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T
he characterization of biochemical
bonds in biological processes, from
cell adhesion to protein/RNA unfold-

ing, requires the measurements of a large
number of individual events for obtaining
statistically reliable data to draw specific
conclusions.1�3 Moreover, since some bio-
logical processes rely on the interplay of
different types of intermolecular bonds,
generating statistically reliable data with
different intermolecular forces simulta-
neously and in the same environments is
also an important issue. Studies involving
measurements of intermolecular forces
have also found that the forces required
for rupturing the bonds can vary signifi-
cantly when estimated using different load-
ing rates.4 For instance, in an experiment
probing the viscoelasticity of titin, the force
required for unfolding of individual titin
domains was estimated to be about 10 pN
at a loading rate of about 10�2 pN/s.5 On the
other hand, in an AFM pulling experiment,
the force required to unfold individual titin
domains was measured to be about 200 pN
at a loading rate of about 100 pN/s.6 In
addition, force-driven bond ruptures ob-
served with a wide range of loading rates
have been used as a model system to
validate the physical theories on phase
transition. It is shown that the kinetics of
the chemical reaction driven by a mechan-
ical force is strongly dependent on the
loading rate (rf) in such a way that the
force required for the reaction is propor-
tional to log(rf) at low loading rate and
[log(rf)]

3/2 at a high loading rate.7,8 Force-
driven bond-rupture experiments have
also been used to verify nonequilibrium
dynamics theories such as Jarzynski's the-
ory and Crooks' theory.9,10 Furthermore,
the intermolecular bond rupture depends

on not only the loading rate but also
the “effective stiffness” (defined as ΔF/Δx)
of the force probe or the method used
for the force measurement.11 Hence, the
control of an extremely wide range of
loading rate within a force spectroscopy
assay can be very desirable, from quasi-
equilibrium intermolecular unbinding events
that require extremely low loading rates to
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ABSTRACT

The simultaneous investigation of a large number of events with different types of

intermolecular interactions, from nonequilibrium high-force pulling assays to quasi-equilibrium

unbinding events in the same environment, can be very important for fully understanding

intermolecular bond-rupture mechanisms. Here, we describe a novel dielectrophoretic force

spectroscopy technique that utilizes microsized beads as multifunctional probes for parallel

measurement of intermolecular forces with an extremely wide range of force rate (10�4 to 104 pN/s)

inside a microfluidic device. In our experiments, various forces, which broadly form the basis

of all molecular interactions, were measured across a range of force loading rates by

multifunctional probes of various diameters with a throughput of over 600 events per mm2,

simultaneously and in the same environment. Furthermore, the individual bond-rupture

forces, the parameters for the characterization of entire energy landscapes, and the effective

stiffness of the force spectroscopy were determined on the basis of the measured results. This

method of determining intermolecular forces could be very useful for the precise and

simultaneous examination of various molecular interactions, as it can be easily and cost-

effectively implemented within a microfluidic device for a range of applications including

immunoassays, molecular mechanics, chemical and biological screening, and mechanobiology.

KEYWORDS: dielectrophoresis . force spectroscopy . intermolecular
interactions . microfluidic device . quasi-equilibrium unbinding events .
high-force pulling assay
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nonequilibrium bond-rupture assays that require high
loading rates.
Current force spectroscopy methods such as atomic

force microscopy (AFM), laser optical tweezers, and
biomembrane force probes can handle individual sin-
gle molecules (e.g., AFM), perform measurement of
biological samples under near-physiological condi-
tions (e.g., AFM or biomembrane force probe),
and measure molecular motions by manipulating
sub-nanometer- to micrometer-sized particles with
sub-nanometer accuracy (e.g., optical tweezers).12�17

However, those techniques have only been applied for
the measurement of a single to a few binding events
at a time. In general, the loading rates of AFM, optical
tweezers, and biomembrane force probes are limited
to the ranges ∼10�107, ∼10�1�102, and ∼10�1�104

pN/s, respectively, and none can reach a very low loading
rate (<10�2 pN/s) due to the low-frequency drift from
mechanical or optical components. Shear force spectros-
copy can measure many biological binding events
simultaneously.18�21 Moreover, recent papers reported
that microfluidic force in combination with dielectro-
phoretic (DEP) force can be used for the detachment of
biomolecular interactions with very accurate resolution
(∼piconewton range); however the loading rate was not
explored in this study.20,21 Magnetic tweezers have re-
cently been suggested as a force spectroscopy method
enabling the parallel measurements at low loading rates
(∼10�3�100 pN/s).22 However, the presence of nonuni-
form magnetic fields and a magnetic field gradient at
different locations on the substrate can lead tomeasure-
ment uncertainty.22 Even thoughelectromagnetic twee-
zers can allow three-dimensional manipulation, the
implementation can be complicated. Realization of the
large magnetic field and gradients require high-current
electromagnets that can produce substantial heating.
Additional challenges include fabricating tweezers with
multiple magnetic poles for the generation of repulsive
and attractive forces while ensuring minimal pole inter-
ference and fabrication of small, closely spaced pole
pieces that cannot realize the constant-force benefit of
this approach.23,24

Dielectrophoretic tweezers can be used to measure
intermolecular forces and provide many advantages
over currently available approaches.25,26 The technology
is inexpensive, easy to implement with simple on-chip
interdigitated (IDT) electrodes used to generate the
forces, and ideally suited for integration inside a micro-
fluidic device as compared to other approaches.26,27

The technology can achieve precise local control of the
electric fields and corresponding DEP forces generated
using the IDT electrodes, since the DEP force scales as
the second power of the dimension of IDT structures,
versus the fourth power of the dimension of the micro-
coils in the case of magnetic tweezers.28 Moreover,
ourmultifunctional probe array DEP force spectroscopic
technique employs hundreds of functionalized polysty-

rene beads at an interrogation density of about 600
events/mm2, where each bead acts as a probe inside the
microfluidic device with fabricated IDT electrodes.
It offers parallel measurements of interactions between
different molecules simultaneously and under the
sameconditions. The techniquecan alsoprovideawider
dynamic range of applied force and loading rates
(∼10�4�104 pN/s) as compared to any other approach.
In this study, we examined various forces that

broadly form the basis of all molecular interactions in
order to establish that our approach can be used for
a wide range of applications. First, the method was
utilized for the investigation of hydrogen bond inter-
actions using carboxyl-terminated molecules on beads
and surfaces and the ionic interactions between car-
boxyl-terminated and amino-terminated molecules.
Then, we also measured specific ligand�receptor in-
teractions using the well-known streptavidin�biotin
model system, and nonspecific interactions were
examined using the case of amino-terminated and
biotin-terminated molecules. The technique was also
used to simultaneously examine two different ligand�
receptor interactions (streptavidin�biotin and avidin�
biotin) with loading rates ranging from 100 to 104 pN/s.
Lastly, in the very low force loading region (∼10�4�
100 pN/s), attraction forces in the range of a few pico-
Newtons were measured between two negatively
charged carboxyl-terminated molecules.

RESULTS

DEP Force Spectroscopy. Carboxyl-functionalized beads
of 10 μmdiameter were used as probes to measure the
intermolecular forces. Figure 1a shows the schematic
diagram of the measurement system. Optical images
(Figures 1b�e) were taken sequentially as the magni-
tude of the ac voltage (at a frequency of 10 MHz) was
increased. The IDT electrodes were covered by an oxide
layer functionalizedwith a succinic anhydride layer, and
the beads were suspended in deionized (DI) water at
pH 4. Figure 1b shows the randomly distributed beads
on the functionalized oxide surface without application
of the ac voltage. It canbe safely assumed that a hydrogen
bond has been established between each bead and
the functionalized surface.26 As shown in Figure 1c�e,
by increasing the magnitude of the negative DEP force
generated by the ac voltage across the IDT electrodes,
the beads moved toward the middle of each IDT
electrode (where the electric field gradient was lowest
and directed vertically) and were eventually pulled
away from the surface. In general, a bead attached on
a surface by an intermolecular bond does not move
upward from the surface until the intermolecular bond
with the surface is completely ruptured due to the
applied DEP force. Since the applied force correspond-
ing to the bead movement is correlated by optical
imaging to the movement of the beads, the unbinding
force can be determined. Previous reports have
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determined the initial distance variation using fluores-
cence or optical defocusing to estimate the unbinding
forces.22,25,26 However, since those methods rely on
manual determination of the distance variation, the
estimated values could be unreliable. Our current work
developed a “grayscale variation method” to overcome
themanual estimation and thepotential reliability issues
inherent in previously usedmethods. Figure 2a�c show
the top and side view images of a bead under the
application of 0, 1.5, and 3 V. The grayscale value from
the top view images is clearly distinguished as the bead
moves upward. Using these grayscale differences, a
Matlab code was used to automatically quantify the
grayscale variation. Moreover, in this method the noise

level, defined by the fluctuation in the grayscale value,
can be established by the experiments and statistics
to determine when a rupture of an intermolecular bond
occurs (see Supporting Information A).

Figure 2d is an example of the grayscale variation
corresponding to the distance variation of the bead
inside the small box shown in Figure 1b�e. As shown in
Figure 2d, when the hydrogen bond between the bead
and surface is not completely ruptured by the applied
DEP force (e.g., where bead is visible at the surface
at 0 V in Figure 1b and when the bead is located at
the center of the IDT electrode at 60 V in Figure 1c),
the grayscale value stays within the noise level, or the
grayscale value that is outside the noise level returns to

Figure 1. (a) Schematic diagram for the measurement system. (b�e) Optical images of 10 μm polystyrene beads on the
electrode covered by a succinic anhydride-functionalized oxide layer with the application of voltages of (b) 0 V, (c) 60 V,
(d) 80 V, and (e) 100 V.

Figure 2. (a�c) Top view images with different grayscales (top) and side view images corresponding to the top view images,
respectively (bottom); scale bar is 5 μm: (a) 0 V, (b) 1.5 V, (c) 3 V. (d) Grayscale and height variation graph as a function of
applied voltage. (e) Histogram graph representing the number of hydrogen bond unbinding events as a function of applied
voltage. (f) Simluated vertical DEP force at 6 μmheight above the electrode as increasing voltage was applied. (g) Histogram
and Gaussian fitting graphs as a function of unbinding force that ruptures the hydrogen bond.
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within the noise level as the applied voltage increases.
When the hydrogen bond between the bead and the
surface ruptures completely, the grayscale value ex-
ceeds the noise level (e.g., where the bead separates
from the surface at 80 V in Figure 1d) and continues to
increase as the applied voltage increases (e.g., where
the bead further separates from the surface at 100 V
in Figure 1e). On the basis of these observations,
the unbinding voltage is defined as the voltage corre-
sponding to the lowest grayscale value at which the
grayscale value exceeds the noise level and continues to
increase (e.g., 80 V in Figure 1d among the voltages at
which images in Figure 1b�e were recorded). This un-
binding voltage histogram (Figure 2e) can be used to
determine the actual force of the interaction by calculat-
ing the DEP force on the bead using a model described
earlier.25,26 Figure 2f is an example of simulated vertical
DEP forceat6μmheightabove theelectrodeasa function
of applied voltage. Using the simulation, the unbinding
force histogram corresponding to Figure 2ewas obtained
as shown in Figure 2g. The mean unbinding force for a
hydrogen bond between two nonionized carboxyl-
terminated groups is 2.86 ( 0.36 nN. While this
value is in good agreement with earlier reports,
unlike any other report, it is measured by obtaining
hundreds of experimental values in parallel in a
fraction of the time as compared to the scanning
probe approaches that provide a single value per
measurement.29�31

Multiple Probe Array DEP Force Spectroscopy with Different
Probe Diameters. The technique allows the use of multi-
ple, different diameter probes that obtain large en-
semble measurements of different numbers of inter-
molecular bonds formed with the probes of different
diameter, simultaneously and in the same environment.

We validate the DEP force spectroscopy approach by
first employingmultiple probes with the same diameter
and then employing multiple probes with different
diameters and comparing these results for hydrogen-
bonding interactions. Using many carboxyl-terminated
beads with the same diameter of either 10 or 15 μm
(Figure 3a,b) or the different diameters of 10 and 15 μm
(Figure 3c), located on a succinic anhydride-functionalized
oxide surface, the upward movement of the beads was
determined as the voltage was increased in order to
obtain the histograms of the unbinding forces required
tobreak thehydrogenbondbetween thebeads and the
surface (Figure 3d�f). Theunbinding force calculatedby
this approach was 2.69 ( 0.45 nN (for 10 μm diameter
beads) and 5.24( 0.64 nN (for 15 μm diameter beads).
The unbinding forces calculated by the approach em-
ployingmultiple, different diameter probes were 2.93(
0.48 and 5.00( 0.64 nN (10 and 15 μmmultiple probes
together). We also used multiple beads consisting of
only 12μmbeads or a combinationof 12and15μm.The
mean forces and standard deviations recorded bymulti-
ple beads of the same or multiple diameters are sum-
marized in Table S1. Using these values, the individual
bond-rupture force of the hydrogen bond was calcu-
lated by applying the Poisson distribution statistical
method to the mean and variance of force obtained
from the unbinding measurement data recorded by
multiple probes with different diameters.32,33 By apply-
ing this statistical method to the data in Figure 3g, the
individual bond-rupture force of the hydrogen bond is
calculated to be 95.6 pNwith a coefficient of determina-
tion of R = 0.84 (see Supporting Information B). This
value is in agreement with previous studies, but can be
obtained in a fraction of the time needed to perform the
serial measurements.34,35

Figure 3. (a�c) Optical images of carboxyl-terminated polystyrene beads located on the center of the electrodes covered
by the succinic anhydride-functionalized oxide surface: (a) 10 μm beads, (b) 15 μm beads, (c) 10 and 15 μm beads. (d�f)
Histogram and Gaussian fitting graphs as a function of unbinding force that ruptures the hydrogen bond: (d) 10 μm beads,
(e) 15 μm beads, (f) 10 and 15 μm beads. (g�i) Variance vs mean graphs to calculate an individual bond-rupture force for
(g) the hydrogen interaction between carboxyl-terminated beads and succinic anhydride-functionalized oxide surface,
(h) the ionic interaction between the carboxyl-terminated beads and APTES-functionalized oxide surface, and (i) the ionic
interaction between the carboxyl-terminated beads and L-lysine-functionalized oxide surface.
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We next investigated the ionic interactions be-
tween the differently sized carboxyl-coated beads
and positively charged oxide surface functionalized
by 3-aminopropyltriethoxysilane (APTES) or L-lysine
using the methodology described above. The acid
dissociation constants (pK's) of the amino-terminated
molecule in the tail group of the APTES-functionalized
surface, the amino-terminated molecule in the tail
group of the L-lysine-functionalized surface, and the
carboxyl-terminated molecule in the tail group of
the beads are 11, >9, and <5, respectively.36�38 Hence,
at pH 7, it is expected that the positive charges on the
amino-terminatedmolecules and the negative charges
on the carboxyl-terminated molecules will result in an
ionic interaction. The mean bond-rupture force and
standard deviation of the ionic interactions between
the carboxyl group and APTES surface or L-lysine sur-
face in DI water at pH 7 was measured, and results are
shown in Table S2. Moreover, the individual bond-
rupture forces are extracted to be 130.0 pN for
the carboxyl group- and APTES-functionalized surface
and 200.4 pN for the carboxyl group- and L-lysine-
functionalized surface, as shown in Figure 3h,i.

Multifunctional Probe Array DEP Force Spectroscopy with
Extremely Wide Loading Rate. Nonspecific interactions
occur in biological assays and need to be minimized
or eliminated. Quantitative characterization of nonspe-
cific and specific interactions simultaneously in the

same environment can be very useful in designing
immunoassays and determining conditions to achieve
specific capture inmicrofluidics.39,40 In our experiment,
a combination of 15 μm diameter amino-terminated
beads and 15 μm streptavidin-terminated beads
(which also had a fluorescent label) were introduced
on electrodes covered by a biotin-functionalized oxide
surface (Figure 4a). The beads arranged on the center
of the electrode were imaged as the loading rate was
increased from 1 pN/s to 104 pN/s (Supporting Infor-
mation C). The variance as a function of the mean
force between the amino-terminated beads and
streptavidin-terminated beads with 10, 12, and 15 μm
diameters and the biotin-functionalized oxide sur-
face in a solution of DI water at pH 7 under various
loading rates was plotted as shown in Figures 4c and d.
The figure insets describe the individual bond-rup-
ture force of an ionic interaction (a nonspecific
interaction) between the positively charged amino-
terminated beads and the negatively charged biotin-
terminated functionalized surface and a ligand�
receptor interaction (a specific interaction) between
the streptavidin-terminated beads and the biotin-
functionalized surface at the lowest and highest
loading rates.41 The individual bond-rupture forces
of the ionic interaction and ligand�receptor inter-
action vary from 138.8 to 174.3 pN and from 114.3 to
224.4 pN, respectively.

Figure 4. (a, b) Optical images of 15 μm functionalized beads located on the center of the electrodes covered by the biotin-
functionalized oxide surface: (a) amino-terminated polystyrene beads and streptavidin-terminated beads; (b) avidin-
terminated polystyrene beads and streptavidin-terminated beads. (c, d) Variance vs mean force graphs to calculate an
individual bond-rupture force as the force loading rate is varied to effect (c) ionic interaction between amino-terminated
beads and biotin-functionalized oxide surface and (d) ligand�receptor interaction between the streptavidin-terminated
beads and biotin-functionalized oxide surface. (e, f) Variance vs mean force graphs to calculate an individual bond-rupture
force for two different ligands as the force loading rate is varied to effect (e) streptavidin�biotin interaction and (f)
avidin�biotin interaction. Each inset of (c)�(f) describes the individual bond-rupture forces at the lowest and highest force
loading rates. (g) Individual rupture force vs the force loading rate to calculate the energy landscape of the streptavidin�
biotin and avidin�biotin interactions. (h) Mean force vs the force loading rate for the van der Waals interaction between the
carboxyl-terminated functionalized beads and the succinic anhydride-functionalized oxide surface.
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We also investigated the individual bond-rupture
force between streptavidin�biotin and avidin�biotin
with a wide loading rate (∼1 �104 pN/s). Figure 4b
shows the combination of 15 μm streptavidin- and
avidin-functionalized beads, which were used for the
measurement of the force between two different
ligands, located on the center of the electrode cov-
ered by the biotin-functionalized oxide surface. The
variances of the streptavidin�biotin and avidin�
biotin interactions measured using 10, 12, and 15 μm
streptavidin-terminated beads and avidin-terminated
beads were plotted as a function of mean force in
Figure 4e and f. Figure 4g shows the individual bond-
rupture force as a function of the loading rate extracted
from Figure 4e and f. A low loading rate,∼10�4�1 pN/s,
was used to examine the intermolecular force between
the varying sized carboxyl-terminated beads and
the succinic anhydride-functionalized surface in DI
water at pH 7. Figure 4h shows the mean force as a
function of the DEP force loading rate and that an
intermolecular attractive force in the pN range exists
between the beads and the surface. Especially, this
wide range of lowest loading rate (∼10�4 pN/s) has not
been reported before by linear force ramps.22,23

DISCUSSION

In this work, the measured mean forces, such as
hydrogen bonding using 10 μm carboxyl-terminated
beads, and the individual bond-rupture forces of hy-
drogen bonds between two neutralized carboxyl
groups (Figure 3d and g) are in good agreement with
previous reports.25�27 The minor discrepancies be-
tween our experimental results and those of previous
reports can be explained by the differences between
the contact area of the bead employed in our studies
and the contact area of the probe tips used in the
previous experiments. For instance, in our data (Exp 2,
Table S1), the measured mean binding forces of a
hydrogen bond are about 2.86 nN (for 10 μm diameter
beads), 3.71 nN (for 12 μm diameter), and 5.09 nN (for
15 μm diameter). The individual bond-rupture force of
a hydrogen bond between two neutralized carboxyl
groups, as shown in Figure 3g, obtained by ourmethod
is also slightly different compared with the result in the
earlier reports.35,36 Theseminor discrepancies could be
from the variation in the surface charge density of the
functionalized group in the contact area. It should also
be noted that the individual ionic bond-rupture forces
using the APTES-functionalized surface are clearly
distinguishable from that of the L-lysine-functionalized
surface in ourmethod. This difference can be explained
by the chemical components of the two molecules.
There is one amino-terminated molecule in the tail
group of the APTES-functionalized surface and two in
that of the L-lysine-functionalized surface.37,38 There-
fore, the individual ionic bond-rupture forces of the
L-lysine-functionalized surface are greater than that of

the ATPES-functionalized surface. Such precise and
rapid discrimination of the forces between these mol-
ecules in a large array of beads opens the possibility of
measuring the biological or chemical interactions in a
very high-throughput manner.
The ability to investigate molecular bond rupture

using multifunctional probes with an extremely wide
range of loading rates could be used to characterize
biological processes easily and rapidly and could
also provide the necessary tools for investigating a
bond-rupture mechanism. In our experiments, specific
(streptavidin�biotin) and nonspecific (NH3

þ�biotin)
interactions and two different ligand�receptor inter-
actions (streptavidin�biotin and avidin�biotin) were
measured simultaneously in the same environment,
and the different individual bond-rupture forces asso-
ciated with the measured values are clearly deter-
mined, as shown in Figure 4c�f. Moreover, the bond-
rupture force range from bound state to unbounded
state could depend on which type of chemical bond is
involved in the molecular interaction (Table S3). The
result from Figure 4g and h, which are obtained by the
accessibility of both quasi-equilibrium (extremely low
loading rate) and nonequilibrium (high loading rate)
processes of our method, can be regarded as a model
system for the verification of physical theories in phase
transitions. For instance, assuming a linear relationship
between the rupture force and the logarithm of the
force loading rate from the Bell model, f* = (kBT/xβ)
ln((xβrf)/(k

0kBT)), with the data in Figure 4g, xβ, the
dissociation rate in terms of an energy barrier width
in the entire energy landscape, can be calculated,
where f*, kB, T, rf, and k0 are the binding force,
Boltzmann's constant, absolute temperature, loading
rate, and the dissociation rate constant in the absence
of applied force, respectively.42,43 From 1 pN/s to 103

pN/s, xβ for the streptavidin�biotin and avidin�
biotin interactions are 0.50 and 0.54 nm, respectively,
and they become 0.15 and 0.30 nmwhen the loading is
increased from 103 pN/s to 104 pN/s. In the low loading
rate case, the rupture forces of the streptavidin�biotin
interaction are close to those of the avidin�biotin
interactions, but the rupture forces between the two
different ligands are still clearly distinguishable. The
calculated xβ values and the characteristics of the
individual bond-rupture rate under various loading
rate are in good agreement with previous results.42,43

In addition, the unbinding forces, as shown in
Figure 4h, are found to saturate at loading rates less
than 10�2 pN/s, which implies that unbinding likely
occurs during a quasi-equilibrium condition, as pre-
dicted by Bell's model.
An interesting observation in Figure 4h is to

measure the intermolecular attractive force even
though there are negatively charged molecules be-
tween the carboxyl-terminated beads and succinic
anhydride-functionalized oxide surface. In order to
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explain this phenomenon, the intermolecular attrac-
tive forces could be augmented by hydrophobic inter-
action, gravitational force, and van der Waals force in
our measurement approach. Hydrophobic interactions
can be ignored because while the bead might be
hydrophobic, the surface is hydrophilic. The effects of
gravity can also be ignored (Supporting InformationD).
Lastly, the van der Waals force between a sphere and
half-plane can be analyzed by FVan‑der‑Waals = Ad/12Δ2,
where A (≈ (3/4)kBT) is the Hamaker constant, d is
the particle diameter, and Δ is the physical contact
length.44,45 By associating the mean unbinding forces
in Figure 4h with the van der Waals' formula men-
tioned above, the physical contact length (Δ) can be
calculated to be from about 24 to 38 nm as the loading
rate decreases. This range of separated distance closely
matches the distance between the 9.8 μm polystyrene
beads and a fluorocarbon or PEG surface in the region
of low loading rate (10�2�10�1 pN/s).22 The large
separation distance in our experimental system can be
explained by an electrical repulsion between the nega-
tively charged carboxyl-terminated beads and the
negatively charged succinic anhydride-functionalized
surface in DI water at pH 7. It can also be observed from
Figure 4h that the attractive force increases with in-
creasing bead diameter, which follows the characteris-
tics of the van der Waals force described by the formula
above. Taken in aggregate, the above observations
suggest that the attractive force analyzed in Figure 4h
could be the van der Waals force.
It has also been recently reported that the “effective

constant” (defined as ΔF/Δx) of the force probe or the
method used for the force measurement is a critical
factor to estimate the bond-rupture force.11 Specifi-
cally, for an unbinding measurement of the avidin�
biotin complex at a loading rate of ∼103 pN/s,
the bond-rupture forcemeasured by the biomembrane
force probe is obtained as ∼60 pN, whereas the bond-
rupture force estimated by our DEP probe is ∼135 pN
(Table S3).43 In order to understand the dependency

of the force measurement on the stiffness of the
method, we have theoretically considered theory using
a linear-cubic potential in the free energy landscape
(Supporting Information E). As shown in Figure S3, the
force required for such an unbinding experiment is
governed by both loading rate and the stiffness of the
force probe. In particular, at a loading rate of∼103 pN/s,
the unbinding force measured by a probe with a
stiffness of 102 pN/nm (corresponding to the stiffness
of our DEP probe) is predicted as ∼130 pN, while the
unbinding force measured by a biomembrane force
probe with a stiffness of ,1 pN/nm is anticipated as
∼80 pN. These results clearly show that stiffness of the
force probe in the measurement of unbinding force (or
bond-rupture forces) is important, and our method
allows the measurement over a wide loading range
with the same effective stiffness.

CONCLUSION

In conclusion, our DEP force spectroscopy enables
the high-throughput measurement of molecular bond
rupture over a wide range of loading rate and allows
easy implementation within microfluidic devices. The
accessibility of a loading rate ranging from quasi-equi-
librium to nonequilibrium states can enhance the
understanding of the fundamental mechanisms be-
hind bond rupture. Using the experimentally obtained
unbinding voltages over a wide range of loading
rate, the mean unbinding forces and their standard
deviation were determined for various biochemical
molecular interactions. Furthermore, the results were
used to determine the individual bond-rupture force
parameters for the characterization of entire energy
landscapes and the effective stiffness of the force
spectroscopy. This new method of determining inter-
molecular forces could be very useful for a range of
applications underpinning mechanism such as cellular
surface adhesion, enzymatic activity, or molecular
recognition, as it can be easily and cost effectively
implemented within a microfluidic device.

METHODS

Micro-Chip Fabrication. A0.2 μmthick chromium interdigitated
electrode array pattern was created on an oxidized silicon wafer
using the thermal evaporator technique and lift-off process,
where each electrode line was 40 μmwide and 10 μmapart. The
metal electrodes were covered by a 0.8 μm thick plasma-
enhanced chemical vapor deposited silicon dioxide with a
TEOS (tetraethylorthosilicate) source. Then, the contact pads
to apply ac voltage into the array were opened by a wet
etching process.

Functionalized Beads. Functionalized polystyrene beads
(carboxyl-terminated, amino-terminated, streptavidin-termi-
nated, and Avidin-terminated beads) used in the experiments
were purchased from Kisker Biotech GmbH & Co.KG. For the
experiments herein, the original stock solutionwas diluted byDI
water, and the concentration of beads in the diluted solution
was ∼5 � 105 particles/mL (Supporting Information F).

Functionalized Surfaces. Each functionalized surface such as
the carboxyl-terminated oxide surface by succinic anhydride
(Sigma, 23960), amino-terminated oxide surface by 3-amino-
propyltriethoxysilane (APTES, Sigma, A3648), amino-terminated
oxide surface layer by L-lysine (Sigma, L5501), and biotin-
terminated oxide surface by biotinylated bovine serum albumin
(Sigma, A8549) was prepared using themodified Stöbermethod
(Supporting Information G).

Experimental Setup. The silicondioxide surface inside themicro-
chip was functionalized using different molecules. A PDMS
(polydimethylsiloxane) layer was then used to form an open
reservoir over the chip. Functionalized polystyrene beads sus-
pended in a DI water solution were introduced onto the chip.
Subsequently, a glass slide was used to cover the top of the
PDMS reservoir. In order to apply less than 12 Vpeak‑to‑peak into the
electrode, a sinusoidal signal at 10 MHz from a function generator
(Agilent 33250 or National Instrument PXI/PCI-5421) was applied
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using micromanipulator probes to the chip. For the high-voltage
application, the sinusoidal signal at 10 MHz was applied to the
chip using the amplifier (Amplifier Research 150 L, Electronics &
Innovation A150) that was already connected to the function
generator. Upon applying the sinusoidal signal with various
peak values and loading rates (Supporting Information C), the
movement of the beads was observed and recorded under
top-view and side-view microscopes using a CCD camera.
The temperature variation on the silicon oxide surface was
also measured using a thermocouple (HUATO, HE701) while
keeping the same experimental conditions. The measure-
ment and experimental results are presented in Supporting
Information H.

Method for Converting Applied Voltage to Dielectrophoretic Force.
The DEP force is given by

FBtotal ¼ ∑
¥

0
�rUn

Un ¼ �2πεmKnr(2nþ1)

(2nþ 1)!! ∑
iþ jþ k¼ n

1
i!j!k!

DnΦ
DxiDyjDzk

� �2

Kn ¼ n(2nþ 1)(ε~p � ε~m)
nε~p þ (nþ 1)ε~m

(1)

where n is the force order,Φ refers to the electrostatic potential
of the external electric field, and Kn is the nth-order Clausis�
Mossotti factor.25,26 Based on this equation, a Matlab (R12,
Mathworks) code was developed for calculating the total DEP
force. The electrical-field profiles for the IDT electrodes used
for the experiment, when the ac signal with 1 Vpeak‑to‑peak and
10 MHz was applied to the electrodes, were generated from
a finite element program (version 5.7, ANSYS Inc.) with grid
spacing of 0.2 μm. The experimental parameters and the
generated electric-field data were used as inputs for the Matlab
code. As a result, the dielectrophoretic force can be calculated
as a function of the applied voltage (Supporting Information I).
The variation of the voltage to break an intermolecular bond
versus the oxide thickness on the electrodes is also examined in
Supporting Information J.
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Supporting Information Available: Supplementary methods
for analyzing grayscale variation due to voltage application to
the IDT electrode, for calculating an individual rupture force
using Poisson statistics, and for applying force loading rate to
the system are described in Supporting Information A, B, and C.
Gravitational force on the beads in our system and theoretical
analysis of the effect of the stiffness of force spectroscopy are in
Supporting Information D and E, respectively. Supporting In-
formation F and G explain the methods for preparing the
functionalized beads and functionalized surface. The investiga-
tion of temperature variation on the oxide surface as the applied
voltage is varied is presented in Supporting Information H.
Supporting Information I and J describe the method to
convert applied voltage to dielectrophoretic force, and the
variation of applied voltage for keeping the DEP force at a
certain position from the oxide surface while varying the
thickness of the oxide, respectively. Lastly, the supplemen-
tary tables, which summarize the measured results and
the parameters used to calculate the DEP force, are also
presented. This material is available free of charge via the
Internet at http://pubs.acs.org.
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