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Nanometer-Scale-Resolution Multichannel Separation of Spherical Particles in a
Rocking Ratchet with Increasing Barrier Heights
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We present a nanoparticle size-separation device based on a nanofluidic rocking Brownian motor. It
features a ratchet-shaped electrostatic particle potential with increasing barrier heights along the particle
transport direction. The sharp drop of the particle current with barrier height is exploited to separate a
particle suspension into multiple subpopulations. By solving the Fokker-Planck equation, we show that the
physics of the separation mechanism is governed by the energy landscape under forward tilt of the ratchet.
For a given device geometry and sorting duration, the applied force is thus the only tunable parameter
to increase the separation resolution. For the experimental conditions of 3.5 V applied voltage and 20 s
sorting, we predict a separation resolution of approximately 2 nm, supported by experimental data for
separating spherical gold particles of nominal diameters of 80 and 100 nm.
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I. INTRODUCTION

Separation of nanoparticles and molecules is a highly
relevant technical task [1], for which the resolution is typ-
ically limited by diffusion. Therefore, high driving fields
are required to enhance the resolution. For example, in
capillary electrophoresis [2] or sieving devices based on
nanoscale gaps [3], electric dc fields of several hundred
volts per centimeter are typically used, thus limiting appli-
cations in mobile or lab-on-chip devices. Similarly, high
pressures are required in deterministic lateral displacement
arrays [4,5].

Brownian-motor-based devices were envisioned for par-
ticle transport and separation [6] as early as the 1990s.
In contrast to the methods mentioned above, Brownian
motors transport particles with an ac modulation of either
an asymmetric potential [7,8] (flashing ratchets) or a driv-
ing force combined with a static ratchet potential [9—
12] (rocking ratchets). For flashing ratchets, separation is
based on the size dependence of the diffusion coefficient,
which is inversely proportional to particle radius [8,11].
Rocking ratchets exhibit a highly nonlinear particle current
as a function [10] of the applied force and frequency, which
is suggested to be useful for particle separation [10,12].
Recently, we implemented a rocking Brownian motor for
nanoparticles [13,14]. We demonstrated the separation of
gold spheres measuring 60 and 100 nm in diameter within
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a few seconds. The device footprint was small, i.e., less
than 20 um, enabling high fields with voltages of less than
5V and stable operation over hours. The separation mech-
anism was based on two intercalated Brownian motors
pointing in opposite directions. Particles of different size
preferably occupied one of the two motors and were there-
fore extracted to opposite ends of the device. Modeling
suggested that the same separation device was capable of
separating two gold sphere populations with a difference in
radius of approximately 1 nm [13].

Here, we present a separation device based on a rocking
ratchet that splits a particle population into several subpop-
ulations with similar resolution. The device separates the
particles by transporting them across increasing potential
barriers in the ratchet direction. The separation mechanism
is thus markedly different from that of our previous imple-
mentation. It exploits the “Arrhenius-like” onset of the
particle current with decreasing ratchet potential barriers,
which was simulated by Bartussek et al. and suggested as
a separation mechanism for particles with similar diffusion
coefficients [10,12].

In the following, we first describe the experiment and
observe the particle current in the device for gold parti-
cles nominally 60 nm in diameter. The results agree well
with a numerical solution of the Fokker-Planck equation
using measured physical parameters as input. Simulations
allow us to assess the resolution of the sorting device and
its scaling with separation time and force. For the exper-
imental parameters used, we obtain a resolution of 2 nm,
which we compare with the experimental resolution based
on microscopic inspection after particle deposition.
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II. EXPERIMENTAL IMPLEMENTATION

The potential landscape experienced by the particles in
our nanofluidic device is based on the electrostatic interac-
tion of charged particles with like-charged walls [15]; see
Fig. 1(a). The schematically depicted ratchet with increas-
ing tooth height leads to the aforementioned increase in
energy barriers. We note that a similar geometry was used
recently for nanofluidic size exclusion [16]. We use 60-
nm gold spheres (EM.GC60 from BBI solutions, batch no.
19080123) to study the particle transport in the device.
A volume of approximately 30 ul of the suspension is
deposited on the sample and subsequently confined to a
tunable nanofluidic slit using the nanofluidic confinement
apparatus; see SM1 and SM2 of the Supplemental Mate-
rial [17] and Refs. [13,18] for details. The top boundary
of the slit consists of a cover glass with a central mesa of
height 40 um. The lower boundary is a silicon chip [17]
with thermal oxide thickness of 235 nm [see Fig. 1(a)]. The
geometry of the device is patterned by thermal scanning-
probe lithography (z-SPL) [19,20] into polyphthalaldehyde
(PPA) [see Fig. 1(b)], and then dry-etched into the SiO,
layer [21]. In the final device, the average height difference

between each of the 19 neighboring teeth is 1.6 nm [see
Fig. 1(c)]. Finally, the sample is coated with a 10-nm-thick
organic transfer layer (OTL; PiBond Oy) of a polymeric
material required to immobilize the particles on the sam-
ple surface after sorting [22]. A more detailed description
of the sample preparation can be found in SM3 of the
Supplemental Material [17]. For imaging, we use inter-
ferometric scattering detection (iISCAT) [23,24], recording
at 250 frames per second. A temporal stability of the
nanofluidic gap of 2 nm rms (see SM4 of the Supplemen-
tal Material [17]) is measured using this detection scheme,
limited by the stability of our laser source.

The interaction potential W(x,y,z) of charged nanopar-
ticles of radius r in a gap of height 4 and pattern depth
d(x,y) can be approximated by the sphere-plane interac-
tion [13,24,25]

Worrs (Wp el 01 yppe Ut ===rly = (1)
where Wy = 4meey, € and ¢y are the relative and the
vacuum permittivities, s, ¥p1, and ¥p, are the effec-
tive surface potentials of the sphere and the two planes,
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FIG. 1.

(a) Schematic side view of the nanofluidic slit (not to scale). A central pillar of 40 m in height is etched from a cover slip

and surrounded by four Cr—Au electrodes. The ratchet structure in SiO, is covered with a thin layer of OTL polymer. (b) Topography
of the sorting device in PPA after #-SPL patterning. From the inclined ratchet (top), particles can be driven into reservoirs (R1 to R19)
by linear ratchets after being sorted. Force and diffusivity are measured in D1. (c) Cross section through the device after transfer to
SiO, measured by atomic force microscopy. The 19 teeth in the sorting ratchet span a vertical distance of 28 nm, corresponding to
Az = 1.6 nm per tooth. (d) Extrapolated potential Ve, (x) for a gap distance of 64 & 2 nm (black dots) and the input potential Vim (x)
for simulating the device (red line). We use an initial probability density po(x) o< exp[—V(x)/kpT] with 0 < x < 10 um (dashed line)

for our simulations (violet).

034006-2



SEPARATION OF SPHERICAL PARTICLES...

PHYS. REV. APPLIED 15, 034006 (2021)

z is the vertical particle position measured from the sub-
strate interface, and x ~! is the Debye length; see Fig. 1(a)
and [13]. Note that Eq. (1) only holds in the case of a
topography with shallow slopes (i.e., < 1) as in our sam-
ple. The two-dimensional occupation probability P(x,y) is
obtained by integrating the three-dimensional probability
density P(x,y,z) oc e” "2/ (kgD

z=d(x,y)+h—r
P(x,y) = (C/ e—W(x,y,z)/(kBT)dZ) , (2

=r

where kT is the thermal energy and C is a normalization
constant. The free energy V(x,y) up to a reference potential
V, including positional entropy is given by

V(X,J/) = - ln[P(X,)/)] + VO' (3)

In order to quantify Ve, (x) experimentally along the
ratchet direction x, we trap approximately 30 particles in
the ratchet area during the approach of the glass pillar.
Their x coordinates are tracked for three gap distances
of h=151%2 nm, h=1124+2 nm, and ~ =103 £2
nm using Trackpy for Python [17,26,27]. Identifying the
normalized frequency of particles observed at position x
with the particle occupancy probability Pey, (x) and assum-
ing ¥p1 = ¥po = ¥p, we infer from a global fit a Debye
length of ¥~ ' =10.840.1 nm and Wyysyp = 5.3 &
0.2kgT/nm. Using Eq. (3), we then extrapolate Ve, (x) to
other gap distances (see also SMS5 of the Supplemental
Material [17]).

Size separation experiments are performed at a gap dis-
tance of 4 = 64 &2 nm, for which Ve, (x) is shown in
Fig. 1(d). The particles are first transported to the starting
position of the ratchet [see Fig. 1(c)], which corresponds
to the lowest energy in the system. In order to speed up the
process we exploit the previously observed reversal of the
particle current in rocking Brownian motors [14] at rocking
frequencies above 150 Hz. Using 2 to 3 V and a frequency
of 300 to 500 Hz across each pair of electrodes, the par-
ticles are transported to the starting position within a few
minutes.

Next, we apply an ac voltage of 3.5-V amplitude at a
frequency of 5 Hz to drive the particles in the x direction
(see Fig. 1). A second voltage of 3-V amplitude at 500 Hz
generates a field along the y axis and prevents particles
from diffusing into the reservoirs, again exploiting current
reversal [14]. Three representative frames of the transport
process are shown in Fig. 2(a) together with the measured
particle occupancy for each tooth in the ratchet. For par-
ticles entering the ratchet, the observed particle speed is
of the order of tens of um/s, and slows down dramati-
cally after 5 s. From 10 to 20 s, the population shifts on
average by just one tooth. In this state, the particle popula-
tion is spread over 13 teeth, indicating a fine separation of
particles.

III. MODELING

The dynamics of a Brownian motor with ratchet poten-
tial V(x) and an external rocking force F(f) can be
expressed in terms of a probability density p(x, ), which
obeys the Fokker-Planck equation [28]:

dp(x,0) = 0x [(%&cf/(x, ) +D03x> p(x, l)} NG

where y is the drag constant, Dy is the diffusion coeffi-
cient, and V(x, f) = V(x) + xF(¢) is the tilted potential. The
sorting process represents an initial-value problem where
po(x) of the unsorted particles at t = 0 is transformed
INto pgna(x) of the sorted particles. The propagation of
Po(x) —> pana(x) is given by Eq. (4) and can normally
be calculated only numerically. Therefore, we discretize
Eq. (4) with respect to x and approximate the spatial
derivatives by finite differences. The resulting system of
ordinary differential equations is then computed by stan-
dard solvers for ordinary differential equations. For more
details of the numerical solution of Eq. (4), see SM6 of
the Supplemental Material [17]. We use the extrapolated
interaction potential as input [see Fig. 1(d)] and a rocking
force F that is inferred [13] from the average drift speed
(vgrife) of the particles in the 30-nm-deep drift field D1 [see
Fig. 1(b)] of F = kpT{vais)/Do = 20.7 £ 1.3 kpT/um.
The average diffusion constant Dy = 3.2 4 0.2 um?/s is
determined for particles in field D1 without applied fields.

According to the manufacturer, the mean radius of the
gold nanoparticles is 30.3 nm, and their coefficient of vari-
ation is 8%. Assuming a Gaussian size distribution, this
results in 97.5% of the particles having a radius of between
25 and 35 nm. We simulate particle sizes in this range with
a radial difference of 1 nm, and scale V(x) [Eq. (1)], F o« r
and Dy oc 7!, accordingly [13]. Each particle species is
simulated separately. The resulting probability densities
are then summed up and weighted with their correspond-
ing relative portion in the original dispersion (see also SM7
of the Supplemental Material [17]). The resulting parti-
cle probability distribution Py, (x) after 1, 10, and 20 s of
sorting can be seen in Fig. 2(a). This agrees well with the
experimentally observed evolution of Pey, (7).

The temporal evolution of the mean travel distance (x;)
for particles with different radii » is shown in Fig. 2(b)
and reflects the observation of Bartussek et al. [10] of
an Arrhenius-like decrease of the particle current with
increasing energy barriers. After a fast transport into the
ratchet, the average speed decreases sharply, and the par-
ticles enter a quasisteady state. For particles of different
sizes, the transition occurs at a different tooth number
because smaller particles experience less interaction poten-
tial for the same tooth height [see Eq. (1)]. As a result, par-
ticles of different sizes are transported to different locations
in the device [see Fig. 2(c)].
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FIG. 2.

(a) Top: iISCAT images of the sorting process after 1, 10, and 20 s of an applied ac voltage of 3.5 V at 5 Hz. Bottom: com-

parison of the experimental, Pcy,(n), and simulated, Py, (1), particle distributions. (b) Expected average travel distance for particles
of radii between 25 and 35 nm with 1 nm difference in radius as a function of time. (c¢) Simulated probability distribution P,(n) after
20 s of sorting. The width of the distributions of single particle types, marked by separate colors, indicates the simulated resolution of

the sorting device. The color code corresponds to that used in (b).

The behavior of the particle transport into the device is
almost entirely controlled by the energy landscape expe-
rienced by the particles in the forward bias case. The
backward current is significant only in the first 2.5 s of
the experiment, and then becomes negligible for all consid-
ered particle sizes (see SM8 of the Supplemental Material
[17]). The forward energy barriers are plotted in Fig. 3(a).
Depending on the particle size, the barriers start to deviate
from zero at different tooth numbers. After sorting dura-
tions of 5 to 20 s, the particles on average arrive at energy
barriers between 3 and 6 kgT.

The rapidly increasing energy barriers lead to a focusing
of the particle density. This can be seen from the standard
deviation o, of the particle distribution across the ratchet
teeth measured for each particle population as shown in
Fig. 3(b). o, increases within the first few seconds and then
decreases to less than one tooth after 1 & 5 s. o, is related
to the spread o, of particle radii in a given tooth [different
colors per tooth in Fig. 2(c)], and we find o,,/nm = 0.760;
shown as the right-hand y axis in Fig. 3(b) (for details
see SM9 of the Supplemental Material [17]). o, rapidly
approaches a value of less than 0.6 nm after 5 s, and then

decreases slowly to approximately 0.5 nm after 20 s. If we
define the resolution [29] of the device to be 40,, it fol-
lows that we can separate two particles with a difference in
radius of 2 nm.

As o, depends exclusively on the forward-biased energy
landscape, the only tunable parameter to increase the reso-
lution in a device, for a given time span, is the amplitude of
the force. A higher force leads to more steeply increasing
energy barriers as a consequence of their exponential scal-
ing with x [see Fig. 3(c)]. As a result, the separation
resolution increases. This can be seen from the decrease
of o, shown in Fig. 3(d). For this device, the sorting reso-
lution scales roughly as a power law of F~°3% and reaches
o, ~ 0.4 nm at 30kzT/pum.

IV. EXPERIMENTAL RESOLUTION FOR
SEPARATING SPHERES

After the sorting process, the particles are transported
to compartments R1 to R19 [Fig. 1(b)] and deposited onto
the surface for further inspection (see SM10 of the Sup-
plemental Material for details [17]). However, because of
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FIG. 3. (a) Forward bias potential barriers for particles with

radius 35 to 25 nm (left to right) and a force of 20.7 k3 T/ um (col-
ored lines). The intercept with the black lines marks the average
travel distances and barrier heights reached after 5, 10, 15, and
20 s. (b) Standard deviation o, of the radius distribution in the
central tooth for each particle size. The inset shows an enlarged
view for longer sorting durations. (c) Remaining energy barri-
ers under forward bias for particles with a radius of 30 nm and
applied forces of 15, 20, 25, and 30 k3 7/um. (d) o, as a function
of applied force and different separation durations.

the thin polymer film, we observe plastic deformation dur-
ing the immobilization process. Therefore, we perform a
second experiment using a mixture of gold spheres with
radii of 80 and 100 nm (EM.GC80 and EM.GC100 from
BBI solutions, batch nos. 13063 and 13083) and a thick
polymer layer. Specifically, the polymer stack consists of
52 nm of the adhesion promoter HM8006 (JSR Inc.) and
185 nm of PPA. The thick polymer layer renders plastic
deformation unlikely, as shown recently [22].

After sorting, we quantify the particle size using
scanning electron microscopy (SEM) and atomic force
microscopy (AFM). Similar to what has been observed
previously [13], the particles show a variety of shapes.
As well as spheres, we find flat plates and particles with
clearly exposed crystal planes, which we label diamonds
[see Figs. 4(a) and 4(b)].

Figure 4(c) shows the measured effective radius of the
particles given by 7 = A4, where 4 is determined from
SEM images using thresholding (see SM11 of the Supple-
mental Material [17] for details). We note that we treat
all systematic errors in SEM imaging by fitting the off-
set of the line resulting from the model to measured radii
of spherical particles. This treatment does not affect our
discussion on separation resolution. The spherical parti-
cles are well separated with high resolution and follow the
predictions of the model (dashed line and shaded area);
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FIG. 4. (a) SEM (left) and AFM (right) scans of the different

particle types present in a mixture with nominal radii of 40 and 50
nm. The white scale bar indicates 100 nm. (b) AFM scan across
particles from (a). (c) Quantification of the sorting, with colors
corresponding to the particle types shown in (b). The spheri-
cal particles (red) follow a linear trend of particle radius » and
tooth number n. The slope of the dashed line is obtained from
simulation and its position is shifted in » to obtain a good fit
to the data. The shaded area corresponds to a width of +20,.
The plates (blue) and diamonds (green) show a different behavior
because they experience a reduced interaction energy compared
with spherical particles.

see SM12 of the Supplemental Material [17] for details.
Counting all spheres, we measure a standard deviation of
2 nm with respect to the model. We note that in our exper-
iments the measured gap distance is stable in time to only
2 nm rms, partially due to laser noise. This fact will induce
hard-to-predict variations in the travel distance of simi-
lar particles. Given these uncertainties, the experimental
data corroborate the simulation results. The plates and dia-
monds, however, have a flatter shape, and therefore cannot
be described by the spherical particle model. The smaller
ratio between particle height and diameter reduces their
interaction energy with the device surfaces, according to
Eq. (1). Consequently, a plate or diamond of the same area
as a sphere is transported further into the ratchet.

V. CONCLUSION

We characterize a nanoparticle sorting device based
on a nanofluidic rocking Brownian motor with a linearly
increasing tooth height. Simulations predict a separation
resolution of approximately 2 nm (40) in radius, which
is consistent with the experimentally measured resolution
for spherical particles of 2 nm (1¢) given the experimental
conditions. However, particles of different shapes are also
transported according to their smallest diameter and there-
fore cannot be fully separated from the spheres in such
a one-dimensional device. Combined with a separation
mechanism that differentiates by hydrodynamic radius, a
two-dimensional sorting could be implemented that would
allow separation by size and smallest particle diameter.
Equation (1) suggests that particles of the same size and
different surface potential can also be separated, but with
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lower resolution because the charge affects only the pref-
actor and not the exponent. Our modeling shows that, for
the 60-nm particles, a 10% change in surface potential is
required to have the same effect as a 1-nm difference in
radius. The method is accordingly separating mainly by
size rather than charge.

Similar to conventional devices, the separation resolu-
tion is enhanced with increasing external driving force.
However, for our devices, not the absolute force but rather
the energy per ratchet tooth is important. Thus, higher res-
olution can be obtained by simply stretching the geometry
of the ratchet, and resolutions below 1 nm would be within
reach.

The fast sorting of the particles, achieved in 5-10 s, is
promoted by the small footprint of the device. Therefore,
rocking Brownian motors combine high-resolution sepa-
ration with low applied voltages, high speed, and small
device footprints, rendering them ideal for future lab-on-
chip applications.
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