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Sensing force and charge at the nanoscale with a
single-molecule tether†

Xuanhui Meng,a Philipp Kukura *a and Sanli Faez *b

Measuring the electrophoretic mobility of molecules is a powerful experimental approach for investigating

biomolecular processes. A frequent challenge in the context of single-particle measurements is through-

put, limiting the obtainable statistics. Here, we present a molecular force sensor and charge detector

based on parallelised imaging and tracking of tethered double-stranded DNA functionalised with charged

nanoparticles interacting with an externally applied electric field. Tracking the position of the tethered

particle with simultaneous nanometre precision and microsecond temporal resolution allows us to detect

and quantify the electrophoretic force down to the sub-piconewton scale. Furthermore, we demonstrate

that this approach is suitable for detecting changes to the particle charge state, as induced by the addition

of charged biomolecules or changes to pH. Our approach provides an alternative route to studying struc-

tural and charge dynamics at the single molecule level.

Introduction

The quantification of forces at the molecular level has become
a widely used approach to understand biomolecular dynamics
and function. Optical tweezers,1–4 magnetic tweezers,5,6 and
scanning probe methods such as atomic force microscopy
(AFM)7,8 have been the dominant approaches due to their
exquisite levels of sensitivity and speed.9–11 Nevertheless, both
have their intrinsic limitations. For optical and magnetic trap-
ping, the physical connection of a micrometre-sized bead to
the molecule of interest introduces perturbations from the
aqueous environment that prevent the investigation of small
conformational changes.9 For scanning probe approaches,
external mechanical stimuli imposed on molecules is the
largest concern, which can alter the flexibility and elasticity of
molecules.12 In parallel, force-free methods such as tethered
particle motion (TPM),13 in which the mechanical properties
and conformational changes of a molecule are imprinted on
the motion of a reporter bead attached to the molecule bound
to a surface, have provided a powerful alternative to studying
bio-polymers such as DNA,14,15 and related molecular pro-
cesses such as protein-mediated DNA interactions and their
mechanical consequences.16–20 Nevertheless, for all the afore-
mentioned techniques with few exceptions,21–23 a frequently

faced challenge in the context of force measurements is
throughput, limiting the obtainable statistics.

The majority of TPM studies have relied on the use of repor-
ter beads with diameters >100 nm to maximise simultaneous
localisation precision and temporal resolution required to
monitor the bead motion.15,24 The convenience of a large
optical signal comes at the expense of the inability to study the
dynamics of short tethers due to volume exclusion effects near
interfaces.25 Recently, Lindner et al. have combined TPM with
total internal reflection (TIR) illumination and dark-field
microscopy to extract the spring constant of DNA with a
contour length of L = 925 nm tethered to a 80 nm diameter
gold nanoparticle (AuNP), achieving 10 nm localisation pre-
cision and 1 ms temporal resolution.26 Using smaller particles
is required to minimise the influence of particle motion on
the bio-polymer dynamics,25 and to measure conformational
changes and transitions from small molecules.27 At the same
time, the scattering cross section decreases with the sixth
power of the particle diameter, therefore making the imaging
and tracking of smaller particles a significant experimental
challenge. This is a particular problem in the context of rapid
diffusion, which results in positional blurring. Furthermore,
the larger the particle, the more difficult is detection and
quantification of any changes affecting the particle motion,
such as charge or viscosity.

Here, we use an optimised total internal reflection-based
dark field microscope28 (Fig. 1a) to achieve exceptionally high
signal-to-background ratio images of 20 nm diameter gold
nanoparticles on microscope cover glass, allowing for few
nanometre localisation precision even with <10 μs exposure
times, significantly reducing the effects of motion-blurring.
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TPM experiments with such small scattering labels enables the
studies of much shorter DNA strands than were possible to
date, without significant surface interference. We take advan-
tage of these imaging capabilities not only to characterise the
mechanical properties of short DNA tethers, but also to use
the reporter bead as a nanoscale force and charge sensor with
sub-piconewton sensitivity.

Results and discussion

Our approach is based on tethering short (≤160 bp) double-
stranded DNA (dsDNA) to a microscope cover glass surface,
with both surface and bead attachment achieved by biotin–
streptavidin linkages. The glass surface is passivated with neu-
trally charged polyethylene glycol (PEG) molecules to prevent
non-specific binding. This arrangement, combined with opti-
mised micro-mirror TIR illumination, produces exceptionally
high contrast images of individual 20 nm AuNPs (Fig. 1b).
Even at an exposure time of 6 μs we could achieve 3 nm localis-
ation precision (Fig. 1c) almost entirely removing motion blur-
ring. This high acquisition speed and in principle infinite
observation time coupled with a large field of view (25 ×
25 μm2) allows for efficient and high-throughput characteris-
ation of nanoscale DNA tethers. Here, we accurately character-

ise the tether properties, such as distinguishing between
single-tethered, partially immobilised, and fully immobilised
beads (Fig. 1d–f ). The scatter plot of a fully mobile, single-teth-
ered 20 nm diameter AuNP tethered to 160 bp dsDNA with a
contour length of 52 nm exhibits a symmetric distribution in
the x–y plane. Its maximum radial extension of ∼60 nm agrees
well with the length of the 160 bp DNA molecule (52 nm), the
radius of the attached bead (10 nm) and the overall length of
the biotin–streptavidin linkage between the glass surface and
the DNA molecule, and the DNA molecule and the gold nano-
particle (about 3 nm in total).

The restricted motion of a multi-tethered particle, by con-
trast, results in an elongated distribution (Fig. 1e) to a degree
that depends on the distance between the anchor points of the
DNA tethers on the surface. Inherent to the self-assembly
process of these molecular force sensors, stuck beads and
multi-tethered beads are present, sometimes caused by incom-
plete surface passivation. Even though the use of gold nano-
particles in an excess amount relative to DNA molecules helps
to minimise multiple attachment of DNA tethers to a single
gold nanoparticle, it cannot be eliminated completely. These
immobile particles were found to have much more tightly dis-
tributed x–y scatter plots (Fig. 1f). Scatter plots of a strepta-
vidin conjugated 20 nm AuNP immobilised directly on the
mPEG/biotin-PEG layer in the absence of dsDNA suggests neg-

Fig. 1 Experimental approach and representative tethered particle behaviour. (a) Schematic of the microscope setup and diagram of the DNA-teth-
ered particle construct in the presence of an external electric field applied via two platinum electrodes. (b) Dark-field image of single DNA tethers
with 20 nm gold nanoparticles. Scale bar: 2 μm. Exposure time 6 μs. (c) Localisation precision as a function of the number of collected photons and
camera exposure time. (d) Radially symmetric scatter plot of a freely mobile single-tethered particle. Each data set consists of 3800 points acquired
with 6 μs exposure time over 19 s for a selected particle. (e) Scatter plot of a partially mobile, multi-tethered particle. (f ) Scatter plot of an immobile
particle from a DNA-tether assay. (g) Scatter plot for a 20 nm gold particle immobilised directly on microscope cover glass. Scale bars: 10 nm.
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ligible flexibility contributed by biotin–streptavidin linkers and
passivation (Fig. 1g).

The diffusion of single-tethered particles matches a normal
distribution that enables us to treat the DNA tether as a classi-
cal harmonic oscillator (Fig. 2a). As there is variability among
the elastic properties of dsDNA molecules and their binding

configuration on the nanoscale, we characterise each tether
individually based on the experimentally measured thermal
distribution of the particle motion. This approach also enables
us to detect small conformational changes and binding/
unbinding events where such stochastic behaviour is typically
averaged out in ensemble measurements.

At thermal equilibrium, the probability of finding the par-

ticle in a state with energy E ¼ K þ V ~rð Þ is P ~rð Þ ¼ 1
Z
e�E=κBT ,

with Z the partition function, κB the Boltzmann constant and T
the temperature. In the over-damped regime, the particle mass
becomes irrelevant because the inertial motion is damped by
friction and the kinetic energy is solely determined by thermal
motion. We thus obtain the potential of mean-force

V ~rð Þ ¼ �κBT log Z � κBT log P ~rð Þ: ð1Þ

We can conclude that the (local) minimum of the potential
coincides with the position where the particle is found most

often. At this point
dV
d~r

¼ 0. Without losing generality, the

origin is normalised to the minimum potential of the particle
distribution. If we (Taylor) expand the potential around its
minimum, we find

V ~rð Þ ¼ V0 þ 1
2
κH x2 þ y2

� �þ 1
2
κZz2 þ O r3

� �
; ð2Þ

where κH denotes the effective in-plane spring constant and κz
the spring constant in the z-direction. Displacement in the
z-direction involves stretching the DNA and a different spring
constant κz ≠ κH. In general, κH could be obtained by taking
the second derivative of the experimentally measured log P(x)
around its maximum. We observe in our measurements that
the in-plane particle position follows a Gaussian distribution
P(x) ∝ e−x2/2σ2, thus for an acceptable approximation, the
effective spring constant is given by

κH ¼ κBT
σ2

; ð3Þ

where σ is the standard deviation of the particle distribution
extracted from a Gaussian fit. Based on the acquired experi-
mental data (Fig. 2b), we obtain average values of the effective
spring constant for dsDNA tethers consisting of 60, 90, 120
and 160 base pairs in 150 mM NaCl and 10 mM HEPES buffer
at pH 7.6, respectively. In the regime of low stretching force,
an elastic polymer follows Hooke’s law.29 Thus, the Young’s
modulus can be expressed as:

E ¼ κH � L
A

ð4Þ

where A = πR2 denotes the cross-sectional area of the material
and L the length of the spring. For simplicity, dsDNA mole-
cules having the same GC content might be thought of as a
homogeneous material,1 of which the Young’s modulus is E =
114.9 ± 18.5 pN nm−2 for R of 10 Å according to our measure-
ments (Fig. 2c).1,30 This approach thus enables us to quantify
κH for each tether individually. Here we only focus on observ-

Fig. 2 Particle diffusive motion and measurement of the effective spring
constant by thermal fluctuations. (a) Left: Thermal fluctuation-induced
diffusive motion of single-tethered particle. Right: One-dimensional
probability density function P(x) and fit to a normal distribution. (b)
Distributions of effective spring constants extracted from P(x) of 60, 90,
120 and 160 bp dsDNA (N = 88, 73, 197, 210). (c) Effective spring con-
stants versus the length of DNA tethers, one base pair equals to 0.34 nm.
We obtained the product of Young’s modulus E and the cross-sectional
area A from the fit (red line), E = 114.9 ± 18.5 pN nm−2 for R = 10 Å.1,30.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2021 Nanoscale, 2021, 13, 12687–12696 | 12689

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

/8
/2

02
6 

6:
02

:4
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1nr01970h


ing the effective spring (Hook’s) constant of DNA tethers,
however, to determine the persistence length of DNA mole-
cules is more complicated and would require the analysis of
the 3D nature of tethered particle motion.15 Based on this
single-particle approach we cannot only characterise and
resolve differences in mechanical properties of different
dsDNA tethers, but also achieve quantitative force measure-
ments on the sub-piconewton (0.1 pN) scale.

To test our ability for measuring forces, we modified our
sample chambers to enable application of an electric field. A
function generator provides a modulated potential via a power
amplifier connecting to two platinum electrodes glued on each
side of the flow cell. Assuming that the DNA-bead construct is
charged, we would expect the centre of mass of the tether to
change depending on the polarity of the applied field (Fig. 3a).
In contrast to the previous short-pulse measurements
(exposure time of 6 microseconds) where we needed to essen-
tially freeze the position of the reporter bead to accurately
sample its motion, here we are only interested in the centre of
mass position. We therefore increase the exposure time to
2 ms (see Fig. S1b†). Application of an 80 Volt peak-to-peak
(Vpp) square waveform potential at 0.5 Hz results in a displace-

ment of the tether. The corresponding bead position along the
axis of the applied potential reveals oscillatory behaviour after
applying a low-pass filter (Fig. 3b). Performing a Fast Fourier
transform on the raw data exhibits a dominant feature at 0.47
Hz, the fundamental harmonic of the damped harmonic
response (Fig. 3d), with the difference attributable to the delay
between the camera and the interfacing hardware.

We grouped the localised centre of mass (COM) positions
of a tethered particle into POS cycles and NEG cycles according
to the polarity of the EF when it appeared. The displacement
was then defined and calculated by the distance between COM
in opposite direction of the applied potential. A statistical
t-test enabled us to exclude tethered molecules with no statisti-
cally significant difference between distributions in the pres-
ence of EF. We could further reduce the imaging noise by aver-
aging to obtain a mean position for each direction of the
applied potential, demonstrating clear separation, in this case
on the order of 7.35 nm at equilibrium driven by the electro-
phoretic force (Fig. 3c). Following the expansion of potential
energy as in eqn (2), we calculate the exerted force on this DNA
tether to be 235 ± 14 fN, given a measured effective spring con-
stant of κH = 32 ± 2 pN μm−1.

Fig. 3 Response of a molecular sensor to an applied alternating electric field. (a) Schematic of a single tethered particle in the presence of an elec-
tric field. Centre of mass positions of the particle were grouped into POS cycle and NEG cycle based on the direction of the applied electric field. (b)
Particle oscillating along the x-axis in the presence of an applied 80 V peak-to-peak potential alternating at 0.5 Hz (camera frame rate is 150 FPS). (c)
Particle displacement calculated from the distance between the COM obtained from the average positions of all POS cycles and all NEG cycles,
respectively, in one measurement. For the particle shown here, the particle displacement is 7.35 nm with 18 cycles in total. (d) Fourier transform of
the particle trace shown in (b).
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We then repeated this analysis on all free tethers (N = 42)
visible in a field of view and found a wide variety of displace-
ments ranging from <1 to 8 nm, likely due to differences in the
tether charge and details of surface attachment (Fig. 4a). Given
the large error bars for the displacement compared to its mag-
nitude, we performed a statistical analysis to test whether the
difference in average positions for opposite potentials are
indeed significant within the error of our measurement. We
found that 20 out of 42 tethers exhibited p < 0.05 (Δ in
Fig. 4b). In addition, we could compare particle positions in
consecutive POS (Δ′) and NEG (Δ″) potentials, which exhibited
dramatically different behaviour. These results suggest that we
are able to resolve even few nm displacements in the centre of
mass caused by the electrophoretic force.

In order to further verify the displacement dependence on
applied EF potential, we changed the potential from 20 Vpp
with a 20 V increment up to 80 Vpp to study the force-depen-

dent variation of the displacement. At each applied potential,
we performed the same analysis as outlined above for 9
different particles (Fig. 5a). In all cases, we found an increase
in the centre of mass displacement with applied voltage, exhi-
biting an overall roughly linear dependence as expected for an
electrostatic interaction (Fig. 5b). The standard deviation of
displacement between consecutive cycles is consistent with
what we expect from the localization error.

An alternative approach to alter the force on the tethered
nanoparticle is to vary its charge for a fixed potential. We fol-
lowed a similar approach to what has been developed for
(micrometre-sized) particles in optical tweezers31 to obtain the
charge on the tethered particle from the measured displace-
ment. The textbook treatment of a freely-diffusing charged par-
ticle under the influence of an electric field in a polyelectrolyte
solution shows that the zeta-potential ζ is related to the drift
velocity νd of the particle by the Helmholtz–Smoluchowski

Fig. 4 Particle displacements for different tethers. (a) Particle displacements from a single field of view ranging from 0.15 nm to 8.23 nm (N = 42).
(b) A t-test was carried out to exclude tethered molecules with no statistically significant difference between distributions where the p-value is
greater than 0.05 in the presence of potential (Δ). Corresponding t-test results (Δ’ and Δ’’) reveal that particle displacements are similar within the
same potential polarity.

Fig. 5 Displacement dependence on applied electric field. (a) Particle displacements at different applied E-field potentials. (b) Measured displace-
ment increment of particle 7 in (a) under various applied electric field potentials. The distribution represents the variations between cycles of alter-
nating the potential.
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equation under the simplified assumption of a hard
sphere.32,33

ζ ¼ ηvd
εε0E

; ð5Þ

where η and εε0 are the viscosity and the absolute permittivity
of the medium. This relation is valid in the absence of electro-
osmosis and at low frequencies when relaxation effects of the
electric double layer are negligible. Since in the steady state,
the electrophoretic force Fe is balanced by the viscous drag, we
can use the Stokes relation to obtain Fe = −3πdηνd, where d is
the particle diameter, which leads to a relation between the
zeta-potential and the electrophoretic force.

ζ ¼ Fe
3πεε0dE

; ð6Þ

For a tethered particle, the drag force is zero (on average)
but Fe is balanced instead with the retention force of the
tether given by Fr = −κHΔxCOM. Therefore, for a charged and
tethered particle under the effect of an electric field

ζ ¼ κHΔxCOM
3πεε0dE

ð7Þ

To obtain the charge from the zeta-potential, assuming all
charge is distributed on the nanoparticle surface, we can use

the Gouy–Chapman equation for surface charge density σ.
Considering q = πd2σ, we find

q ¼ πd2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8εε0κBTn0

p
sin h

eζ
2κBT

ð8Þ

where n0 is the number density of univalent ions present in
solution and e is the elementary charge.

We performed two different experiments to explore this
mechanism. In the first experiment, we added excess biotiny-
lated dsDNA to the chamber after an initial displacement
measurement and found an increase in the displacement
upon addition of charged molecules to the reporter bead
surface (Fig. 6a). The additional displacement ranges from
1.24 nm to 3.88 nm, corresponding to a 8.1 mV and 25.3 mV
change in the zeta-potential, respectively, and 369e and 1227e
elementary charges, caused by the number of Biotin-dsDNA
molecules that bind to each nanoparticle.

In a second demonstration, we changed the zeta-potential
by varying the pH of our working buffer. Because the gold nano-
particles that we used are functionalised and covered by excess
streptavidin molecules, the surface charge on the particle is
dominated by protein rather than the charge on gold nano-
particle itself. Streptavidin has an isoelectric point (pl) between 5
and 6.34 We therefore measured particle displacements at pH 5.5
and pH 7.6 with the flow chamber being washed using corres-

Fig. 6 Dependence of particle displacements on nanoparticle charge for a fixed potential. (a) Binding of additional biotinylated dsDNA molecules
to a streptavidin functionalised particle. (b) Increase in particle displacements upon binding additional biotinylated dsDNA to the reporter bead
surface. (c) Schematic indicating a change of tethered particle surface charge caused by buffer pH value alteration. (d) Corresponding change of par-
ticle displacements.
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ponding buffer in between. At pH 5.5, each tethered particle only
carries a few charges and is nearly electrically neutral. The par-
ticle displacements are considerably larger at pH 7.6, increasing
from 1.51 nm to 5.84 nm, corresponding to 32.8 mV change of
the zeta-potential (particle 2 in Fig. 6b).

The counterions that screen a charge surface cause electro-
osmotic (EO) flow under an external electric field, even if the
neutral PEG coating covalently bound to the silica surface
could shield this effect and hence reduce the EO force. It is
difficult to quantitatively model due to possible local surface
nonuniformity. To rule out this effect, we predicted the direc-
tion of EO flow from the known polarity of the applied poten-
tial and confirmed that by observing the direction of motion
of freely diffusive particles or dirt in buffer solution (Fig. 7c).
Since our tethered particles are negatively charged at pH 7.6,
in the presence of EF, we found that the direction of the teth-
ered particles motion is in fact opposite to the direction of
flow. In addition, the relation between the external electric

field and the tethered particle displacement (eqn (7)) holds
when the EO flow is negligible. Observing a large range of dis-
placements between nearby tethered particles (Fig. 7b) con-
firms experimentally that electrophoretic forces are much
larger than those caused by the EO flow, which should cause
comparable displacement on adjacent particles.

Taken together, we have demonstrated a tethered particle
motion assay with 20 nm diameter reporter beads, maintain-
ing simultaneous nanometre localisation precision and micro-
second temporal resolution in a wide-field imaging configur-
ation. These experimental capabilities enabled us to efficiently
identify free, single tethers and characterise their mechanical
properties on a molecule-by-molecule basis. By applying an
alternating potential across our sample chamber, we could
further characterise the charge properties of the tether, acces-
sing sub-piconewton scale forces. In addition, by monitoring
the position of reporter beads driven by electrophoretic force,
we have experimentally demonstrated the dependence of the

Fig. 7 A negatively charged particle moves in the direction opposite to the direction of electro-osmotic flow in the presence of EF. (a) An illustration
of the wiring of electrodes and our definition of the direction of motion. (b) Directions of motion of the tethered particle (same one in Fig. 3) in the
first 4 cycles. The dotted line indicates the change of polarity of the applied potential. (c) Directions of flow within corresponding cycles in (b). We
predicted the direction from the known polarity of applied EF, confirmed by the motion of unbound objects (arrows). Scale bar: 2 μm. (d) Particle dis-
placements due to nanoparticle surface charge variations (slope).
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variations in their surface potential on surrounding pH values
as well as on the binding of supercharged biomolecules.
Our results demonstrate a highly efficient, high-throughput
approach to monitor the mechanics and dynamics of bio-
molecular interactions based on their effective charge.

Methods
Flow-cell preparation and tether assembly

Our flow chamber is prepared from a thin glass slide and a
microscope coverslip bonded by 80 μm thickness double-sided
Scotch tape (3 M). The coverslip surface is passivated with a
mixture of monomethoxy polyethylene glycol-silane (mPEG-
silane, molecular weight 2000) and biotinylated PEG-silane
(molecular weight 3400) to prevent non-specific binding of
gold nanoparticles onto the surface and to assemble double
stranded DNA (dsDNA) tethers via avidin–biotin interactions.
The surface passivation protocol is modified based on that
from the Dogic lab.35 The coverslips were sequentially bath-
sonicated in 2% Hellmanex in MilliQ water, isopropanol solu-
tion and MilliQ water each for 5 minutes and subsequently
blow dried with nitrogen. Clean and dry coverslips were then
oxygen plasma-treated for 8 minutes to create a negatively
charged surface. At the same time, a final mixture of 10
mg mL−1 mPEG-silane and 50 μg mL−1 biotin-PEG-silane were
dissolved in 1% acetic acid ethanol. The plasma-cleaned cover-
slips were stacked with a spread of 80 to 100 μL mixture solu-
tion and stored in Petri dishes. After incubation in an oven at
70 °C for 45 minutes, the pegylated coverslips were rinsed and
nitrogen blow dried again, before being assembled into flow
chambers.

The tether assembly was composed of two main phases:
immobilisation of dsDNA on the glass surface and attachment
of gold nanoparticles to the dsDNA, both via a biotin–streptavi-
din linkage. For all measurements, a mixture of 150 mM pot-
assium chloride (KCl) and 10 mM HEPES at pH 7.6 was used
as the working buffer (WB), unless specified otherwise. To con-
struct the gold nanoparticle functionalised dsDNA tethers,
10 μM streptavidin in WB was added into the flow cell and
incubated for 5 minutes to ensure that all biotin-PEG binding
sites on the surface were entirely occupied. Then 5′-end bioti-
nylated-dsDNA (500 nM, purchased from ADTBio) in WB was
injected into the chamber. After this, streptavidin-functiona-
lised 20 nm AuNPs (diluted to 4 pM, BBI) were added into the
chamber to finalise the assembly of tethers. We typically incu-
bated for 5 minutes before washing the chamber with WB
before adding new solution. Tether construction depends on
the surface quality and binding site density. We therefore
explored various mPEG to biotin-PEG ratios to maximise the
population of qualified tethers while keeping the separation
between particles on the order of 2 μm.

Dark-field microscopy

Our dark-field microscope setup28 was built with a high
numerical aperture (NA) objective (Olympus, 1.42NA, 60×) to

create total internal reflection illumination at the glass-water
interface. Briefly, two micromirrors were mounted as close as
possible to the objective entrance pupil to couple incident and
extract reflected light (520 nm wavelength) from the detection
path.36 The scattered light from individual gold nanoparticles
was collected by the same objective and focused by a tube lens
onto a CMOS camera (Point Grey Grasshopper GS3-U3-
32S4M-C). Using a 200 mm focal length imaging lens in com-
bination with the camera and the objective yields an effective
pixel size of 51.7 nm per pixel with a FOV of 25 × 25 μm2. We
stabilised the focus position using a piezo driven feedback
system reading the position of the reflected illumination beam
with a second CMOS camera.

To track particles at high speed, and maintain high localis-
ation precision without causing tether detachment by heating,
we used pulsed illumination synchronised with camera
exposure. The illumination laser was set at a power of 2.73 kW/
cm2 and triggered by a TTL signal of 5% duty cycle at 1 kHz.
The imaging camera was synchronously operated in triggering
mode and the exposure time was set to the lowest setting of
6 μs. The high-speed data were analysed for selecting qualified
tethers, extracting effective spring constants before starting
any force or charge measurements. In addition, we used a
reference laser beam (445 nm) directed at an empty region of
the imaging camera providing a synchronised read out of the
applied electric field. After acquiring the high-speed data, we
switched the pulsed illumination beam (520 nm) to continu-
ous wave mode and an exposure time of 2 ms for force and
charge measurements.

Assessment of tethered particle behaviour

In order to accurately extract effective spring constants, and to
measure the exerted force on DNA tethers in the presence of
an external electric field, it is crucial to ensure that a single
gold nanoparticle is only attached to the free end of one DNA
tether and that both the dsDNA and the tethered bead are free
to undergo Brownian motion by thermal fluctuations in solu-
tion. Tethers usually separated into three categories: 1. Fully
mobile single-tethered particles (Fig. 1c); 2. Partially mobile
multi-tethered particles (Fig. 1d); and 3. Immobile particles
(Fig. 1e). We applied an intensity threshold to distinguish par-
ticle candidates from the background noise. To locate each
single particle in the FOV, we used the coordinates of the pixel
having the highest intensity within the point spread function
(PSF). Projections of the particle in the x–y plane were plotted
by fitting the PSF to a 2D Gaussian function to classify par-
ticles. We assessed the symmetry of scatter plots by equal divi-
sion into eight sectors and probing the variance of projection
density and radial distribution function of all sectors to
exclude multiple tethered particles with asymmetric motion.
Similar to multi-tethered particles, we also discard stationary
particles. Overall, the selection criteria for identifying a quali-
fied tether were chosen as:

1. The two-dimensional particle distribution has a radially
symmetric shape whose ellipticity <1.1;
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2. The two-dimensional particle distribution has a
maximum amplitude close to the contour length of the DNA
molecule (0.8L < r < 1.2L);

3. The standard deviation of the number of points for all
sectors STD-npts < 100 and the standard deviation of the RDFs
for all sectors STD-rdf < 0.002.

After excluding faulty tethers, qualified molecular force
sensors were used for future measurement in the presence of
an external EF. About 70% of tethers were fully mobile single
tethered particles. Finally, we took one movie with pulsed laser
excitation at 6 μs exposure time in order to inspect the viability
of every single tether for a final screening test after switching
off the EF. Only data from those tethers which recovered from
the oscillation driven by the electrophoretic force were ana-
lysed. In this work, of all the measurements carried out, about
one in ten of the tethers analysed satisfied all eligibility cri-
teria for the final force measurements. Overall, the filtering cri-
teria for a qualified tether examination were:

(a) It should be a fully mobile single-tethered particle,
(b) The p-value for evaluating the difference of its distributions

at opposite polarity of applied EF should be less than 0.05,
(c) The p-value for evaluating the difference of its distributions

within the same EF direction should be greater than 0.9 and
(d) After switching off the external EF, both the reporter

bead and the molecule remain active and revert to the normal
radial distribution by thermal fluctuations.

Implementation of the oscillating electric field

After measuring the effective spring constant of individual
tethers in the FOV at high speed, we applied an external elec-
tric field across the flow chamber causing the particle equili-
brium position to shift due to the electrophoretic force. To
apply an electric field parallel to the coverslip surface, two plati-
num electrodes were placed on both sides of the flow chamber.
Both electrodes were wired to a power amplifier with amplitude
and frequency controlled by an external function generator. In
order to ensure reliable electrical connections between two elec-
trodes and the electrolyte, epoxy was used to firmly attach the
electrodes onto the surface and create barriers outside both the
inlet and outlet of the flow chamber. Enough buffer solution
was added inside the barriers to ensure that electrodes were
completely immersed, and thereby in good contact with electro-
lyte inside the flow chamber. The resistance between the two
platinum electrodes (2 < R < 5 MΩ) was measured and moni-
tored to confirm good electrical contact.
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