offset in the
angular coordinate for clarity. For the SW model and the 2SF
model, the predictions at high fields are plotted. (¢) Sample (x, y)
trace of the magnetic bead position at a field strength of 15 mT.
Different colors indicate data taken at different rotational posi-
tions of the magnetic trap. (f) Same data as in (e), but represented
as time traces of the angular position of the bead (left) and in
corresponding histograms (right). The inset is a zoom on the blue
angular trace in which the y axis gives the angular position in
turns without backfolding after one turn.

different colors in Figs. 2(e) and 2(f)], as expected
(Sections 1-4 of [17]). We consistently observe two peaks
in one full turn, separated by 0.50 &£ 0.04 turns for each
magnet orientation (49 measurements on four different
bacteria), indicating that the magnetic potential for a fixed
external field is 7 periodic. Therefore, the bacterial flagellar
motor results, performed at 15 mT, reject the PDM model
[Fig. 1(d); Fig. 2(d)] and support models in which 8, is z
periodic at the field strengths investigated here [Fig. 1(c)
and 1(f) green and red lines, and Fig. 1(e); Fig. 2(d)].
As a second experimental strategy, we monitored the
angular thermal fluctuations of beads as a function of
field strength. In this approach, we tethered 8 kbp dsDNA
molecules on one end to a glass slide by multiple
digoxigenin-antidigoxigenin interactions, and on their
other ends to magnetic beads (MyOne™ or 2.8 ym
Dynabeads® M-270) by multiple biotin-streptavidin bonds
[Fig. 3(a)]. Nonmagnetic beads (450 nm Kisker Biotech
PC-BFY-0.5 and 1 ym FluoSpheres® F-8768) coated with
biotin were attached to the streptavidin-coated magnetic

FIG. 3 (color). (a) Schematics of the experimental configura-
tion (not to scale) for determining the torsional stiffness expe-
rienced by a superparamagnetic bead. (b) Camera image of the
experimental configuration showing the superparamagnetic bead
(diameter =1 um) and the nonmagnetic marker bead
(diameter = 450 nm). (c) Top view of the experimental configu-
ration (not to scale). (d) Time traces of the angular orientation
of a M-270 bead (left) and corresponding histograms (right). The
traces are offset in the angular coordinate for clarity. The field
amplitude increases from blue (2 mT) to purple (8 mT) to green
(187 mT). (e) Predictions of k4 versus |§| for the different models.
The inset is a zoom on the predicted values of x, at low |I§ |-
(f) Experimentally measured k, experienced by MyOne™
beads versus |1§\ (g) Experimentally measured k, experienced
by M-270 beads versus |1§\ The inset is a zoom on experimen-
tally measured values of k, at low |79\ In (f) and (g), different
colors correspond to different beads; the solid lines are fits to the
data based on the SPM model; and data points indicate the mean
and standard deviation of four experimental repeats. The dashed
lines in the inset of (g) are fits based on the SW model.

beads (MyOne™ and M-270, respectively) to serve as
angular markers. Images [Fig. 3(b)] of the magnetic bead-
marker bead couple were recorded (Section 11 of [17]) with
a camera (Dalsa Falcon 1.4M100 HG Monochrome), and
the thermal fluctuations in the angular position of the bead
[Fig. 3(c)] were tracked based on the position of the angular
marker [37] [Fig. 3(d), left].

The angular fluctuations exhibit Gaussian distributions
[Fig. 3(d), right]. We do not observe any systematic
changes in the mean or variance of the angular fluctuations
over the time scales that we probe (=~ 10 ms to = 1000 s),
consistent with previous observations [9,10]. The variance
of the fluctuations decreases as the magnets are brought
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closer to the tethered bead (Section 9 of [17]), correspond-
ing to an increase in the field strength. We compute the
torsional trap stiffness ky experienced by the beads at a

given field strength |79| from the variance of the angular
fluctuations (6°) using the equipartition theorem as ky =
kgT/{6%). We find that the larger M-270 beads consistently
experience larger torsional stiffness compared to MyOne
beads at the same field strength, though «, varies consid-
erably (= fivefold) from bead to bead [Figs. 3(f)-3(g)]. kg
consistently increases with field strength until a satura-
tion value is reached [Figs. 3(f)-3(g)]. We note that the
DNA molecules only function as tethers and do not
influence «y, as the torsional stiffness of the DNA tethers
(~10™* pN um/rad [9,38]) is orders of magnitude smaller
than k, at the field strengths investigated here,

The observed nonlinear dependence of ky(|B|) further
constrains the different models for the torque experienced
by superparamagnetic beads in an external field, as they
make distinct predictions (Fig. 3(e); Sections 1-4 of [17]).

The observed x,(|B|) rules out models in which both |7
and 6, are independent of |l§| [PDM, 2SF; Figs. 1(d)
and 1(f)] and favors the SW model and its superparamag-
netic version [SW, SPM; Figs. 1(c) and 1(e); Fig. 3(e)].
We fit the data of torsional stiffness k, versus field |B] to

an expression derived from Eq. (2) in the small angle
approximation [24]

C|B||M
K9:NVM, (3)
C + |B||M]|

where N is the number of NPs assuming all their anisotropy
axes are aligned. The fit parameters are C
and NV, where NV is the size of an ‘“effective” volume
of NPs that contributes to the torque. Notably, in
the SW model, [M| = |m|/V is constant, while in the
SPM model, |M|= |(in)|/V depends on exp(—F/kT)
(Section 2 of [17]). We approximate |(m)| by a Langevin
function fitted to bulk data supplied by the vendor
(Section 10 of [17]). For high magnetic fields, Eq. (3)
reduces to kg & CNV, so in both the SW model and the SPM
model, the stiffness k, saturates at high fields [Fig. 3(e)]. For
low magnetic fields, Eq. (3) reduces to , ~ NV|B||M|. In
this limit, the stiffness x, is linearly proportional to the
field in the SW model, whereas it increases quadratically
with the field |B| in the SPM model, where |M|  |B|
[Fig. 3(e), inset].

The experimental data are better described by the SPM
model (with reduced chi-squared y2,; = 0.86 for MyOne™
[7 beads; Fig. 3(f)] and )(fed = 2.1 for M-270 [5 beads;
Fig. 3(g)]) than by the SW model ()(fcd:O.% for
MyOne™ and y2, = 7.8 for M-270). As expected, the
distinction between the SW and SPM models is most
pronounced in the low field limit [Fig. 3(g), inset].

For MyOne™ beads, we found C =4.64 1.5 kJ/m?
and values for the effective volume averaged to NV =
(2.4 £1.4) x 1073 um?, which corresponds to ~0.4% of
the total volume of a MyOne™ bead. This effective volume
is much less than the volume occupied by magnetic NPs
inside the bead, ~13% (v/v) ([15], Section 6 of [17]). For
the M-270 beads, the fit yielded C = 8.1 + 7.1 kJ/m? and
NV = (2.8 4+2.3) x 1072 um?, which corresponds to
~0.2% of the total volume of a M-270 bead. We estimate
the magnetic NP content for M-270 beads to be approx-
imately twofold lower than for MyOne beads, i.e., 6%
(v/v), from the fact that M-270 beads experience only about
tenfold higher forces than MyOne beads [39], compared to
the (1.4/0.5)* ~22-fold higher forces expected from the
differences in bead size. While we consider the magnetic
anisotropy of the NPs to provide the physical explanation for
the beads’ torsional response [Eq. (3)], NP cluster formation
provides another plausible explanation. Such cluster for-
mation [15], resulting in magnetic dipole-dipole interactions,
yields a mathematically very similar form for the depend-
ence of the torsional stiffness on field (Section 7 of [17]).

Several observations can be made. First, the fitted values
for C are, within error, comparable to the value reported
for the bulk crystalline anisotropy constant of y-Fe,O5 of
4.7 kJ/m3 [40] and consistent with the range of values
observed for M-280 beads [41]. Second, the fact that the
effective volume NV is only a small fraction of the total bead
volume or even total NP volume suggests that only a small
portion of the NPs’ magnetization contributes to the
anisotropy. Interestingly, the effective volume appears to
be an approximately fixed proportion of the magnetic
particle content, ~#3%. However, the bead-to-bead variation
in NV is considerable (>30%) for both types of beads
investigated here, much larger than the variation in forces
(=10% for both MyOne and M-270 beads [5,39,42]).
Possible causes of the variation include the size-, shape-,
and orientation-distributions (Section 5 of [17]) of the NPs
inside the bead. This bead-to-bead variation in the magnetic
anisotropy makes it necessary to calibrate the torsional
properties of each individual bead for accurate torque
measurements, e.g., from thermal fluctuations as is routinely
done in magnetic torque tweezers measurements [9,10].
Third, fields of 100-200 mT, which are readily achieved
with permanent magnets or strong electromagnets, are
sufficient to (almost) saturate the torsional stiffness.
Saturation is reached at kp j.x = CNV = 9.5 2.2 pN um/
rad for MyOne™ beads and at k. = CNV =133 +
45 pNpum/rad for M-270 beads. Both values imply maxi-
mum torques sufficient to stall even powerful molecular
motors such as the bacterial flagellar motor [36].

Our measurements establish a quantitative baseline for
the torsional response of superparamagnetic beads in
magnetic fields. The z periodicity of the magnetization
will manifest itself in any experiment in which the bead
rotates more than 180° with respect to the magnetic field, as
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in our flagellar motor experiments and in experiments, in
which the field is rotated more rapidly than the bead can
follow [12,14,43]. The saturation value of the torsional
stiffness is set by the effective anisotropic magnetic content
of the bead NV and the anisotropic constant C. The
maximal applicable torque will, therefore, depend on bead
properties, and the magnitude of the externally applied field
only determines how closely the system reaches this limit.
In addition, an upper bound on the torsional stiffness x,
translates into a lower bound for the characteristic response
time f. = yy/kg in the angular domain for that particular
bead, which, in turn, limits the observation of rotational
dynamics at short time scales. All these factors should be
considered in designing torque spectroscopy experiments.
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