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Acceleration of absolute negative mobility

Recently, the counter intuitive migration phenomenon of absolute negative mobil-
ity (ANM) has been demonstrated to occur for colloidal particles in a suitably arran-
ged post array within a microfluidic device [1]. This effect is based on the interplay
of Brownian motion, nonlinear dynamics induced through microstructuring, and
nonequilibrium driving, and results in a particle movement opposite to an applied
static force. Simultaneously, the migration of a different particle species along the
direction of the static force is possible [19], thus providing a new tool for particle
sorting in microfluidic device format. The so far demonstrated maximum velocities
for micrometer-sized spheres are slow, i.e., in the order of 10 nm per second. Here,
we investigate numerically, how maximum ANM velocities can be significantly acce-
lerated by a careful adjustment of the post size and shape. Based on this numerical
analysis, a post design is developed and tested in a microfluidic device made of
PDMS. The experiment reveals an order of magnitude increase in velocity.
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1 Introduction

Channelling and exploiting the unavoidable thermal
fluctuations for separation purposes have inspired
researchers to study and develop new migration mecha-
nisms, often combined with an application to bioanalyti-
cally motivated separation problems. Such novel con-
cepts utilize, e.g., ratchet or steric effects in structured
micro- and nanofluidic devices, commonly referred to as
lab-on-a-chip systems. Ratchet effects have been proven
to generate directed transport of particles [2-6] and bio-
molecules such as DNA [7] and phospholipids [8]. On this
basis, an efficient separation method has been developed
in a microfluidic device, in which long DNA molecules
are separated by continuously streaming through an
asymmetric obstacle array [9, 10]. Furthermore, entropic
effects have been used to separate long DNA molecules
[11], and recently protein separation in similarly
designed nanofluidic devices has been reported [12].

A different migration phenomenon, termed absolute
negative mobility (ANM), has been observed recently
with colloidal particles in a structured microfluidic
device [1]. ANM is the motion of objects opposed to a
static force and is based on exploiting the interplay of
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Brownian motion (thermal noise), nonlinear dynamics,
and conditions far from thermal equilibrium. All these
three ingredients are indispensable for the occurrence of
ANM [13, 14]. The applicability of this migration phe-
nomenon for separation purposes has been demon-
strated by Regtmeier et al. [19] by simultaneously steering
two differently sized but like charged particle species
into opposite directions.

To understand this migration phenomenon in more
detail, the concept of ANM for colloidal particles in a
microfluidic device [1, 19] is briefly reviewed here: a lin-
ear microfluidic channel has a central area composed of
a microstructured post array (see Fig. 1) and two reser-
voirs at its ends. They are used for supplying buffer and
beads and provide the electrical contact via immersed
electrodes. The necessary conditions, far from thermal
equilibrium, are generated by applying an unbiased
square wave voltage of amplitude U, and period 27 to the
channel, in which noninteracting charged beads (colloi-
dal particles) are randomly distributed after hydrody-
namic injection. The beads respond to the square-wave
driving voltage with a periodic back and forth motion in
x-direction. By convention, a positive voltage induces a
force on the particle along the positive x-direction, and
vice versa for negative voltages. The microstructure, neces-
sary for the nonlinear dynamics, is designed such that
posts alternately generate small and large gaps in x- and
y-direction (see Fig. 1). The small gaps act as geometric
traps, as the constriction is smaller than the diameter of
the beads.
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Figure 1. A schematic drawing of a part of the microstruc-
ture: The dashed lines indicate the boundaries of the basin
of attraction, which a bead has to leave by diffusion in order
to avoid a trap. The width of the basin is given by the dis-
tance s. In the slow direction (Usx.— U, < 0), the bead has
more time to diffuse during the migration and thus has a
higher probability of avoiding a trap. In the fast direction
(Use + U > 0) the migration time is shorter, i. e., the particle
remains with a high probability within the basin of attraction
and cannot avoid a trap.

Due to the symmetry of the microstructure and the
driving signal, no average particle velocity can be
observed. However, when an additional static voltage Uqc
is applied, the migration behavior changes (to be spe-
cific, we assume 0 < Uy < Up): Let's consider a particle that
starts from a trap, when the driving voltage switches to
- Uy, such that the total voltage results in Us.— U, < 0. Dur-
ing its migration in the negative x-direction the particle
has, after passing the large gap midway, a certain proba-
bility to cross the boundary of the basin of attraction of
the trap ahead (Fig. 1; dashed lines) by diffusion in lateral
y-direction [15]. To avoid a trap, the distance covered by
diffusion must be larger than 1/2 s. During the subse-
quent halfperiod of duration 7, where Uy + Uy > 0, the
total voltage and hence the forces are larger in modulus
and of opposite sign. Accordingly, the migration time
from one row of posts to the next is shorter and the diffu-
sive dispersion narrower. Likewise, the probability of
avoiding a trap is smaller and so is the average traveling
distance in the positive x-direction. The overall result is a
net motion in the negative x-direction, i.e., opposite to
the positive static DC voltage Ug,.

The so far observed maximum ANM velocities were typ-
ically in the range of 10-20 nm/s [1, 19]. The reason of
this slow average migration can be found in a small diffu-
sive dispersion leading to very small probabilities of
avoiding a trap. Therefore, the first obvious way to accel-
erate ANM is to use smaller objects. However, this would
be associated with an adaptation of the driving param-
eters and the size of the microstructure. This approach is
not the focus of the present work, but is discussed in
some detail in Section 4. The second alternative is to
decrease the lateral size of the attraction basin of the
traps (denoted by s in Fig. 1) by an optimization of the
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geometry. Thus, the objective of the present paper is to
demonstrate an acceleration of ANM for micrometer-
sized colloidal particles in solution by changing the size
and shape of the posts. With numerical simulations,
different alternatives are tested and an optimized geome-
try is finally set up and used to experimentally demon-
strate an acceleration of ANM by approximately one
order of magnitude.

2 Materials and methods

2.1 Chemicals and reagents

Disodium hydrogenphosphate dihydrate was obtained
from Fluka (Germany). Tween-20 was purchased from
Sigma (Germany). The triblock copolymer Pluronic F-108
was a generous gift from BASF (Germany). For all solu-
tions, deionized water from a Milli-Q biocel (Millipore,
USA) was used. PDMS (Sylgard 184) was obtained from
Spoerle Electronic (Germany), glass microscope slides
from Menzel (Germany).

2.2 PDMS devices

A soft lithography process is used to build the microflui-
dic device: first, a master wafer with the inverted relief of
the microstructure was fabricated via spincoating a pho-
toresist (SU-8) onto a Si-wafer, UV-exposing through a
chromium mask, and development in a developer bath
[16]. For UV-exposure, a home-built lithography contact
unit was used to ensure a close contact of the mask and
the photoresist. Second, the polymer Sylgard 184 was
mixed with its curing agent in a 10:1 ratio and poured
over the master wafer. After curing for 4 h at 85°C, the
crosslinked polymer was peeled off the wafer and the res-
ervoir holes were punched. Before assembly, the micro-
structured PDMS slab and a PDMS-coated glass slide were
oxidized in a home-built oxygen plasma chamber for
30 s. The microfluidic channels were coated with the tri-
block copolymer F-108 (500 uM in 100 mM phosphate
buffer, pH = 8.3) for 18 h, significantly reducing adsorp-
tion of colloidal particles [17]. Shortly before the meas-
urements, the coating solution was replaced by a phos-
phate solution (100 mM, pH 8.3 and 200 uM Tween-20).

2.3 Microparticles

Carboxyl modified polystyrene particles (CML micro-
beads) of 2.9 um diameter were purchased from Interfa-
cial Dynamics Corporation (USA). They were character-
ized regarding the electrokinetic mobility and the diffu-
sion coefficient by video microscopy and subsequent par-
ticle tracking. The mobility was obtained as 0.2 pm?/Vs
with a deviation of 50% from chip-to-chip, probably
because of the different surface properties generating
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the different EOF velocities. The diffusion coefficient was
determined as (0.82 +0.07) 10~ m?[s.

2.4 Detection

Particle movement was recorded on an inverted micro-
scope (Axiovert200, Zeiss, Germany) equipped with
bright field and fluorescence detection as well as with an
automized x/y-stage (995008, Ludl Electronic Products,
USA) using a x20 objective (LD Achro Plan 20 x|
0.40 korr, Zeiss, Germany) and a sensitive CCD-camera
(Sensicam, LaVision, Germany). The velocity of the colloi-
dal particles was analyzed by particle image velocimetry
(PIV) using Image] freeware and Plugin MTrack2 (Nico
Stuurman, University of California, San Francisco).

2.5 Chip operations

Initial filling of the microchannel was performed by
capillary action and application of vacuum to a reservoir.
Before the measurement, a PMMA block with reservoir
holes and integrated Pt electrodes was pressed onto the
PDMS chip and adhered, thus increasing the reservoir
size and holding the electrodes in defined places. The
square wave voltage with amplitude U, and a static offset
U4 was applied using two power supplies from FUG
(Model MCN 14-2000 and MCN 140-1250, Germany) and a
relay circuit. Instrumental control and data acquisition
were performed via software programmed in LabView
(National Instruments, USA).

2.6 Simulation

The electric potential within the structured microchan-
nel was calculated by solving the Laplace equation with
mixed boundary conditions. The posts are considered as
perfect insulators, whereas the buffer is a perfect conduc-
tor, i.e., the electric field lines cannot enter the posts (von
Neumann boundary conditions). From the calculated
potential, the electric field was derived. By this proce-
dure, the force field can be calculated up to an unknown
gauge factor. Based on this field, the motion of a bead in
the x-y plane of the microstructure was modeled by 2-D
stochastic overdamped dynamics of a point-like particle
with the posts being represented as hard-wall obstacles
(taking into account the finite radius of the particles).
The motion in the zdirection (channel height) was not
simulated, since it decouples in good approximation
from the 2-D motion in the x-y plane. The unknown
gauge factor was determined by reproducing the meas-
ured mobility of the particles in the simulation [1, 19]. In
this way, the combined effect of the electrophoretic and
electroosmotic mobility contributions was captured
quantitatively in the simulations [1, 19]. Similarly, the
experimentally determined diffusion coefficient was
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used to quantify the diffusion of the stochastic Langevin
dynamics.

3 Results and discussion

Recently, we could experimentally provide the first
proof-of-principle of ANM with colloidal particles in solu-
tion [1] as well as the possibility to fractionize particles
by ANM [19]. The latter is based on the fact that, by a suit-
able choice of the driving parameters, differently sized
but like charged particles can be steered simultaneously
into opposite directions. However, the maximum veloc-
ities of ANM were in the range of 20 nm/s.

We recapitulated the main principles of ANM in Sec-
tion 1 and identified the avoidance of particle traps by
diffusion as the basic mechanism for the ANM behavior
and also the limiting factor causing the small ANM veloc-
ities. Therefore, we will focus below on the processes
which lead to a more efficient trap avoidance.

The probability of avoiding a trap is determined by the
width of the basin of attraction [15] and the time a bead
can diffuse in lateral direction during its motion from
one row of posts to the next (see Fig. 1). Given fixed driv-
ing parameters this probability can be enhanced by, first,
a reduction of the diffusion distance necessary to leave
the basin of attraction and, second, by guaranteeing that
once a bead escapes from the attraction basin, the proba-
bility of diffusing back is small.

The first point can be achieved by decreasing the width
of the posts in y-direction. A closer analysis shows, how-
ever, that size reduction is limited: if the posts become
too small, pathways along the electric field lines arise
that lead to deterministic meandering through the post
array, completely destroying the basic ANM mechanism.
A similar effect was found in a ratchet array by Huang et
al. [18] and identified to be responsible for the prevention
of ratcheting of small molecules.

The second point is based on the observation that most
of the particles diffusively leave the attraction basin of
the trap only shortly before they hit one of the posts adja-
cent to the gap (i.e., close to the points where the dashed
lines in Fig. 1 end at the posts). Therefore, if in this region
the motion toward the large gap is favored by suitably
shaping the posts, a diffusion back into the basin is
unlikely, and ANM can be enhanced.

With respect to these considerations, we propose two
concepts for the acceleration of ANM: the first consists in
reducing the post width, the second in changing the post
shape. Table 1 summarizes the dimensions of the origi-
nal design (design-1) used in [1] and the newly developed
post designs (design-2 to -4). Design-2 consists of square
posts, whose width is reduced to 66% of that of the origi-
nal design (design-1) with a post width of 6.1 um. The
square posts thus have a width of 4 um, representing the
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Table 1. Dimensions of the post designs used in simulations (sim) and experiments (exp), see also Figs. 1 and 2

Layout Design-1 (rectangles) Design-2 (squares) Design-3 (rhomb-like) Design-4 (rhomb-like)
(sim and exp) (sim) (sim) (sim and exp)

Periodicity (L) 25.6 um 26 pm 27 pm 27.0 pm

Post size (b x a) 6.1 x 3.1 pm? 4 x 4 pm? 6 X 6 pm? 4.9 x 3.8 pm?

Small gap (c) 1.7 pm 1pum 1pum 2.2 pm

Large gap (d) 3.1 pm 4 pm 3 pm 5.3 um

Attraction basin (s) 7.3 pm 4 pm 5 um 5.1 um

Posts in all experimental designs were 9 um high.

smallest width achievable with the lithography methods
used here. Design-3 displays rhomb-like shaped posts.
The width of these posts (6 um) is comparable to the
width of design-1 (6.1 um). Design-4 corresponds to the
experimentally realized post shape combining both con-
cepts (see Table 1 for dimensions).

3.1 Simulation

In these new designs-2 and -3, we performed simulations
with 1.9 um beads, whose mobility and diffusion have
been characterized by Regtmeier et al. [19], to check if the
expected acceleration of ANM can be observed and to
compare the velocities with the previously obtained data
from design-1. The results of the simulations together
with the previously presented experimental data [1] in
design-1 are shown in Fig. 2. Both new geometries de-
monstrate an increase in velocity (Figs. 2b and c) of more
than one order of magnitude compared with design-1
(Fig. 2a). For the square posts (design-2), this is attributed
to the reduced dimensions of the basin of attraction
which results in a shorter diffusion distance for the par-
ticles. Indeed, for the width of the basin of attraction s,
we find 4 um, whereas in the original design-1 s is 7.3 pm
(compare Figs. 3a and b, and Table 1). On the other hand,
the same enhancement occurs in design-3, where only
the shape of the posts was changed retaining the post
width. As can be seen from Fig. 3c, the rhomb-like post
structure with sharp apexes in design-3 results in
s=>5um, which is ~32% smaller than in design-1. This
means, that not only the post width and the resulting
ratio of trap-to-gap width determine the distance s but
also the shape of the posts. Despite the different values of
s for design-2 and -3, the same enhancement of the ANM
velocity is observed. This is attributed to a lower probabil-
ity of back-diffusion of beads having left the basin of
attraction, due to the sharpened apex of the post.

3.2 Experimental acceleration of ANM

Having gained such insight, we experimentally realized
an ANM device (design-4) which incorporates both con-
cepts of increasing the velocity as outlined above (see
Table 1 for dimensions). The posts have a rhomb-like

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

shape with truncated apexes and a final width of 75%
compared with design-1. Due to the limitations of the
lithography process, the trap width resulted in 2.2 um,
which was slightly larger than expected. The experi-
ments were thus carried out with 2.9 um beads. Figure 4a
shows the ANM response of about 160 driving periods for
each data point. All determined velocities up to Us =
+60 V demonstrate ANM, i.e., a migration opposite to the
static force. The experimental error bars are due to the
limited number of beads and observation time. Also
shown in Fig. 4a is the simulation curve, for which the
actual dimensions of the experimental posts are approxi-
mated by the shape as shown in Fig. 3d. The agreement of
experiment and simulation is very good as in our pre-
vious studies [1, 19]. The comparison of design-1 with
design-4 results in an increase in the maximum velocity
by a factor of 7. This is remarkable because the diffusion
of the 2.9 pm beads is lower by 37% compared with the
beads of 1.9 um used in the measurements of design-1 [1].
It is interesting to note that s in design-3 and -4 results in
a similar value (5 and 5.1 pum respectively), although the
post width is reduced in design-4. This demonstrates that
the width of the basin of attraction also depends on the
ratio of the trap-to-gap width.

3.3 Adjustability of migration direction

Aiming at a separation utilizing ANM, the main prerequi-
site is the availability of two opposite migration direc-
tions for different bead species under identical driving
conditions. Demonstrating the latter, the separation
experiment was performed previously [19], where also
the main mechanism responsible for the opposite migra-
tion directions of differently sized but alike charged
beads was discussed. Here, we focus on the issue of
whether transport in the normal direction (i.e., along the
dc-bias) is possible with the same bead size and whether
it is also accelerated in the new design-4. This was experi-
mentally validated (see Fig. 5) with a velocity enhance-
ment by one order of magnitude compared with the
velocities obtained by Regtmeier et al. [19].

Migration in the normal direction (i.e., in the direction
of the applied force) occurs when the traveled distance,

WWW.jss-journal.com
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during the slow phase, is smaller than the trap-to-trap
distance 2L (see Fig. 1), as the decision of trap avoiding is
made only close to the posts forming the trap. Thus, the
particle cannot proceed far enough during the half
period 7 for avoiding the trap ahead. On the other hand,
due to the fact that the bead diffuses during the back and
forth motion, it can avoid the trap it started from. There-
fore, both directions of migration are possible, depend-
ing on the particle properties and driving parameters,
and both are enhanced by the optimization of the posts.
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Figure 2. (a) The results (symbols with error bars: experi-
ment; solid line: simulation) of the original proof of concept of
ANM are shown, with the original microstructure as an inset
(design-1) (U =30V, 27 =50s). (b) Simulation of the new
design-2 with squared posts (U, =120 V, 27 = 32 s). (c) Sim-
ulation of the new design-3 with rhomb-like shaped posts
(Upb=90V, 2t =20s). In (b) and (c), an increase in velocity
by one order of magnitude is observed compared with (a) for
beads of similar size. For quantitative specifications of the
different post designs see Table 1.

4 Concluding remarks

The transport velocities which can be reached for ANM of
colloidal particles in a microfluidic device are limited by
the diffusion of the particles. With our present study, we
demonstrated theoretically and experimentally that the
maximum ANM velocities can be enhanced as compared
to previous ANM studies [1, 19] by approximately one
order of magnitude by optimizing the size and the shape
of the posts in the microstructure. This acceleration was
achieved despite the fact that larger beads with a lower
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Figure 3. Schematic drawings of geometric traps of design-1, -2, -3, and -4 representing 16 by 16 um?. The arrows indicate the
strength and direction of the electric field. The dashed lines are the boundaries of the deterministic attraction basin of the small
gaps. The width of the basin of attraction can be controlled by the post width, post shape, and the ratio of the widths of the small

and large gaps.

diffusion coefficient had to be employed experimentally
compared with the beads in ref. [1, 19].

By changing the driving parameters Upand 7, it is possi-
ble to easily adjust the direction of migration. We dem-
onstrated that also the migration in the normal direc-
tion (i.e., along the dc-bias) is accelerated by the same
optimizations of the post size and shape that were used
for enhancing ANM. With these properties, future sep-
aration or fractionation by ANM should demonstrate
enhanced transport in opposite directions, thus using
both directions of this pulsed field technique advanta-
geously.

Finally, we briefly address the issue of how the ANM
velocity scales with the particle size and driving param-
eters. As already mentioned in Section 1, a decrease in
particle size increases the diffusivity and thus enhances
the ANM effect. However, this requires a concomitant

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

down-scaling of the post array dimensions, such that the
gaps keep their trapping properties for the smaller par-
ticles. Moreover, the faster diffusion leads to a larger
probability of leaving the attraction basin of the trap
also in the fast direction (see Fig. 1), thus diminishing
ANM. Hence, the driving parameters have to be adapted
as well; in particular, a higher amplitude U, has to be
chosen. This higher amplitude allows using shorter driv-
ing periods, 27, leading again to enhanced ANM veloc-
ities because the frequency of heading toward a trap is
increased and thus the probability per time for avoiding
a trap. Note, however, that for the occurrence of ANM the
particle must be able to travel at least the distance
between two traps within the time 7 (see Fig. 1) [19] speci-
fying a lower limit for 7.

This discussion shows that the ANM effect depends on
all the details of the setup, and that there are no simple

WWW.jss-journal.com



J. Sep. Sci. 2007, 30, 1461—1467

Microfluidics

1467

g 8
(&) o)
0.12 . ) - )
L o o ° o
° o ° 1)
0.09 - i 9 4 -
L o ° ) °
o 5] ° o
0.06 (— 0 1 ° {
L o) (v} o o
0 (o)
0.03 —
) L i
E
E— O
= L i
-0.03 —
-0.06 —
-0.09 - —
012 | | L. L |
-60 -40 -20 20 40 60
U, [V]

Figure 4. Experimental ANM velocity (dots with error bars)
for different Uy in the newly designed post array (design-4)
(Uo=80V, 27 =60 s). The velocity is increased by about one
order of magnitude compared with Fig. 2a, although larger
beads (2.9 um compared with 1.9 um) had to be used. The
black line shows the results obtained from numerical simula-
tions. The fluctuations are due to the limited simulation time.
The inset shows an SEM image of the experimentally used
design-4 (see Table 1 for dimensions).

scaling laws for the ANM velocity (see also the theoretical
analysis in ref. [13-15]). On the other hand, this complex
interplay between the system properties is the basis for
its flexibility to switch the sign of the average migration
velocity by simple adaptation of the driving parameters
(cf. Figs. 4 and 5), and to guide different particle species
into opposite direction under identical driving condi-
tions [19].
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