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On-chip transporting arresting and characterizing
individual nano-objects in biological ionic liquids
Christian Höller1†, Gabriel Schnoering1†, Hadi Eghlidi1, Maarit Suomalainen2,
Urs F. Greber2, Dimos Poulikakos1*

INTRODUCTION

Controlling the motion and determining the properties of nanoscopic
objects in liquids, from synthetic to biological, is of great scientific
and also practical interest in diverse fields such as biology and medicine
(1–6), nanorobotics (7, 8), and chemistry (9). As a result, a host of
approaches are being developed, targeting the elusive manipulation
and characterization of single nanoscale objects. These approaches
often rely on the designed interaction of particles with an external
force field, being fluidic (10), optical (11–13), or electrical (14), to
overcome the predominant inherent thermal fluctuations. For example, optical near fields can confine bioparticles of just a few nanometers either in the middle of a nano-aperture (15) or, combined
with fluidic effects, on the edge of a plasmonic array (16).
For particles diffusing in micro- and nanochannels, electrostatic
and electrokinetic approaches have been successfully implemented
with charged nanoparticles in liquids at nonbiological, low ionic
strengths. They were used to trap, valve, or sort nano-objects of different sizes (17–21). In contrast, the present work, in addition to
trapping and manipulation, focuses on size and property measurements at high, biological level, ionic concentrations, which would be
outside the realm of reliable trapping capabilities of reported static,
electric double layer–based trapping approaches at these sizes (17).
Working with biological particles in their natural environment, on
the other hand, requires highly ionic media (22) in which electrostatic wall forces are practically shielded by the electrical double layer
and restricted to short distances of just a few nanometers away from
the walls (14). In such media, the diffusion of particles in nanopores
allows their counting and size determination with applied currents
in the fluid (23, 24). Yet, control and knowledge of their motion
greatly improves with imposed electrokinetic forces on a nano-object
to enable their manipulation (18, 25–27). This allows the trapping
and manipulation of nanoparticles as small as a few nanometers. In
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terms of measuring properties and following their kinetic behavior,
as done in this work, there are additional limitations on visibility
(sufficient fluorescence signal) and the long-term mechanical stability
of the experiment with an on-chip system upscalable as presented
here. To this end, the lower limit in terms of measuring properties
reliably would be one order of magnitude larger, hence, of the order
of a few tens of nanometers.
In this work, we go well beyond kinetic control of single nano-
objects in highly ionic environments and are able to realize directly
and non-intrusively their characterization, by means of determining
their important fundamental properties. We use a pair of ac electro
kinetic nanovalves in a nanochannel that are amplified by a specifically designed and fabricated channel restriction nanotopography
to arrest nano-objects. The nanotopography can generate a dielectrophoretic linear restoring force on the trapped particle whose motion
is then well described by a harmonic potential. The confined kinetics
of the nano-object is measured at speeds much faster than the characteristic time scale of diffusion, and in combination with theoretical
analysis, the particle diffusion coefficient, hydrodynamic radius, and
electrical conductivity are determined. In addition to known size
polystyrene (PS) beads, we investigate two types of nano-objects in
their native (high ionic strength) environment: adenoviruses and
conjugated polymer nanoparticles (CPNs), crucial for biomedical
and virology applications.
RESULTS

Stable confinement in-between ac electrokinetic nanovalves
along the channel
Individual nanoparticles moving in biologically relevant solutions
are transported and manipulated to assess their key properties. To
do this, we use a nanofluidic channel supplemented with insulated
nanoelectrodes on either side of nanofabricated steps as illustrated
on Fig. 1A. This combination generates a strong, controllable,
electrokinetic force, when applying an ac voltage V, typically 2 V at
10 MHz. Experiments are performed in high ionic strength solutions
where a dielectric particle in an ac electric field gradient is repelled
from the denser region of the field. Consequently, the downstream
1 of 8
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Understanding and controlling the individual behavior of nanoscopic matter in liquids, the environment in which
many such entities are functioning, is both inherently challenging and important to many natural and man-made
applications. Here, we transport individual nano-objects, from an assembly in a biological ionic solution, through
a nanochannel network and confine them in electrokinetic nanovalves, created by the collaborative effect of an
applied ac electric field and a rationally engineered nanotopography, locally amplifying this field. The motion of
so-confined fluorescent nano-objects is tracked, and its kinetics provides important information, enabling the
determination of their particle diffusion coefficient, hydrodynamic radius, and electrical conductivity, which are
elucidated for artificial polystyrene nanospheres and subsequently for sub–100-nm conjugated polymer nanoparticles
and adenoviruses. The on-chip, individual nano-object resolution method presented here is a powerful approach
to aid research and development in broad application areas such as medicine, chemistry, and biology.
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motion of a particle is stopped by an ac electrokinetic barrier,
manifesting itself through the corresponding dielectrophoretic force,
which is applied at will, functioning as a switchable nanovalve (18).
Two such valves are placed close together in series within the channel
frame, an active confinement region in between (Fig. 1A). At the
starting point of an experiment, one (upstream) confining valve is
open, while the second (downstream) is closed. A single particle
moves through the open valve and enters the confinement region (i).
Next, the open valve is closed, and the particle is effectively trapped
between the valves (ii). The confined dynamics of the nano-object
in this location is then recorded and analyzed, which eventually enables the determination of important nano-object properties related
to its motion. Last, after characterization of the particle, the downstream valve is opened, and the particle moves out of the confinement region (iii), freeing the system for the next particle.
The nanofluidic channel is carved in a silicon oxide layer at the
surface of a silicon wafer. Fabrication of the system requires a number
of lithography steps, which are needed to create the desired nanotopographic features and the insulated gold electrodes placed in the
nanochannels. Details of the general fabrication protocol can be
Höller et al., Sci. Adv. 2021; 7 : eabd8758
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Dielectrophoretic force under ac frequency
In the following, the voltage-dependent motion along the main particle propagation x is studied, where the electric potential V imposes
a direct and tunable control over the confinement of the particle as
shown in Fig. 2 (B and C) and where the aim is to regulate the particle
transport. The 10-MHz ac electric potential applied to the electrodes
2 of 8
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Fig. 1. Electrokinetic valves experimental setup. (A) Schematic of the electrokinetic
nanovalve system that enables the confinement and measurement of single nano-
objects. The 300-nm-high and 500-nm-wide nanochannel allows the generation of
a dielectrophoretic force between the electrodes when driven by an ac voltage. A
100-nm-high dielectric step between the electrodes increases the electric field
locally and amplifies the force exerted on a particle in the nanochannel. This creates
an impenetrable barrier for the particle. Placing two such valves close to each other
creates a confinement zone on top of the electrode shared by both valves. The
controlled confinement and release of particles, here illustrated by a virus drawing,
is performed by opening and closing the valves. (B) The motion of the particle is
recorded by a fast and sensitive camera (Andor iXon Ultra 888). The camera records
the fluorescence emitted by the particle, which is excited by a blue laser (460 nm).
The blue light is focused with a lens (L) at the back-focal plane of an oil immersion
objective [Olympus 100×, 1.3 numerical aperture (NA)] illuminating homogeneously
the confinement volume. Light emitted by the particle is collected by the objective,
separated from illumination by a dichroic mirror (DM) and a band-pass filter (F), and
then sent to the camera. Acquisition of the video and operation of the valves are
synchronously controlled by a computer.

found in (18). The nanochannels and the supporting integrated
circuit stand upside down on a motorized stage on top of an inverted
microscope as depicted in Fig. 1B. The channel is aligned such that
the volume between two valves, where particles are confined, is clearly
imaged. Nano-objects studied in this work are fluorescent and
excited using a blue laser diode (460 nm) focused at the back-focal
plane of a high-magnification oil immersion objective (100×,
1.3 numerical aperture) to provide a homogeneous illumination
over the confinement area. The exciting blue light is attenuated to
provide a faint intensity of only 85 W at the entrance of the objective to avoid light-induced heating. The fluorescent light emitted by
the particle is recollected by the objective, separated from the illumination by a dichroic mirror (cutoff at 490 nm) and a band-pass filter
(500 to 600 nm), and then sent to a camera. A fast and sensitive camera
[Electron multiplying charge coupled device (EMCCD)] records the fluorescence signal at speeds up to 1000 Hz. Acquisition of the video and
operation of the valves are synchronously controlled by a computer.
The dynamics of a particle in the electrokinetic valve is first illustrated by confining and recording the motion of a single fluorescent
PS nanosphere, with a 50-nm radius, initially in a mixture of identical beads, and suspended in 0.1× phosphate-buffered saline (PBS) at
room temperature T = 294 K, taking advantage of the sensitivity of
the particle conductivity to radio frequencies (10 MHz). We also note
that Joule heating is negligible during system operation (18) as well
as photothermal effects induced by the fluorescent particle (note S6)
(28, 29). The instantaneous position projected on the xy plane is
extracted from the recorded videos by motion tracking of the point
spread function using a Gaussian filter, offering subpixel resolution
(30). The typical position evolution (over 10 s) of a confined particle
between the valves is illustrated in Fig. 2A as a sequence of positions,
each separated by 1 ms in time. The nanochannel has a width w =
500 nm and a height h = 300 nm. Above the fabricated topographic
steps (p = 100 nm), the channel height is reduced to 200 nm, while
the width remains the same (Fig. 2A). The space between two consecutive steps containing an electrode is d = 600 nm. The particle
motion dynamics within the confinement volume for three different voltages V is presented in Fig. 2 (B and C), as position density
histograms for displacements in the x and y directions, respectively.
A clear dependence in the applied voltage is apparent for the x motion
along the channel, while the perpendicular y motion is independent
of the field strength. The position probability density in the direction
of the channel axis has a Gaussian shape, which narrows significantly
in going from 1.4 to 2.2 V in applied voltage V, sharpening accordingly the imparted confinement. At 2.2 V, the deviation of the
Gaussian is as small as 42 nm. The motion of the particle in the
transverse y direction experiences only the confinement exerted by
the walls, and the particle explores the space in this direction practically uniformly. This exploration includes direct interaction with
walls characterized predominantly by short-distance electrostatic
forces and becomes negligible approximately 15 nm away from
surfaces (14). The position probability density uniformity is in the
range of ±200 nm.
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hence determined if Re[CM] is obtained from the gathered kinetics
data. At the frequency of 10 MHz, despite its seemingly high value,
Re[CM] is still dominated by the particle and medium conductivities
while simultaneously suppressing ac electro-osmosis (note S1) (14, 18).
Our working frequency, combined with the thin double layer due to
the high ionic concentration, ensures that the polarizability of the
particles originates from the external field only without flow-induced
contributions (31, 32). This is achieved by designing the time-averaged
ac dielectrophoretic force, FDEP(x), to be a linear restoring force with
respect to x, as will be discussed later.

Fig. 2. Recorded positions and statistics of a confined 100-nm polysterene
sphere in the nanochannel. (A) False-colored scanning electron microscopy image
of the nanochannel with the recorded measured positions of a 100-nm PS bead
superimposed. The bottom of the channel is depicted in dark blue and the side
walls, at a distance of w = 500 nm, in brown. Three electrodes, forming two valves,
are shown in gold color and the two fabricated steps, separated by d = 600 nm, on
each side of the central electrode in green. Successive positions (recorded for 10 s
at 1000 Hz) of a confined PS sphere are overlaid, for ac potentials of 2.2 (yellow),
1.8 (red), and 1.4 V (blue), respectively. The white scale bar is 500 nm. (B and C) The
position probability density in the axial (x axis) and transverse (y axis) channel directions. The position probability density in the axial direction of the channel has
a Gaussian shape and becomes narrower with increasing ac potentials. In the transverse direction, the particle only experiences the confinement of the walls and
explores uniformly the space.

generates a time-averaged field intensity ∣E(x)∣2 that acts on the
confined particle. Because we are working with a high ionic strength
fluid, electrostatic contributions from the channel walls are screened
and have a negligible effect on the particle motion in the axial x
direction of the channel. The dominant electrokinetic force is the
time-averaged ac dielectrophoretic force, which, for a spherical
equivalent of a particle, is given by (14)
	F DEP( x ) = 2   m r  3 Re [CM]∇∣E(x)∣  2	

(1)

where m is the electrical permittivity of the medium, r is the particle
hydrodynamic radius, and Re[CM] is the real part of their Clausius-
Mossotti (CM) factor. At our operating conditions, in high ionic
solutions with an electric field alternating at 10 MHz, the real part
of the CM factor reads (note S1)
  p  −   m
	Re [CM] ≈ ─

	
  p  + 2   m

(2)

depending only on the known medium electrical conductivity m
and the unknown nano-object electrical conductivity p, which is
Höller et al., Sci. Adv. 2021; 7 : eabd8758
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ẋ= F DEP( x ) + F th( t)	

_

(3)

In the uncorrelated stochastic thermal force F th(t ) = √2 kB    T   (t),
(t) is a random Gaussian process such that <(t)> = 0 and
<(t) (t′)> = (t − t′). All three studied types of particles have
shapes closely approximated by a sphere. We assume all studied
nano-objects as spherical and of constant size over the course of the
experiment. The measured drag coefficient  is related to the Stokes
law by S = Ф, where S = 6r is the Stokes drag coefficient for a
freely diffusing sphere of hydrodynamic radius r in bulk water of
known viscosity  and Ф is an averaged scaling coefficient to the
confined diffusion in the nanochannel and is discussed in detail
in note S2.
It is apparent from (Eqs. 1 and 3) that the overall dynamics of
a nano-object subjected to the ac dielectrophoretic force FDEP(x)
is strongly affected by the gradient of the electric field intensity ∇∣E(x)∣2, to which this force is proportional. On the basis of
this, the nanochannel topography is designed and fabricated such
that, while it is geometrically simple, (i) it significantly increases
the gradient ∇∣E(x)∣2 and (ii) it renders this gradient to be linear
with respect to the displacement x in the confinement region. As
shown below, the resulting linearity of the restoring force FDEP
provides an expression for the motion of the confined nano-object
and a direct measurement of the confinement strength, the trap
stiffness.
As detailed in note S1, the relative position and sizing of the
topographic steps and electrodes are designed with the help of
numerical simulations to yield a parabolic electric field intensity in the
nano-object confinement region, such that ∣E(x, V)∣2 = (V)2x2,
with (V) as a proportionality coefficient that only depends on the
applied potential V and the geometry of the channel. The gradient
of the field intensity is therefore linear and reads ∇∣E(x, V)∣2 =
2(V)2x. Furthermore, the coefficient (V) is also shown by the
numerical simulation (note S1) to be linear with respect to the
applied voltage V in the dipole limit (33). The linearity relationship
reads (V) = V, where  = 1062.3 × 109 m−2 is a topography-
dependent coefficient. This geometric coefficient quantifies the
contribution of the step design to the shaping of the harmonic
3 of 8
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Langevin equation of motion and linearization of
ac dielectrophoretic force
The motion of the particle in the confinement space is subject to
three forces and is well described by the overdamped Langevin
equation. Specifically, these forces are the inherent time-dependent
thermal force Fth(t) driving the Brownian motion; the frictional fluidic
drag force F
  drag = − ẋ, resisting motion, where  is the time-averaged
drag coefficient; and the confining dielectrophoretic force in FDEP(x)
(Eq. 2), which yields
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k    T

B
 = _
where D
 is the diffusion coefficient with k B denoting the

(V)

Boltzmann constant, and fT   = _
is the roll-off value of the motion
2

D
plateau is observed with value _
2 2 that characterizes the confined
2    f T  

motion of the nanoparticle. Steady state throughout the acquisition
is verified from the displacements of the nano-objects at low frequencies strictly following the expected plateau value. In the high-
frequency region (f   2 ≫ fT2   ) , the confinement is not effective

D
anymore, and free diffusion occurs. The spectral density becomes _
2 2

2    f   

trapping potential. On the basis of the above, Eq. 1 can be written
FDEP(x) = −(V)x, where the voltage-dependent trap stiffness is
	
(V ) = − 4   m r  3 Re [CM]   2 V  2	

(4)

Spectral analysis of the confined motion
The measured time evolution of the motion of a confined particle
along x in its confinement space is presented on Fig. 3A. Imaging of
the known distance between electrodes of the nanochannel calibrates
the video tracking, and therefore, all extracted positions express themselves directly in meters. The graph depicts the successive positions
of a confined 100-nm PS bead over 10 s with motional noise distributed around a constant mean value, typical for Brownian motion
under the influence of a linear restoring force. To properly characterize the dynamics, the self-similar nature of the Brownian motion is
exploited by examining its autocorrelation. This correlation is readily
obtained from the power spectral density (PSD), which is the modulus
of the displacement frequency of the particle squared. In the case of
the Langevin equation (Eq. 3), the PSD is a Lorentzian (see note S3)
function and reads (34)
D
	
	Px  x( f ) = ─
2   2(f 2T   + 
  f   2)
Höller et al., Sci. Adv. 2021; 7 : eabd8758

2 July 2021

(5)

and follows an f −2 decrease proportional to the diffusion coefficient.
It is worth noting that the PSD for the y motion perpendicular to the
channel, shown in Fig. 3C, displays no dependency on the electro
kinetic forces and imposed voltages in its spectral signatures, as expected given the absence of imposed electric field in this direction.
The quality of the low-frequency plateau in the PSD determines the
smallest particle that is measurable with respect to its properties, as
done here. This value is determined by the polarizability of the particle, which decreases with size, the visibility given by the fluorescence
signal, and the needed overall mechanical stability of the experiment,
which is about 1 s for our system. Viruses were the smallest nano
particles that we measured and characterized in this work.
Measurement of the particle hydrodynamic radius
The knowledge of the diffusion coefficient D makes the direct
determination of the drag coefficient  in the confinement region
possible, as mentioned earlier. The drag force has a strong dependence on the viscosity of the fluid. In our experiments, the viscosity
does not change with the ionic strength. However, because of the
tight nanochannel dimensions, the particle motion reaches the close
vicinity of the walls. Specifically, the particle is enclosed inside the
four channel walls, which have an impact on the fluid flow generated
by the moving particle and therefore affect the associated drag force.
The measured drag coefficient  is related to the Stokes drag coefficient
4 of 8
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Fig. 3. Study of the motion dynamics of a confined particle. (A) Position evolution of the center of mass of the PS bead shown in Fig. 2, in the axial direction of the
channel, for an electrode potential of 1.4 V. The DEP force limits the motion of the
bead in-between the two valves. The time-trace exhibits the typical dynamics of a
confined Brownian particle. The power spectral density (PSD) is shown in (B) and
(C) for axial displacements, along the x axis and transverse displacements, along
the y axis of the channel, respectively. PSDs are shown for potentials 1.4 (blue), 1.8 (red),
and 2.2 V (yellow) and correspond to experiments shown in Fig. 2. The spectral noise
floor (gray) is determined by analyzing the apparent displacements of an immobile
PS bead on the glass ceiling over the confinement volume (electrodes off). PSDs
are acquired at 1000 Hz and averaged eight times to improve readability. As shown
in (B), the x dynamics follow a Lorentzian shape (fit in black lines). The roll-off
frequency fT and therefore the confinement stiffness increases with the applied
voltage (fT = 33 Hz for 1.4 V, fT = 43 Hz for 1.8 V, and fT = 80 Hz for 2.2 V). As shown
in (C), the y dynamics is invariant to the external potential.

frequency f. The PSD is parameterized only by the confined diffusion
coefficient D and the roll-off frequency fT, determined by fitting the
experimental data based on the above expression. This enables the
determination of the drag coefficient  and the trap stiffness (V)
resulting from the DEP force, quantifying the strength of the
confinement. A maximum likelihood estimation of Pxx(f) is performed on the experimental spectral density to obtain D and fT (35).
The fitted PSD is corrected for low-pass filtering effects from the
detection instrumentation and distortions from aliasing, which are
negligible in our case (36).
Spectral densities for the x motion are presented in Fig. 3B for a
set of amplitudes V (V = 1.4 V, V = 1.8 V, and V = 2.2 V) and nicely
follow the Lorentzian shape of Eq. 5, as shown by the fitting curves
(black lines). This agreement also confirms the absence of possible
external contributions or an anomalous diffusion of the particle,
such as chiral optical forces (37, 38) or chiral collisions with walls
(39, 40), for the x motion along the channel (note S3). The position
noise detection limit, shown in gray, is two orders of magnitude
lower than the displacement signal at low frequencies. The resulting
position resolution extracted from the noise measurement is below
10 nm. Roll-off frequencies fT are around tens of hertz and increase
with the electric field amplitude. Our setup, recording the motion at
1000 Hz, is well capable of measuring the two characteristic regimes
of the PSD. At low frequencies ( f  2  ≪ f 2T )  , a frequency-independent
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traces are systematically acquired for a large number of confined PS
beads with varying applied voltages V, from which the trap stiffness
 and the hydrodynamics radius r are both determined and presented
on Fig. 4 (A and B, respectively). The dielectrophoretic force effecting
the confinement is tuned by adjusting the potential amplitude V, as
seen in Fig. 3B, resulting in varying roll-off frequencies fT and therefore
a varying trap stiffness (V). A systematic study of this variation is
reported in Fig. 4A and shows the evolution of the trap stiffness for
PS beads (in blue) with the applied voltage V in the range from 1.3
to 2.2 V by steps of 0.1 V. For example, the trap stiffness  for 100-nm
PS beads under an applied potential of 2 V is  = 0.85 pN/m. Our
trap stiffnesses are comparable to those obtained using plasmonic
tweezers (49, 50), but they are lower than reported values for electrostatic trapping of metallic spheres of similar sizes for very low ionic
strengths (<10−1 mM) (17, 51).
Measured hydrodynamic radii (Fig. 4B, blue points) average to
r = 51.3 ± 12.4 nm between 1.3 and 2 V, which is in good agreement
with the manufacturer’s values (r = 50 ± 3.15 nm) and our own
verification measurements (scanning electron microscopy images,
where r = 50.9 ± 4.3 nm; note S4). All error bars represent the experimental uncertainties at a 95% confidence interval (2 SDs) for a
collection of particles measured at a given voltage V.
Measurement of the particle conductivity
The force FDEP(x, V) exerted on the particle depends on the position
x of the particle and the applied electric voltage V. As mentioned
earlier, with the help of numerical simulations (note S1), the nanovalve

Fig. 4. Confinement stiffness, hydrodynamic radius, and conductivity. (A) The trap stiffness (V) along the channel x axis of the measured 50-nm-radius PS beads
(blue points), CPNs (orange points), and adenoviruses (yellow points) is shown as a function of the DEP voltage V. The stiffness increase is quadratic with the applied
electric potential (fitted, solid lines). Confinement strength can be as large as 0.85 pN/m for 100-nm-sized dielectric PS beads. In this case, the corresponding roll-off
frequency is fT = 67.5 Hz. (B to D) Hydrodynamic radius and surface conductivity p for PS beads, CPNs, and adenoviruses, respectively, confined and measured by the DEP
trap at different DEP strengths. The hydrodynamic radius is independent of the applied potential and averages (solid lines) to be r = 51.3 ± 12.4 nm, r = 45 ± 11.7 nm, and
r = 36.1 ± 7.1 nm for PS beads, CPNs, and adenoviruses, respectively. The associated surface conductivities p (red points) show little dependence on the applied potential.
The conductivity values are p = 0.15 ± 0.04 S/m, p = 0.14 ± 0.06 S/m, and p = 0.15 ± 0.04 S/m for PS beads, CPNs, and adenoviruses, respectively. All error bars represent
the experimental uncertainties at a 95% confidence interval (2 SDs) for a collection of particles at a given voltage V. Typically, the number of points N at V = 1.6 V is N = 79,
N = 40, and N = 13 for PS beads, CPNs, and adenoviruses, respectively.
Höller et al., Sci. Adv. 2021; 7 : eabd8758
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for freely diffusing particles in water S to be able to obtain the
particle hydrodynamic radius, as mentioned earlier (41–43). The
introduced scaling factor Ф is parameterized by the yet unknown
hydrodynamic radius r of the particle. While corrections to the drag
are readily available in the absence of external forces for a particle of
a known radius at a fixed position with respect to an interface
(44, 45), the particle in our case moves and explores most of the
confinement volume during measurements. The measured drag
coefficient  represents the averaged mobility of the particle in the
channel direction x. The transverse motion in the y and z directions
explores the local energy landscape (46), which accounts for the walls
of the nanochannel and the corresponding electrostatic (47) and
electrokinetic (18, 48) interactions with the particle. Electrokinetic
forces not only confine the particle in x but also influence the particle
vertical position in the z direction. The vertical density probability
of positions in z contributes to the drag coefficient  in x. However,
the sensitivity of the dielectrophoretic contribution in estimating
the position in the vertical z direction is dominated by the volume
of the sphere (∝r3). In this direction, the interaction between the
field and the particle through the conductivity is taken to be fixed
with Re[CM] = −0.25 at 10 MHz. Using the particle probability
density of positions, the hydrodynamic radius r and the scaling
coefficient Ф are obtained after solving the equation r = Ф(r, V)/
(6) numerically for an experimentally applied voltage V and a
measured  (note S2) (44).
The knowledge of the drag coefficient  and the roll-off frequency
fT, extracted from the PSD, yields the trap stiffness (V) = 2fT. Time
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  (2Re [ CM ] + 1)

m
from Eq. 1, with the ionic strength of the solu  p  = ___________
1 − Re [ CM]

tion set at a medium conductivity of m = 0.24 S/m. The high ionic
strength of the medium is associated with a thin double layer that
allows the determination of the conductivity with the previous expression, for a range of frequencies before the transition region and
above very low frequencies where ionic flows will play a role (see
note S1, fig. S4). Measurement of the trap stiffness provides a direct
estimation of the polarizability of the particle. If extraction of particle
properties is desired out of experiments performed with very low
electric field frequencies and in fluids of lower ionic concentrations,
then additional electro-osmotic contributions to the polarizability
must be considered (31, 32). The conductivity of the 100-nm PS beads
(in 0.1× PBS) is shown in Fig. 4B (red points) for different voltages.
It is, as expected, found to be voltage independent and has a mean
value p = 0.15 ± 0.04 S/m. Radius and conductivity measurements
are constant with varying the potential amplitude V. This is expected
from Eq. 4 where the radius r and conductivity p contributions to
the force are multiplicative factors without V dependency. Constancy
of r and p with respect to V also confirms the harmonic nature of
the confining potential and the validity of the underlying assumptions in obtaining Eq. 4 (notes S1 and S2).
Studying known property PS nanospheres shows that a careful
analysis of the confined particle motion dynamics results in the
determination of a host of important particle properties. Next, we
venture into unknown property nano-objects, relevant to biological
applications, namely, CPNs and adenoviruses, and target the determination of the same properties.
Characterization of CPNs and adenoviruses
CPNs are a family of macromolecules with large delocalized -
conjugated backbones. Compared to quantum dots, they show lower
cytotoxicity, high photostability, high fluorescence, and no blinking
(52–55), making them favorable for a variety of biological applications.
Höller et al., Sci. Adv. 2021; 7 : eabd8758
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Their strong optoelectronic performances (54, 56) and fluorescence
allow their use for combined diagnostics and treatment, in theranostics applications (56, 57). Manipulation and characterization of
CPNs at the single-entity level has not been yet reported, to the best
of our knowledge. Furthermore, we study adenoviruses. They are
common pathogens in humans and animals. The ability to control
and study them individually can help in the challenging determination of their infection pathway (58–60).
The CPNs are found to be well confined by the electrokinetic forces,
similar to PS beads, even though their fluorescence is weaker. The
roll-off frequencies and diffusion coefficients are measured from
PSDs (note S5) to determine the CPNs’ hydrodynamic radius and
electrical conductivity, which are presented in Fig. 4C for varying
electric voltages. The measurements are voltage invariant, and the
mean values are estimated from all measurements between 1.3 and
2.0 V. The confinement of CPNs has a typical trap stiffnesses of
 = 0.48 pN/m at 2 V. The CPN hydrodynamic radius averages to
r = 45 ± 11.7 nm, while their electrical conductivity has a value of p =
0.14 ± 0.06 S/m. The CPN suspension is relatively homogeneous with
respect to particle size, and the dispersion around the mean is small.
This makes these particles practically suited for controlled applications in biological environments such as drug delivery in small
capillaries and light activated local heating.
The adenoviruses (AdV-TS1) are grown in vitro and are doped
with fluorescent dyes (Alexa Fluor 488 5-TFP amine reactive dye).
The viruses are trapped and investigated for voltage amplitudes between 1.25 and 1.9 V. The confinement of the viruses is found to be
stable (note S5), with a typical trap stiffness of  = 0.2 pN/m at
1.9 V. One measurement (for each electrical potential) could be performed per virus, before the fluorescence signal decreases because
of particle bleaching, which hinders further detection. Spectral densities were computed from time traces recorded at 500 Hz, resulting
in a measured mean hydrodynamic radius of r = 36.1 ± 7.1 nm and
a mean electrical conductivity of p = 0.15 ± 0.04 S/m. While the
determined measurement values and error bars for viruses are
reasonable throughout our experiments, the statistics of these particular experiments is somewhat limited compared to PS beads and
CPNs, averaging to 10 data points per voltage.
The measured in situ hydrodynamic radius is in good agreement
with size measurements of similar adenoviruses but in a different
environment, using electron microscopy (61, 62). Conductivity
measurements of the individual viruses are also comparable to
average values obtained for other viruses with ensemble measurements. Values for the conductivity of larger (200 nm) herpes
simplex viruses, at lower ionic concentrations, are reported to be
0.1 S/m (63). The tobacco mosaic virus has a rod shape (length
of 280 nm for a width of only 18 nm) and a reported larger conductivity of 0.4 S/m (64). The adenoviruses and previously uncharacterized synthetic CPNs of the present work are found to have
limited size disparity. Our experimental approach can be very useful
in determining size and related property disparity with single-entity
resolution, not amenable to ensemble methods but important to
biological bio-objects, in our quest to understand mechanisms of
processes such as infectivity (65).
DISCUSSION

We have shown that the on-chip, rational design of an electrokinetic nanovalve system with a linearly restoring trapping mechanism,
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topography is designed such that the dielectrophoretic force in the
confinement region is linear in the x direction, and the trap stiffness
is proportional to the square of the applied potential V (Eq. 4). For PS
beads, this is confirmed in Fig. 4A, where the trap stiffness exhibits
a quadratic behavior (best fit in blue line) with respect to V. Data
points at 1.3 V and above 2 V depart slightly from this trend.
Low voltages allow the beads to explore a wider confinement space,
sometimes partially escaping and then returning to the center of the
confinement region. On the contrary, beads trapped at high voltages are so tightly confined that their PSD motion approaches the
detection limit noise, in particular at high frequencies. As the background noise contributes to the overall signal amplitude, estimation
of dynamical parameters becomes biased. This is clearly apparent in
Fig. 3B for V = 2.2 V, where the roll-off frequency is fT = 80 Hz. At
this frequency, the background noise contributes already one-tenth
of the PSD, rendering a proper estimation in the high-frequency
region difficult. Therefore, experiments at low and high V define
the limits of validity for our approach, i.e., the bounds of the region
where the dielectrophoretic force is linear and significantly over the
motion noise, allowing a reliable determination of the nano-
objects properties.
With a chosen applied electric potential V and an already determined hydrodynamic radius r, the measured trap stiffness (V) (Eq. 4)
only depends on the real part of the CM factor, Re[CM], which can
thus be determined. This also yields the particle conductivity
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combined with the analysis of the resulting, judiciously restricted,
particle motion dynamics, enables the determination, within seconds, of
a host of important properties of dielectric and biological nano-
objects smaller than a hundred nanometers, at biological level ionic
concentrations. PS beads and unknown property biological nanoparticles (CPNs and adenoviruses) are controlled and characterized at
the individual particle level. The present platform is a substantial
advancement supplementing existing approaches, such as optical
spectroscopy (66), aiming at advancing fundamental knowledge
and applications involving a broad range of nanoscale matter operating in liquids.
METHODS

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/27/eabd8758/DC1
View/request a protocol for this paper from Bio-protocol.
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