Real-time impedance-activated dielectrophoretic actuation for
reconfigurable manipulation of single flowing particles
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This work presents an innovative all-electrical platform for selective single-particle manipulation. The platform combines

microfluidic impedance cytometry for label-free particle characterization and dielectrophoresis for contactless multi-way

particle separation. The microfluidic chip has a straightforward coplanar electrode layout and no particle pre-focusing

mechanism is required. An original online algorithm analyzes the impedance signals of each incoming particle and

regulates in real-time the dielectrophoretic voltages according to a desired control logic. As proof-of-concept, three

operation modes are demonstrated on a mixture of 8, 10, and 12 um diameter beads: (i) particle position swapping across

channel axis, irrespective of particle size, (ii) size-based particle separation, irrespective of particle position, and (iii) sorting

of a selected sequence of particles. As a perspective, the versatility of impedance cytometry and dielectrophoresis and the

possibility to configure alternative control logics hold promises for advanced particle and cell manipulation.

1 Introduction

Precise and selective manipulation of both synthetic and
biological particles has long been motivated by applications in
materials science, physics, and life sciences.! Examples include
particle complex mixtures, control of
microrobots, and creation of particle assemblies. A system for
particle  manipulation generally requires three main
components: (i) a sensor, to characterize particle properties,
(ii) an actuator, to move selected particles at designated
places, and (iii) a control centre that instructs the actuator
based on the signals perceived from the sensor. Besides
features such as low-cost and ease of use, desirable system
features include label-free sensing and contactless actuation.
To build such a system, microfluidics coupled with active force
fields (e.g., optic, acoustic, or electric fields) offers powerful
thorough discussion of
microfluidic approaches for particle manipulation can be found

separation from

and diverse opportunities.2 A
e.g. in Refs.28

A common manipulation task is separation and sorting of
flowing particles. Most frequently this consists in a two-way
sorting task where target particles are deviated to a collection
outlet while non-target particles flow unperturbed towards
the waste outlet. Generally, particles are pre-focused before
reaching the sorting region. Ai’s group recently demonstrated
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a microfluidic system for acoustic single-cell sorting activated
by microfluidic impedance cytometry® (MIC) characterization.
They reported applications to sorting of live cells from a
mixture of fixed and live cells,10 viability enrichment of
cryopreserved and selectable encapsulated-cell
quantity in droplets1213,

Dielectrophoretic separation and sorting has also been widely
used#17. While dielectrophoresis (DEP) is generally used for
bulk sorting of particle/cell populations,'8-22 a few DEP-based
system with single-particle resolution have been reported. de
Wagenaar et al.23 reported a system for two-way sorting,
based on MIC characterization and DEP actuation, and
demonstrated online separation of beads from sperm cells.
Thomas et al.2* combined fluorescence imaging and DEP
actuation. A nice feature of that approach is the introduction
of “dielectrophoretic virtual channel”: by switching the polarity
of the electrodes, the virtual channel can be dynamically
reconfigured to direct particles along a different path. The
concept of reconfigurable microfluidics is indeed an intriguing

cells,11

and promising direction.?>

Compared to other sorting approaches, DEP offers the
possibility for precise control of particle trajectory?627 thus
enabling multi-way sorting. Lipp et al. recently exploited this
feature to implement the controlled contact between single
micro-sized objects?® and the formation of aggregates of
controlled size and composition?®. However, a present
limitation of those systems2829 is the lack of full automation.

For the final published version: https://doi.org/10.1039/D4LC00622D
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Fig. 1 (a) Schematic representation of the working principle of the system. Individual

flowing particles are characterized via MIC sensing (green box). The measured differential

current (I, — I) is processed in real time to regulate the voltages V; and V, of the DEP actuation region (red box). (b) Particle position swapping. (c) Size-based particle separation.
(d) Photograph of the microfluidic chip. (e) Microscopy image of the MIC sensing zone. (f) Overall system electrical connections (RT, real-time, TA, transimpedance amplifier).

This work presents an innovative all-electrical microfluidic
platform for automatic, precise, and selective manipulation of
individual flowing particles. As detailed in Section 2, the
system leverages MIC-sensing for label-free particle
characterization and DEP-actuation for contactless particle
trajectory control. As presented in Section 3, an original real-
time processing and control algorithm is developed, to
regulate the DEP-actuation based on MIC-sensing. In Section 4,
three control logics are programmed, thus enabling different
separation tasks. Specifically, we demonstrate experimentally
particle position swapping, size-based particle separation, and
sorting of a selected particle sequence, on particles of 8 to 12
um diameter, without requiring any particle pre-focusing
stage. This versatile and reconfigurable platform is therefore a
promising tool for advanced separation and sorting
applications.

2 Device working principle

The working principle of the proposed system is illustrated in
Fig. 1. The microfluidic chip is composed of two subsequent
regions: a sensing region based on MIC (Microfluidic
Impedance Cytometry) and an actuation region based on DEP.
The overall layout is straightforward and consists of a main
channel with rectangular cross section and ten pairs of dead-
end lateral chambers, which house coplanar electrodes on
their floor (Fig.1(a)). The MIC-based sensing region spans two
electrode pairs (i.e., 2" and 3™ from the left), while six
electrode pairs (from 5t to 10th) are used for DEP-based
manipulation. The electrode pair between the MIC region and
the DEP region (i.e., the 4th one) is grounded, to mitigate
possible cross-talks between sensing and actuation signals. The
first electrode pair is grounded too, to ensure symmetric
conditions around the MIC region.
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The layout and the wiring scheme of the MIC region3° allow to
obtain electrical signals that provide: (i) an electrical estimate
of particle lateral position (i.e., along the x-axis in Fig.1(a)),3132
and (ii) an accurate characterization of particle properties (i.e.,
size).33 Briefly, an AC voltage (Vyc) is applied to diagonally
opposite electrodes and the differential current (I, —I;) from
the remaining electrodes is acquired (Fig.1(a), green box).
Upon the passage of a flowing particle, the measured current
exhibits an asymmetric bipolar Gaussian shape, characterized
by positive and negative pulses with generally different peak
amplitudes (a; and a;). As detailed in Refs.3931, the relative
difference of peak amplitudes

a; —aq

A= @2

correlates with particle lateral position. The larger A the larger

€y

particle’s lateral off-centring, and the sign of A depends on the
off-centring side with respect to the main channel axis (i.e.,
positive/negative x-coordinate). Besides providing information
on particle trajectory, the metric A enables an accurate
electrical estimate of particle size, despite the position-

induced blurring associated to field non-uniformity.33

Specifically, denoting by a the mean peak amplitude

a=(a;+a)/2 )

an accurate estimate of particle diameter is given by:

D = D 3
O = b - o7 )

where

D = Gla|'/? 4)

is the raw estimate of particle diameter and G, b, and c are
calibration coefficients (see also Section 4.3).
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The wiring scheme of the DEP region was introduced in
Refs.3435 to achieve controlled lateral deviation of particles in
liquid flows. Voltages V; and V, are applied to the electrodes
on opposite sides of the channel, with 1 phase-shift among
even and odd pairs (Fig. 1(a), red box). The resulting electric
field is such that particles experiencing negative DEP (nDEP)
are displaced toward an equilibrium position. By adjusting the
ratio of the applied voltages V; and V, the equilibrium position
can be swept across the channel width (i.e., the x-axis).
Specifically, for V; > V, the equilibrium position is in the
bottom half of the channel (x <0), for V, > V; the
equilibrium position is in the top half of the channel (x > 0),
while equal voltages induce particle focusing along the channel
axis (see also Section 4.1).

To achieve selective particle manipulation, the differential
signal acquired from the MIC region is processed in real time
to extract the properties (e.g., lateral position, size) of the
incoming particle and to set the DEP voltages accordingly (see
also Section 3.4). Several control logics can be implemented. In
this work, we present three proof-of-concept actuation
modes: particle position swapping, size-based particle
separation, and sorting of a selected particle sequence.

In particle position swapping (Fig. 1(b)), the width of the
channel is conceptually divided into two tracks (T; and T;) and
each flowing particle is moved to the opposite track with
respect to its entrance one. In other words, particles passing
through the MIC sensing region along the top track T; are
displaced to the bottom track T, and vice versa. This is done
irrespectively of particle size.

In size-based particle separation (Fig. 1(c)), the exit region of
the main channel is conceptually divided into tracks and
particles are displaced to a specific track depending on their
size. Specifically, here we consider three particle sizes and
corresponding tracks: small-size particles are moved to the
central track (T2), medium-size particles are moved to the top
track (T1), and large-size particles are moved to the bottom
track (T3). This is done irrespective of particle entrance
position.

Finally, in the sorting of a selected particle sequence, desired
particles are moved to a target track (T:) whereas out-of-
sequence particles are moved to a waste track (T;) (see also
Fig. 6 of Section 4.4).

3 Materials and Methods
3.1 Microfluidic impedance chip

The microfluidic impedance chip consists of a PDMS block,
housing the microchannel, bonded to a glass slide with
patterned gold electrodes (Fig. 1(d) and (e)). The chip was
fabricated following standard processes described in previous
works31:36,  To mitigate possible electrode corrosion
mechanisms associated to the applied DEP voltages, the

This journal is © The Royal Society of Chemistry 20xx

electrodes were passivated with a layer of SiO; (~40 nm). Chip
dimensions are as follows: the main channel is 50 um wide and
21.5 pm high; the ten lateral channels are 30 um wide with a
60 um pitch; the electrodes in the lateral channels are
recessed by 15 um with respect to the main channel. Prior to
impedance data collection, the microfluidic chip was flushed
with a 1% BSA (bovine serum albumin) solution in PBS to
prevent particle adhesion to the PDMS walls.

3.2 Sample preparation

Polystyrene beads (Supelco) of 8, 10, or 12 um diameter were
suspended at a concentration of 10® beads per mL in 1X PBS
buffer augmented with 13% sucrose. The addition of sucrose
brings the buffer density close to that of the beads (1.05
g/mL), thus mitigating particle sedimentation. Moreover, it
reduces buffer conductivity to 0.9 S/m, which turned out to be
suitable for both MIC sensing and nDEP actuation. A mixed
sample containing the three bead populations in equal
proportion was prepared and used in the experimental tests.
The sample was loaded into a syringe pump (Elite 11, Harvard
Apparatus, with 250 pL syringe) and pumped into the
microfluidic chip at 100 nL/min.

3.3 MIC signal acquisition and generation of DEP voltages

Figure 1(f) shows an overview of the system connections. The
AC voltage V¢ (6 V at 3 MHz) is generated by an impedance
spectroscope (HF2IS with RT-option, Zurich Instruments). The
measured currents I; and I, are conditioned by a
transimpedance amplifier (HF2TA, Zurich Instruments, 10 kQ
gain) and the differential current (I, —I;) is demodulated by
the spectroscope (1.8 kHz sampling rate, 100 Hz bandwidth).
The demodulated signal is processed in real-time with a
custom  C-script running on the embedded RISC
microprocessor (cf. Section 3.4). According to the properties of
the incoming particle and the desired actuation mode, DC
signals are generated at the auxiliary outputs of the HF2IS
spectroscope (V{S, —VI5, VIS, —VJ5), in the range 0-7 V. By
using a custom-made signal multiplier, the latter signals are
multiplied by a sinusoidal waveform V5S¢ (1.5 V amplitude, 400
kHz frequency) generated by a signal generator (KeySight
335008B), thus obtaining the DEP voltages V; and V, and their
phase-shifted versions —V; and —V,.

For offline validation purposes, the demodulated signal is
recorded by the HF2IS during the acquisitions as well as the DC
signal V.

3.4 Real-time signal processing and control

The original real-time signal processing and control algorithm,
written in C language, is based on a finite-state machine. The
initial state is “So: Wait for new event”. The other states are
“S;: Find peaks” and “S,: Refractory”.

J. Name., 2013, 00, 1-3 | 3
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Fig. 2 (a) Exemplary portion of the raw signal (sy) recorded from the MIC sensing zone upon the passage of a particle (i.e., real part of the demodulated differential signal at 3

MHz). The event signal exhibits an asymmetric bipolar shape. (b) Intermediate outcomes of the real-time signal processing algorithm, namely, the high pass filtered signal (sz) and
the derived signal (sgp) that is used for event detection. The event detection threshold (Tgp) and the corresponding state are also shown.

The main loop of the algorithm is run at the sampling
frequency of 1.8 kHz. At each iteration, a new signal sample is
acquired from the demodulator (raw signal sg, Fig. 2(a)). Its
moving average is updated and subtracted from sg, thus
removing the baseline and obtaining the high-pass filtered
signal sp (Fig. 2(b), yellow line). The moving average of the
absolute value of s is then updated, yielding the processed
signal sgp which is suitable for event detection (Fig. 2(b), red
line). In fact, a particle passing through the measuring zone,
reflected by the bipolar shape in the raw signal sg, produces a
single pulse in the signal sgp.

As the magnitude of sgp becomes larger than a threshold Tgp,
the state (Fig. 2(b), green line) changes from “Sg: Wait for new
event” to “S;: Find peaks”. In the latter state, the signal peak
amplitudes a,, a, are computed. Then, as the magnitude of
Sgp returns below the threshold Tgp, the state changes to “Sa:
Refractory”. In this state, any incoming event is neglected to
avoid interference from particles coming in immediately
afterwards. Finally, after a fixed period, the state returns to
“So: Wait for new event”.

The signal sgp used for triggering state transitions is slightly
delayed with respect to the signal sg (cf. Fig 2(b)), due to the
moving average operation. Although the peak detection task is
performed on sp during state “S1: Find peaks”, a correct peak
detection is accomplished because the latest samples of sy are
stored.

At the transition from state “S;: Find peaks” to state “S;:
Refractory”, the peak amplitudes a;, a, are available and are
used to compute the electrical metric A (eq. (1)), which
encodes particle lateral position, and the corrected electrical
diameter D-corr (eq. (3)). The DC voltages at the auxiliary
outputs of the impedance spectroscope (V{5, —VJS, V§S, —VI5)
are therefore updated at the S;-to-S; transition based on the
desired operation mode (cf. Sections 4.2, 4.3 and 4.4).

3.5 Matlab replica of the real-time algorithm

Besides the C-version of the signal processing and control
algorithm, running on the RISC microprocessor of the HF2IS, a
Matlab replica of the algorithm was implemented to run
offline for validation and calibration purposes (cf. Section 4.3).

4| J. Name., 2012, 00, 1-3

The Matlab algorithm loads the recorded demodulated signal
and allows to recreate all the intermediate signal processing
variables and the resulting DC voltages. The replicated voltage
V1’5 is identical to the recorded one, thus confirming that the
Matlab algorithm is an accurate replica of the C algorithm.
Moreover, assuming as gold standard for the event-detection
the results of a traditional correlation-based algorithm37?, the
finite-state machine algorithm achieved a sensitivity of 95%
and a positive predictive value of 98%.

3.6 Image data acquisition and processing

Simultaneously to impedance measurements, the sample flow
through the sensing region was imaged with a high-speed
camera (Photron, Mini UX100)38. The frame rate was set to 50
fps, with shutter time 20 ms. A hardware link allowed
synchronization of impedance data and video recordings. A
custom Matlab script was used to implement particle tracking
across the image frames. It is emphasized that the camera is
only used to record the process for validation purpose, but it is
not involved in the control.

3.7 Finite element model

A 3D finite element model of the device was implemented, to
simulate the distribution of the electric potential within the
microchannel and derived quantities (namely, the DEP force).
Details of model equations can be found in previous literature
(e.g., Ref.3%). The parameter values used in the numerical
simulations are as follows: medium conductivity 0.9 S/m,
medium relative permittivity 80, bead conductivity 6.7 X 104
S/m, bead relative permittivity 2.5, bead diameter 10 um,
electrode double layer capacitance 14.4 X 102 F/m?2, DEP
voltage frequency 400 kHz. The resulting value of the Clausius-
Mossotti factor is about -0.5 (see also Section 4.1 and Fig. S1 of
the Supplementary Material).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Finite element simulation results for three different values of the DEP voltages: (V,V,) = (1.5,10.5) Vv, (V;,V,) = (7.5,7.5) V, and (V;,V,) = (10.5,1.5) V. (a) Distribution
of the x-component of the DEP force (Fpgpx) at channel mid height, (b) Average value of Fpgp . along channel length (i.e., along the z-coordinate), as a function of the position
along channel width (i.e., x-coordinate). The equilibrium position (i.e., x-coordinate at null force) is highlighted with a cross.

4 Results
4.1 Finite element computation of the DEP force

The (time-averaged) dielectrophoretic force acting on a
polarizable particle in a nonhomogeneous electric field is given
by:40

Fpgp = 2113 gnRe[K ()] V| Epmg|?

where E,,,s is the root-mean-square electric field, r is the
particle radius, w is the angular field frequency, &, is the
relative permittivity of the medium, and Re[K (w)] indicates
the real part of the Clausius-Mossotti factor K(w). The latter is
given by:

K(w) = 2 —5m

&+ 2e,

where ¢, and g7, are the complex permittivities of the particle
and the medium, respectively.

Three different actuation voltage pairs (at 400 kHz) were
considered in simulation: (i) (V,V,) = (1.5,10.5) V, (ii)
V1, V,) = (7.5,7.5) V, and (iii) (V4,V,) = (10.5,1.5) V. Fig. 3(a)
shows the distribution over the channel middle height of the
x-component of the DEP force, Fpgp x, and Fig. 3(b) shows its
average along z. As expected, particles undergoing nDEP will
be accordingly moved towards the top (positive x), the center
(x =0), and the bottom (negative x) for DEP voltages
(1.5,10.5) V, (7.5,7.5) V, and (10.5,1.5) V, respectively.

4.2 Operation mode 1: particle position swapping

The system functionality was first tested by running the
particle position swapping experiment (Fig. 1(b)). This
experiment requires real-time estimation of particle x-
coordinate before the DEP actuation region. Such x-coordinate
is encoded by the relative difference of the pulse amplitudes

This journal is © The Royal Society of Chemistry 20xx

of the MIC signal, i.e. by the electrical metric A (eq. (1)). This
was verified by comparison with image processing results.
Specifically, Fig. 4(a) reports the scatter plot of the pre-DEP
optical x-coordinate of particle centre against A. The former
was obtained via particle tracking, while the latter was
reconstructed with the Matlab replica of the online signal
processing algorithm. As expected, a linear relationship
between them prevails, which confirms that A can be used as
an estimate of particle position. In particular, particles with
negative A are traveling along the bottom track T, (negative x-
coordinate), whereas particles with positive A are traveling
along the top track T; (positive x-coordinate).

To achieve particle position swapping, the following control
logic is therefore implemented: if A is negative (track T,), the
DC voltages (V{5,V}5) are set to (1,7) V, thus yielding DEP
voltages V; = V{SV5¢ = 1.5V and V, = VJSV5¢ = 10.5 V, and
hence pushing the particle towards the top half of the
microchannel (track T;). Vice versa, if A is positive, the DC
voltages are set to (7,1) V. This operation mode effectively
swaps particle tracks (Fig. 4(b)): after the DEP actuation region,
particles with negative A travel along the top track Ty (i.e., they
have a positive post-DEP x-coordinate), and vice versa. Three
examples of position swapping from track T; to track T, and
from track T, to track T; are shown in Fig. 4(c), one for each
particle size, by means of overlays of consecutive snapshots
(see also the corresponding video, Video S1). The probability
density function (pdf) of the pre-DEP and post-DEP x-
coordinate of particle centres are shown in Fig. 4(d) and (e),
respectively, where populations are labelled according to the
sigh of the electrical metric A. Position swapping was
successfully accomplished for 90% of particles, on a total of
400 particles (interfering particles*! were discarded from the
analysis).

J. Name., 2013, 00, 1-3 | 5
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4.3 Operation mode 2: size-based particle separation

To test the functionality of the system in an application-
relevant task we considered particle separation by size (Fig.
1(c)). The premise for size-based particle separation is an
accurate estimate of particle diameter. The latter is given by
the electrical diameter corrected for position blurring, D-corr
(eq. (3)). To obtain the relevant calibration coefficients (G, b,
and c¢) an experiment was run without DEP actuation. A higher
flow rate (5 pl/min) was used to quickly acquire many events
and the recorded MIC signals were processed with the Matlab
replica of the real time algorithm. Fig. 5(a) shows the pdf of
the raw electrical diameter D (eq. (4)) for about 1800 events.
As expected, positional dependence induces significant overlap
among the three bead populations (8 um, 10 um, and 12 um
diameter). On the other hand, the three populations are well
separated in the scatter plot of the amplitude relative
difference A against the electric diameter D (inset in Fig. 5(a)).
Calibration on the intermediate bead population yields the
following coefficient values: G = 9.5 um/pAY3, b = 0.36, and
¢ = 0.03. The pdf of the corrected electrical diameter D-corr
is shown in Fig. 5(b). After compensation for position blurring,
the three populations can be easily identified by gating on
D-corr with thresholds at 9 pum and 11 um.

The size-based-separation operation mode (Fig. 1(c))
implemented as follows: the particles are classified as small
(D-corr < 9 um), medium (9 pm < D-corr < 11 pum), or large

is

6 | J. Name., 2012, 00, 1-3

(D-corr 2 11 um), and the DC voltages at the auxiliary outputs
of the HF2IS are set to (5,5 V, (0,7) V, or (7,0) V,
respectively. Upon multiplication by V5S¢, they result in DEP
voltages (V4,V,) of (7.5,7.5) V, (0,10.5) V, and (10.5,0) V,
respectively. Accordingly, small particles are displaced towards
the central track (T2), medium particles are displaced towards
the top track (T1), and large particles are displaced toward the
bottom track (Ts).

Six examples are shown in Fig. 5(c), two for each particle size
(see also the corresponding video, Video S2). For each bead
type, a case where the particle is displaced and a case where
the particle enters the DEP region already on the destination
track are shown. The measured throughput was about 1.5
beads per second. The pdf of the x-coordinate of particle
centres before and after the DEP actuation region are shown
in Fig. 5(d) and (e), respectively, where populations are
labelled according to size. While particles enter the DEP
actuation region with random lateral position (pre-DEP x-
coordinate), after the DEP actuation region they are clearly
separated by size, with each population being focused on its
destination track. Defining the extent of the central track (T3)
as x € [—7,7] um, 98% of 126 large beads, 93% of 621
medium beads, and 100% of 301 small beads were successfully
displaced towards the correct destination track (i.e., 95%
overall success rate).

4.4 Operation mode 3: sorting of a selected sequence of particles

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 Size-based particle separation experiment. (a) Histogram of the electric diameter. In the inset, the scatter plot of the amplitude relative difference against the electric
diameter is shown, along with the calibration curve (fitting the intermediate bead population). (b) Histogram of the electric diameter after compensation for position blurring. (c)
Examples of particle separation by size. Overlays of consecutive image snapshots are shown. Two examples (moved to/kept on destination track) for each bead size are reported.
(d) and (e) Histograms of the particle x-coordinate before and after the DEP actuation region, labelled according to the corrected electrical diameter.

Finally, we tackled the task of sorting a selected sequence of
particles, which is applicable to the formation of aggregates of
controlled size and composition.2? As an example, we
processed a sample consisting of a mixture of 10 and 12 um
diameter beads, aiming at sorting the following target
sequence: one 12 um diameter bead followed by one 10 pm
diameter bead, periodically repeated.

The following control logic is accordingly implemented: if the
incoming particle is the desired one (i.e., D-corr < 11 um and
the system is waiting for a 10 um particle, or D-corr =2 11 um
and the system is waiting for a 12 um particle), the DEP
voltages (V;,V,) are set to (0,10.5) V, hence pushing the
particle towards the top half of the microchannel (track Tj,
target). If the incoming particle is out-of-sequence, the DEP
voltages (V;,V,) are set to (10.5,0) V, thus pushing the
particle towards the bottom half of the microchannel (track T,
waste).

In this experiment, the sample concentration was 2.5x10°
beads per mL and the measured throughput turned out to be

Q) 12pm

@ 1opm

Desired sequence: O @ O @
To target - T,

L
5

1001

50

Raw signal (nA)
o

100 + ste - T,

200 205 210
Time (s)

190 195

Fig. 6 Sorting of a selected particle sequence (i.e., 12 um - 10 um, periodic): exemplary
portion of the raw signal recorded from the MIC sensing zone, with indication of the

about 0.5 beads/s. An exemplary portion of the recorded MIC
signal is shown in Fig. 6. The incoming particle sequence is [12,
12, 12, 12, 10, 10, 10, 10, 12, 12, 10] um diameter. Therefore,
the first, fifth, nineth, and eleventh particles are moved to the
target track (T1), whereas the seven remaining ones are moved
to the waste track (T3). A video showing the sequence-sorting
process is included as Supplementary Material (Video S3). The
video was acquired at 50 fps and is reproduced at 5 fps to
better appreciate particle displacement (a few particle-empty
frames were removed to reduce the overall video duration).
Incoming particles, which arrive at arbitrary positions along
channel width, are recognized in real-time as 12 um or 10 um
diameter beads by the MIC-sensing system and the adaptive
DEP actuation system successfully sorts the desired particle
sequence.

This journal is © The Royal Society of Chemistry 20xx

particle-generated signals and the corresponding particle types (10 pm or 12 um
diameter). Desired (to target) and out-of-sequence (to waste) particles are also
highlighted.

It is noticed that arbitrary target particle sequences could be
considered, even based on properties other than size.
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5 Discussion

The proposed system combines MIC sensing and DEP actuation
to achieve reconfigurable single-particle manipulation. MIC-
sensing enables label-free characterization, while DEP-
actuation allows contactless manipulation, which reduces the
risks of contamination and of damaging fragile particles.*2 A
comparison with other platforms using MIC sensing and/or
DEP actuation is included in the Supplementary Material
(Table S1).

The system throughput is about 1 particle per second, which is
comparable to that of similar systems based on DEP
actuation?324, Here, the throughput limitation comes from the
time required by the DEP force to induce an effective particle
displacement, which poses limitation on the flow rate. To
allow higher throughput, higher DEP voltages can be
considered, but this may require tailored electrode passivation
strategies to avoid electrode degradation. Moreover, the
spatial extension of the actuation region limits the sample
concentration, because only one particle at a time can be
processed. As an improvement, the duration of the refractory
state (Sz) could be tuned according to particle velocity (which
is easily estimated from the signal peak-to-peak time30°).
Furthermore, an attractive possibility is the use of sequentially
addressable DEP electrodes.*?

To implement particle-position swapping, a sensing element
able to establish in real-time the track of each incoming
particle is needed. Hence, DEP actuation alone cannot
implement particle position swapping. On the other hand, the
use of DEP actuation alone for size-based separation of three
particle populations has been previously reported in the
literature (cf e.g. Refs?**4> and the references therein).
Typically, the DEP force is used to deviate the trajectory of pre-
focused particles, and the amount of deviation increases with
particle size. In contrast, our approach does not use particle
pre-focusing, which simplifies the system, and allows complete
flexibility in the choice of the designated trajectory. For
instance, we displaced small particles in the centre, medium
particles on top, and large particles on bottom (i.e., particle
position ordering need not follow particle size ordering).

To achieve size-based separation, the compensation procedure
implemented to remove position blurring was fundamental to
discriminate particles differing by 2 pm in their diameter (cf.
Fig. 5(a) and (b)). As demonstrated in our previous work,3% a 1
um size resolution is also possible with the present MIC
sensing system.

While MIC-sensing has been used here to characterize size and
lateral position of particles, the technique can give electrical
fingerprints that convey information on particle/cell
geometric, dielectric, and mechanical properties, too.° For
instance, by using tailored electrode layouts, MIC sensing can
discriminate particles by shape. A way to give shape-sensitivity
to our system would be to use a MIC-sensing zone based on
four coplanar electrodes arranged in a cross324647, This
modification would enable the implementation of a control
logic based on particle shape and therefore shape-based
particle separation.
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As recently shown by Lipp et al.282°, the present DEP deviation
system can be also used for cell manipulation. Moreover,
expanding the channel width after the DEP-actuation region
amplifies particle separation and five-way sorting (or possibly
more) can be achieved.

Both MIC sensing and DEP actuation have been demonstrated
for smaller particles, such as bacterial cells*84%. To work with
smaller particles, an optimization of our system/setup would
be needed, to keep a good signal-to-noise ratio of the
impedance signals and a sufficiently high DEP force.

The proposed platform uses negative DEP to displace particles
towards equilibrium positions. To allow efficient nDEP
actuation, the real part of the Clausius-Mossotti factor of the
manipulated object should be close to -0.5. Indeed, with the
present experimental setup (medium conductivity of 0.9 S/m
and electric field frequency of 400 kHz) the Clausius-Mossotti
factor of 10 um polystyrene beads is -0.5. Simulations using
the software MyDEP>° show that comparable values are
possible for biological cells (e.g., -0.48 for human T-cells),
which is encouraging for future cell handling applications. On
the other hand, the transition from beads to biological cells
would require an optimization of the experimental setup (e.g.,
buffer osmolarity) to not alter cell physiological properties.
Overall, the present system holds promises as a selective
particle and cell manipulation platform where
reconfigurable control logics could be implemented.

several

6 Conclusions

We reported an original all-electrical platform that combines
MIC-sensing and DEP-actuation for precise and selective
trajectory control of single flowing particles. As proof-of-
concept applications we showed particle position swapping
irrespective of particle size, size-based separation irrespective
of particle incoming trajectory, and sorting of a selected
sequence of particles. Nice features of the proposed platform
are: (i) the label-free nature of the sensing approach, (ii) the
contactless nature and multi-way sorting capabilities of the
actuation mechanism, (iii) the simplicity of the layout, which is
based on coplanar electrodes and does not require a particle
focusing mechanism, and (iv) the reconfigurability of the
control logic to achieve different sorting tasks. Moreover, both
MIC-sensing and DEP-actuation are well-suited tools for
biological cells, which encourages future studies towards cell
handling applications.
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