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ABSTRACT: A massively parallel magnetic tweezer system has
been constructed that utilizes the self-repulsion of colloidal
beads from a planar interface via a magnetic dipole image force.
Self-repulsion enables the application of a uniform magnetic
force to thousands of beads simultaneously, which permits the
measurement of unbinding histograms at the lowest loading
rates ever tested. The adhesion of 9.8 μm polystyrene beads to a
ﬂuorocarbon, PEG, and UV-irradiated PEG surfaces were
measured between 103100 pN/s force loading rates, revealing the presence of both kinetic and quasi-equilibrium unbinding
regimes.
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alternative approach based on the “magnetic image force” between
spherical beads and planar substrates, which harnesses the selfrepulsion of beads from surfaces to achieve greater uniformity in
the applied force. Self-repulsion transmits a highly uniform force
to each bead simultaneously and allows for loading rates that
can potentially span the range of 104102 pN/s, thus reaching down to the quasi-equilibrium force loading regime where
valuable thermodynamic properties of the system can be directly
obtained.
The sphere/plane interaction naturally lends itself to a solution by “method of images” in which the reaction ﬁeld of a planar
substrate can be represented as the reﬂection of the multipole
content of the spherical bead.16 This force is repulsive when the
magnetic permeability of the ﬂuid, μf, is larger than that of the
substrate, μs, which is achieved by using a ferroﬂuid (a dispersion
of ∼10 nm magnetic nanoparticles suspended in an aqueous
carrier ﬂuid). A schematic of our measurement approach along
with some experimental images is provided in Figure 1.
The eﬀective magnetic dipole moment, mB, of a nonmagnetic
bead with volume V exposed to a uniform external magnetic ﬁeld,
HB, is a classical magnetostatic problem with a solution given by16
mB =3VHB (μ0  μf)/(μ0 þ 2 μf). When the bead is nearby a
nonmagnetic substrate such as glass, the bead/substrate interaction can be modeled through the method of images as the interaction between a true dipole and an image dipole, whose moment
is reduced by the factor (μf  μ0)/(μf þ μ0).17 Since the image
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ccurate measurement of surface adhesion forces and intermolecular unbinding forces remains a long-standing problem in biophysics and materials science due to the strong
inﬂuence of thermal noise on the measurement. Typically, a large
ensemble of measurements (1000 or more) is required to obtain
a statistically reliable measure of the mean unbinding force
between a probe (e.g., an atomic force microscopy (AFM) tip
or a colloidal bead) and a surface.1,2 Most surface force tools,
such as those based on AFM,35 optical tweezers,68 biomembrane force probe,9,10 and surface force apparatus,11 can conduct
only one (or a few) unbinding measurement at a time. Furthermore, the mean unbinding force is highly sensitive to the force
loading rate, requiring these measurements to be conducted over
multiple force loading regimes, which considerably increases the
number of experiments required and lengthens the analysis time.
Finally, existing techniques are not able to access the extremely
low loading rates required to observe the quasi-equilibrium
unbinding regime in which unbinding is caused by a combination
of random thermal motion and the externally applied mechanical
potential.12
Magnetic forces are an attractive route for parallelizing surface
force measurements because magnetic force can be transmitted
to thousands of functionalized colloidal beads simultaneously
using a small solenoid or a permanent magnet placed above the
substrate.1315 However, the high variability in the magnetic
properties of each magnetic bead (typically (20% for a reasonably monodisperse batch) as well as the presence of nonuniform
ﬁelds and ﬁeld gradients at diﬀerent locations on the substrate,
introduces uncertainty and necessitates a tedious calibration
procedure for each force measurement. Here, we present an
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Figure 2. Technique for calibrating magnetic image force. Here, the
magnetic image force and buoyancy force are oriented to oppose one
another, leading to an equilibrium separation distance that changes as a
function of the ﬁeld strength. Images ac present confocal microscope
images of the bead/substrate separations in uniform external ﬁelds of (a)
0, (b) 19, and (c) 45 Oe. The experimental measurements of equilibrium
separation distances are provided in (d) along with standard deviations;
these values were used to determine the best ﬁt ferroﬂuid permeability,
μf = 1.66, from eq 2.

Figure 1. Illustration of surface adhesion analysis using image forces.
Images ac depict 9.8 μm ﬂuorescent beads in the presence of (a) 0, (b)
15, which is near the critical ﬁeld strength required for unbinding, and
(c) 58 Oe uniform magnetic ﬁeld. In increasing the magnetic ﬁeld
strength, the bead’s ﬂuorescence decays as it is pushed into the ferroﬂuid
via the magnetic image force. The schematic (df) illustrates the
method for measuring surface forces. In the absence of a magnetic ﬁeld
(d), a bead remains adhered to the substrate surface as the attractive
surface forces Fs are stronger than the eﬀective buoyancy force, FF. In a
weak magnetic ﬁeld (e), the magnetic image dipole force Fm adds to the
buoyancy force, however the surface force is still stronger (Fs > FF þ
Fm). Above a critical ﬁeld strength (f), the magnetic repulsion overcomes
the surface force (Fs < FF þ Fm) and the bead is ejected from the
substrate.

used both in the calibration procedure and surface force analysis,
the eﬀective buoyancy force, is calculated to be 0.512 pN based
on the relationship, FF = (Fp  Ff)Vg.
When magnetic ﬁelds are applied to the colloidal suspension,
the image force levitates the beads suﬃciently far away from the
substrate surface so that the only compensating force remains the
eﬀective buoyancy force, with negligible contributions from all
other surface forces. In practice, our externally applied ﬁeld was
produced by passing electric current through a solenoid coil
(Fischer Scientiﬁc) and had a slight ﬁeld gradient, leading to an
additional magnetic force on the bead. This external ﬁeld induced
gradient force was comparable to gravity when high ﬁelds in
excess of 200 Oe were applied; however for the low ﬁelds we
typically used in our unbinding experiments the external ﬁeld
induced force (which scales with the square of the external ﬁeld)
was orders of magnitude lower than the gravity and could be
ignored both in the calibration steps and the future unbinding
experiments.
Thus, by incorporating a force balance, FBm = FBF, an
analytical relationship can be derived for the equilibrium bead/
substrate separation distance given by
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dipole is always oriented in a repulsive manner to the true
dipole regardless of the ﬁeld orientation, the bead/substrate
force is always in the direction of the surface normal, n^. The
bead/substrate interaction is modeled as the force on a point
dipole interacting with the ﬁeld gradient of its own image, that is,
FBm = μ0(mB 3 r)HB, leading to the expression
!
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FBm ¼
μf þ 2μ0
8ð1 þ 2εÞ4 μf þ μ0
where d is the bead diameter, and ε = Δ/d is the dimensionless
bead/substrate separation with Δ being the separation distance
between the bead surface and the planar substrate. We show that
this force equation is consistent with our experimental measurements of image forces described next.
To demonstrate the image tweezer approach, we used EMG
705 ferroﬂuid (Ferrotech, Nashua, NH) and monodisperse,
nonmagnetic polystyrene colloidal beads (9.8 μm) (Thermo
Scientiﬁc, Fremont, CA) with a magnetic permeability nearly equal
to vacuum, μ0, which was adopted so as to eliminate the permeability variation between diﬀerent beads. The permeability of the
ferroﬂuid was calibrated through confocal microscopy measurements and a theoretical model based on the balance between
magnetic and buoyancy forces. To determine the eﬀective buoyancy force, we ﬁrst measured the density of the beads relative to
the ferroﬂuid by sedimentation analysis. This was achieved by
mixing the beads with volume fractions of ferroﬂuid ranging from
0 to 4% and observing the ferroﬂuid concentration at which the
beads transitioned from sedimentation to buoyancy. The mass
density of the ferroﬂuid was measured with a microbalance, and
the density of the ferroﬂuid at the sink/ﬂoat transition was
determined to be 1.047 g/cm3. For the ferroﬂuid concentration

ð2Þ
In eq 2 the only free parameter is the ferroﬂuid permeability,
μf. This parameter can be experimentally determined by ﬁnding
the best ﬁt in the εeq versus HB relationship. Quantitative analysis
of bead/substrate separations were obtained directly with a Zeiss
LSM 510 upright microscope in external ﬁelds ranging from 0 to
150 Oe. Images of the beads show that they are repelled from the
glass surface (red line) as the strength of the external ﬁeld is
increased (Figure 2). The match between eq 2 and the experimental data allowed for the determination of the ferroﬂuid
permeability, μf = 1.66. The calibration of the ferroﬂuid permeability is a necessary step due to the potential for particleparticle aggregation and other aging eﬀects that can change the ﬂuid
properties over time. However, this result agrees well with the
B
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expected permeability of a quasi-magnetic continuum in the
linear regime,18 which follows the relationship μf = μ0(1 þ
jμ0VfMB2s /3kBT), where Vf is the volume of a typical ferroﬂuid
particle, present at a volume fraction, j, and having saturation
magnetization, Ms. Given the following experimental values of j
= 3.2%, Ms = 4.84  105 ( 4.7  103 A/m,19 an eﬀective particle
diameter d = 13.5 nm would accurately describe the experimentally determined magnetic permeability, which corresponds
well with its actual diameter measured in TEM.20 The agreement between theory and experiment is strong when the bead/
substrate separation was greater than 1 μm. At low separations,
theory diverged from experiment due to the additional inﬂuence
of surface forces (e.g., DLVO forces, hydrophobic eﬀects), which
were not taken into account in the force balance during calibration. One experimental point denoted by the black arrow in
Figure 2d clearly shows this eﬀect.
Once we established the properties of the ferroﬂuid we measured the mean unbinding force using a magnetic force ramp. For
our experiments, we constructed a glass ﬂuid cell in which the
substrate surface (initially on top in the ﬂuid cell) was coated
either with PEG (Microsurfaces, Austin, TX) or a ﬂuorocarbon
that was deposited by vaporization of perﬂuorooctyltriethyoxylsilane (Alfa Aesar, Ward Hill, MA) onto oxygen plasma cleaned
glass slides that were stored in a dessicator until use. A suspension containing 3.2% ferroﬂuid particles and 0.2% beads by
volume was inserted into the ﬂuid cell. Since the beads were less
dense than the ferroﬂuid, they migrated to the top of the ﬂuid cell,
where they were allowed to bind to the surface for 25 min. The
ﬂuid cell was then inverted, causing any beads that were not
adhered to the surface to ﬂoat away from the focal plane. A 10
min period was suﬃcient to remove all nonadhered beads.
The force loading experiments were conducted by increasing
the magnetic ﬁeld with square root time dependence to simulate
a linear force ramp according to eq 1. We used video tracking and
image software analysis to determine the number of beads unbinding from the surface at each frame, which enabled the construction of a histogram to determine the most probable force
using a log-normal probability distribution ﬁt (Figure 3a). An
unbinding event was identiﬁed as the time, and hence magnetic
force, at which the bead’s ﬂuorescent intensity suddenly decreased,
as it was pushed away from the substrate (see Supporting Information Figure 5). In each experiment, we identiﬁed several
hundred unbinding events to ensure good statistics. Several trials
were conducted for each magnetic ﬁeld ramp to determine the
relationship between force loading rate and the most probable
unbinding force. Thermally induced ﬂuid ﬂow or other convective forces appeared to be negligible because after an unbinding
event, the beads did not experience signiﬁcant lateral translational motion. We also performed control experiments without a
magnetic ﬁeld and found that less than 5% of the surface-adhered
beads were unbound under the action of gravity for time scales in
excess of 1 h. This result indicates that data from our unbinding
experiments was predominantly unaﬀected by the oﬀset due to
gravity.
At very low loading rates (<0.02 pN/s), the unbinding force is
independent of the loading rate (Figure 3b,c), which implies that
unbinding likely occurs at quasi-equilibrium conditions. The
lowest force loading rate we tested is 12 orders of magnitude
lower than any other that were previously reported for linear
force ramps.9 These remarkably low loading rates provided by
our magnetic tweezer approach are possible because of the lack
of heating and/or mechanical contact with the bead. In other

Figure 3. Unbinding histograms and loading rate dependence. Example
histograms for PEG (red) and Teﬂon (cyan) substrates are provided in
(a) for 0.0074 pN/s loading rate. The most probable unbinding force,
labeled Fmax, is depicted as a function of the loading rate for (b) Teﬂon
substrates and PEG substrates, and (c) PEG substrates and UVirradiated PEG substrates.

approaches, including AFM, optical tweezers, and biomembrane
force probes, force loading rates are limited to the ranges
101107, 101102, and 101105 pN/s, respectively, due
to issues of low-frequency drift of the optical or mechanical
components. The equilibrium unbinding force for the ﬂuorocarbon and PEG substrate is the sum of the magnetic force and
buoyancy force, which were determined to be 0.974 and
1.339 pN, respectively (Figure 3b). At higher loading rates,
the unbinding force depended exponentially on the loading rate,
which is consistent with prior studies on the loading rate dependence of intermolecular forces.21
The magnetic image force method allows for determination of
even small diﬀerences in the adhesion properties of surfaces. For
example, the mean unbinding force of PEG substrates that were
previously irradiated with 254 nm UV radiation (Migge, Heidelberg, Germany) with total energy exposure of 500 kJ/m2 in air
was measured and compared with that from the nonirradiated
samples (Figure 3c). Our results showed a slightly larger unbinding force at low loading rates for the UV treated PEG surfaces. In
contrast, water contact angle measurements on these surfaces
could not detect a diﬀerence in surface energy. To our knowledge, this is the ﬁrst mechanical force-based measurement demonstrating the damaging eﬀects of UV radiation on the surface
energetic properties (i.e., adhesion) of PEG surfaces.
The ability of the magnetic tweezer approach to directly
measure van der Waals (VdW) surface forces was analyzed22,23
C
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by considering the VdW force between a sphere and half-plane,
which scales according to FVdW = Ad/12Δ2, where A, the
Hamaker constant, depends on the ﬂuid, bead, and substrate
electromagnetic properties. The two parameters, A and Δ are not
known a priori, and thus some assumptions are required to explain
the force data. An estimate for the Hamaker constant neglecting
retardation eﬀects can be obtained from the relation24
!

εp  εf
3
εs  εf
A  kB T
ð3Þ
4
εp þ εf
εs þ εf

analyses, such as those required to determine bioadhesion and
receptorligand interactions. Additionally, the ability to measure
extremely low force loading rates gives access to quasi-equilibrium force loading regimes, which can match the conditions in
some biological systems where the force loading rates are on the
time scale of minutes and longer. The availability of a convenient tool for surface force analysis can potentially accelerate the
screening and understanding of ligand-protein binding and other
biological interactions,27 as well as the development of nonfouling surfaces for various microdevices and implants.28

where εp, εf, and εs are the dielectric constants of the bead, ﬂuid, and
substrate, respectively. According to eq 3, when εf . (εp, εs) the
Hamaker constant approaches a constant value of A ≈ 3kBT/4,
which gives a predicted force that is more than 1000 times greater
(assuming physical contact, Δ ∼ 1 nm) than what we measured in
the quasi-equilibrium regime. Explaining why the experimentally
measured VdW force is so low requires the assumption that the
bead and surface were separated by a much greater distance (Δ ≈
50 nm). To determine the source of this unexpectedly large bead/
substrate separation distance, we used AFM to image the top
surface of a bead that was previously immersed in ferroﬂuid. The
adhesion of magnetic nanoparticles onto polystyrene beads has
been noted in our prior work,25 and here we show that the
ensuing roughness of a magnetic nanoparticle surface layer can
explain the magnitude of the measured surface forces (see AFM
and scanning electron microscopy (SEM) images in Supporting
Information).
There are other surface forces that contribute to the forces
measured in our approach, including volume depletion attraction, electrostatic double layer repulsion, and hydrophobic interactions; however we expect these to be quite small in comparison
to the VdW force. Because of the large size disparity between the
bead and the nanoparticles, the volume depletion attraction is
negligibly small.26 The double layer repulsion should also be
quite small since the ferroﬂuid contains an ionic surfactant which
signiﬁcantly reduces the Debye length. Hydrophobic eﬀects also
do not appear to be signiﬁcant since one of the substrates is
hydrophilic (PEG) while the other is hydrophobic (ﬂuorocarbon),
yet very similar force data was obtained. One could also argue
that nanoparticle concentration gradients or other geometric
boundary eﬀects could alter the force calculations. In our prior
work, we have analyzed the structure of ferroﬂuid in the presence
of ﬁeld gradients;20 however for the low ﬁelds at which these
unbinding events typically occurred (∼20 Oe), the local variation in particle concentration is expected to be small (<5%).
Finally, the image dipole approximation is also known to be
inaccurate when the bead/surface separation distances become
exceedingly small (less than 1/100th of a diameter). To estimate
this eﬀect, we conducted exact calculations in the bispherical
coordinate system16 which suggest that the repulsive force
increases by only a very small amount (∼10%) when the bead
approaches surface contact (see calculations in Supporting
Information).
In conclusion, we developed a new technique for simultaneously measuring the adhesion force between thousands of
beads and a surface under identical experimental conditions,
allowing for the determination of a statistical distribution of surface force measurements in one single experiment. This technique can measure exceedingly small forces with potentially subfemtoNewton (<1015 N) resolution if smaller beads are used,
making it suitable for a broad range of colloidal surface force
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