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Abstract

The use of alternating current (AC) electrokinetic forces, like dielectrophoresis
and AC electroosmosis, as a simple and fast method to immobilize sub-
micrometer objects onto nanoelectrode arrays is presented. Due to its medical
relevance, the influenza virus is chosen as a model organism. One of the
outstanding features is that the immobilization of viral material to the electrodes
can be achieved permanently, allowing subsequent handling independently
from the electrical setup. Thus, by using merely electric fields, we demonstrate
that the need of prior chemical surface modification could become obsolete.
The accumulation of viral material over time is observed by fluorescence
microscopy. The influences of side effects like electrothermal fluid flow, causing
a fluid motion above the electrodes and causing an intensity gradient within the
electrode array, are discussed. Due to the improved resolution by combining flu-
orescence microscopy with deconvolution, it is shown that the viral material is
mainly drawn to the electrode edge and to a lesser extent to the electrode surface.
Finally, areas of application for this functionalization technique are presented.
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covalent bond with the bio-receptor. As an example, thiols
and dithiols are used to functionalize gold surfaces. Thiol

A key aspect in biosensor design is the functionalization
of the sensor surface with a bio-receptor. The purpose is
to create an interface between the specific analyte and the
transducer. A common method to functionalize the sur-
face of biosensors is to use reagents with complementary
functional groups at each end: one group that covalently
binds to the biosensor surface and the other one forming a

Abbreviations: ACEK, AC electrokinetic; ACEO, AC electroosmosis;
BG, background; DEP, dielectrophoresis; ITO, indium tin oxide; ROI,
region of interest; SAM, self-assembled monolayer.

groups bind to the metal surface, whereas their tail- and
terminal-functional groups protrude into the volume form-
ing a self-assembled monolayer (SAM) [1]. The quality of
the SAM formation depends, among others, on the cleanli-
ness of the surface and multiple preparation steps are nec-
essary, even overnight steps. Consequently, it is a sophis-
ticated, time-consuming procedure, and harsh chemicals
like peroxysulfuric acid are needed.

Alternating current (AC) electrokinetic (ACEK) effects,
like dielectrophoresis (DEP), are a promising alternative
for surface functionalization. DEP provides the benefits of
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being a rapid method with a low need of sample volume.
No prior chemical modification either of the sensor surface
or the bio-receptor is needed. Furthermore, the spatial con-
trol of functionalization is possible down to the nm-scale.
DEP is the lateral force that acts on polarizable particles in
an inhomogeneous electric field. As a result of this force
effect, the polarizable particles move either towards (posi-
tive DEP [pDEP]) or away (negative DEP [nDEP]) from the
area of high electric field strength. The dielectric force that
acts on a spherical particle is given by

Fppp = 2mege,, r*Re [K ()] V|E? )

where r is the radius of the particle, Re[K(w)] is the real
part of the Clausius-Mossotti factor, and |E| is the elec-
tric field strength. Thus, the dielectric force depends on
the particle radius, the applied frequency, the polarizabil-
ity of the particle and its surrounding medium, and on
the gradient of the electric field, which in turn depends
on the applied voltage, as well as on the geometry and
sharpness of the electrodes. Particles can be accumulated,
transported, separated, trapped, and characterized. Studies
on the DEP manipulation of biological objects have pro-
gressed from the micrometer range like cells [2-5] and bac-
teria [6-9], to viruses [10-12], proteins [13, 14], DNA [15, 16],
and even small molecules [17]. A commercial use has been
demonstrated as well [18-21]. The decrease in object size
hasbeen possible due to improved fabrication technologies
of nanometer-sized electrodes. As the dielectrophoretic
force decreases with decreasing particle size (Equation 1)
and the influence of Brownian motion and electrohydro-
dynamic effects on the particle is growing [22], higher
field gradients are needed for the manipulation of smaller
objects. Nanoelectrodes, like the ones presented in this
paper, fulfill the generation of those required gradients.

ACEK forces, and especially DEP, undergo an increas-
ing interest in the spatial manipulation of medically rele-
vant sub-micrometer objects like exosomes [23], liposomes
[24, 25], and organelles [26-28]. When it comes to the
manipulation of viruses by DEP and related phenomena,
different virus types have been investigated so far, like
tobacco mosaic [11, 12, 29, 30], herpes simplex [10, 12, 31],
Sendai [32, 33], influenza [34-37], hepatitis [38], norovirus
[39], rotavirus [39, 40], adenovirus [40], Sindbis [41], and
cowpea mosaic [29]. Although older studies are focused
on the characterization of the dielectric behavior and the
dielectric properties of the viruses, newer studies are more
focused on the bioanalytical application and integration
into a point-of-care system.

Usually, accumulation by DEP is a reversible process.
There are only a few reports found in the literature on
permanent immobilization by DEP in the sub-micrometer
range. The first was Yamamoto et al. demonstrating the

control over temporal or permanent immobilization of
bovine serum albumin (BSA) by adjusting the electric field
strength [42]. Furthermore, permanent immobilization
of BSA [43], horseradish peroxidase [44], and polystyrene
nanobeads [45] with the same electrode design as pre-
sented in this paper has been demonstrated previously.
However, the degree of permanent immobilization of
nanobeads turned out to be size dependent. To our knowl-
edge, no reports of permanent immobilization of viral
particles by DEP exist. It was an open question whether
this would be possible, all the more the material properties
and the structure of viruses significantly differ from those
of polystyrene spheres and protein molecules. In terms
of sizes, viruses are between cells and proteins. Although
cells are biological objects whose electrokinetic behav-
ior has been extensively investigated and is quite well
understood, this is not the case for proteins [46]. Viruses
are of biological origin; thus they are significantly more
heterogeneous in their properties than nanobeads. For
this study, the influenza virus has been chosen because
of its paramount medical relevance. Its structure and
composition are much more complex than nanobeads and
proteins. Influenza viruses are spherical and enveloped
particles with diameters between 80 and 120 nm. Their
lipid membrane is covered with different proteins, mainly
hemagglutinin and neuraminidase. Underneath this
membrane lays a shell made of matrix proteins. Inside
the viral particle are eight RNA segments embedded in
nucleoprotein molecules. Thus, influenza viruses are
inhomogeneous particles, consisting of different layers
and molecules, each with different dielectric proper-
ties. A scheme of its structure and a scanning electron
micrograph are shown in Figure 1.

Here we present the use of ACEK forces, like DEP, as
a simple and fast method to immobilize influenza X-31
onto nanoelectrode arrays for bioanalytical applications.
The accumulation of viral material over time is observed.
Through the array design, comprising thousands of nano-
electrodes, each electrode can be considered a single event
and allows a simultaneous statistically meaningful analy-
sis. It was further investigated whether the immobilization
is temporary or permanent. A detailed look at the spatial
distribution by high-resolution fluorescence microscopy
combined with deconvolution is demonstrated.

2 | EXPERIMENTAL SECTION

2.1 | Electrode configuration and
preparation

The electrode chips—representing the core of the exper-
imental setup—were produced by IHP GmbH in a
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FIGURE 1

negative-sense
A

Structure and morphology of the influenza A virus. (A) Schematic illustration of the influenza virus. It is a spherical,

enveloped virus. Its genome comprises eight negative-sense, single-stranded RNA segments. Based on the two surface proteins,

hemagglutinin and neuraminidase, influenza viruses can be divided into subtypes. (B) Scanning electron micrograph showing single virus

particles on a gold substrate. Scale bar = 1 um [Color figure can be viewed at www.electrophoresis-journal.com]

17 um

FIGURE 2

Electrode configuration. (A) Microscopic image of the four nanoelectrode subarrays. Each array is made up of 6256

electrodes. (B) Detailed view of (A) showing 49 electrodes. (C) Schematic cross-section of the electrode chip. The cylindrical electrodes are

made up of tungsten with a diameter of 500 nm and a mutual distance of 2 um. They are electrically connected by an underlying

Ti/TiN/AlCu/TiN/Ti layer [Color figure can be viewed at www.electrophoresis-journal.com]

standard 250 nm CMOS protocol on 8 inch silicon wafers.
The detailed fabrication process was described in [43, 47].
Single chips have an overall size of 1 cm X 1 cm. Four
individual electrode arrays are located in the center of
the chip (Figure 2A) allowing up to four experiments on
the same chips or serving as an internal control. Each
array is made up of 6256 tungsten electrode pins arranged
in a “bed of nails” design, meaning the electrodes are
evenly distributed in an 80 X 80 matrix with a mutual
distance of 2 um. For better orientation, 16 electrode-free,
cross-shaped areas are integrated into each array. The
individual electrodes are cylindrically shaped with a diam-
eter of 500 nm (Figure 2C) and are embedded in SiO,.
An underlying conductive Ti/TiN/AICu/TiN/Ti layer
electrically connects all electrodes within one subarray,
whereas the subarrays stay electrically separated from each
other.

The chip was mounted onto a microscope slide. A sam-
ple chamber was prepared by punching a 3 mm hole into
an 80 um thick lamination foil and hot-melting this foil
onto the electrode chip at around 80°C. This foil also

served as a spacer to separate the electrodes from the
counter electrode. For the latter, a cover slip coated with
indium tin oxide (ITO; 70-100 Q) was used (SPI Supplies;
06462-AB). Its transparency allowed observing the experi-
ment by optical microscopy in real-time. An extra pad cov-
ered with copper tape was used to close the electrical cir-
cuit between the electrodes and the ITO cover slip. Copper
wires were attached to the contact pads by conductive sil-
ver paint (Conrad; 530042) and were soldered to the con-
nector. A schematic scheme of a prepared chip is presented
in Figure 3A.

2.2 | Experimental setup

The AC signal was generated by a function generator
(Wavetek; Model 193) and further amplified by a wide-
band amplifier (Toellner; TOE 7606). The attenuator
prevented the wideband amplifier from being overdriven
by the output signal of the function generator. This
ensured that the voltage maintained its sine shape. The
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FIGURE 3 Scheme of: (A) The top and side view of a prepared electrode chip. The chip was taped onto a microscope slide. An ITO cover

slip served as the counter electrode and was electrically contacted by a pad covered with copper tape (green). The electrodes and the ITO
cover slip were separated by an 80 um thick spacer (red). A 3 mm wide hole punched into the spacer formed the sample chamber. (B) The

electrical and optical setup. An AC signal was generated by a function generator and amplified by a wideband amplifier. A frequency counter,

voltmeters, and an oscilloscope were used to monitor the frequency and the amplitude. Images were acquired by a fluorescence microscope

equipped with a CCD camera. CCD, charge-coupled device; ITO, indium tin oxide [Color figure can be viewed at

www.electrophoresis-journal.com]

frequency was monitored by a separate frequency counter
(Conrad; Voltcraft 7202) and the amplitude was observed
with an oscilloscope (Hameg; HM307), an AC voltmeter
(Uni-Trend; UT803), and a DC voltmeter (Mastech;
M9803R) equipped with a demodulator probe (Testec;
TT-DE 112). A mechanical switch was used to turn on or
off the AC signal. A 3.3 uF capacitor (WIMA; MKC4 SV21)
prevented any DC signal from reaching the electrodes. All
devices were connected by coaxial cables except for the
two-wire cable between the switch and electrode chip. A
scheme of the electrical setup is shown in Figure 3B.

To monitor the experiments, an upright fluorescence
microscope (Olympus; BX51) equipped with a cooled
charge-coupled device camera (Olympus; F-View II) was
used. Fluorescence images were acquired using a 60X
objective (Olympus; LUCPlanFLN; NA 0.70) or a 100X
objective (Olympus; MPlanFLN; NA 0.90) and a Cy5
filter set (AHF; F46-006; excitation: ET620/60, emis-
sion: ET700/75, beam splitter: T660lpxr). An LED lamp
(CoolLED; pE-4000) served as the illumination source
combining a 365 nm LED, a 460 nm LED, a 525 nm LED,
and a 635 nm LED with an intensity setting of 5% for bright
field images and a setting of 100% for fluorescence images.
The exposure time, the shutter, the shutter driver (Uniblitz;
Model VCM-D1), and image acquisition were controlled by
the software CellM (Olympus; Version 3.1).

Images were processed using the software ImageJ (ver-
sion 1.53a or higher) extended with the plugins MicroArray
Profile (OptiNav Inc., USA), Diffraction PSF 3D (OptiNav
Inc., USA), and DeconvolutionLab (Biomedical Imaging
Group, EPFL, Switzerland). OriginPro2019 (Version
9.6.0.172) was used for curve fitting.

2.3 | Experimental procedure

The viral material (Influenza A/Aichi/2/68 H3N2, short X-
31) was provided by the Robert Koch-Institute in Berlin.
The virus sample was prepared from allantoic fluid of hen
eggs and purified and concentrated by density-gradient
centrifugation. Then it was inactivated by S-propiolactone.

The initial protein concentration of 141 pg/ml was deter-
mined by BCA assay and it was stored in PBS-buffer at
—80 °C. The virus sample was covalently labeled with the
fluorophore DY-634 by coupling via a reactive NHS-ester
to the lysine groups of the viral proteins (empBiotech; MK-
D0107). Ultrafiltration spin columns (Sartorius; Vivaspin
500; 30000 MWCO; VS0121) were used to remove the
unbound dye and to exchange the buffer against ultrapure
water. After four centrifugation cycles (5 min, 16100 g),
the virus sample had a protein concentration of around
80 ug/ml.

As the amount of virus sample was in the pl range
and electrical conductivity is a critical parameter in
electrokinetic experiments, a purpose-built conductivity
probe, consisting of four platinum wires (0.1 mm diam-
eter) attached to the inside of a 200 pl pipette tip, was
constructed. This four-electrode arrangement allowed
minimal electrode polarization despite the small electrode
surface. Conductance was measured by an LCR-meter
(HIOKI 3532-50; 1 kHz; 1 V) in the four-terminal sensing
mode. The setup was calibrated by a series of KCI solu-
tions from 2 to 4000 puS/cm in logarithmic steps against
a conductometer (WTW Cond 197i) equipped with a
conductivity probe (WTW TetraCon® 325). The benefit of
the purpose-built setup compared to the conductometer
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is its small measurement volume from 20 ul down to 8 pl.
Finally, the conductivity of the labeled and desalted virus
sample was determined to a value of 3 pS/cm. Changes
due to contamination from the ITO or the electrode chip
have not been monitored but have been kept as small as
possible by rinsing both with ultrapure water before the
experiment and by drying with an N, stream. To keep the
conductivity low, any further dilution of the dyed virus
sample was done in ultrapure water.

For ACEK experiments, 5 ul of a 1:20 diluted solution of
stained viral material was loaded into the sample cham-
ber of the prepared electrode chip. The sample was covered
with the ITO cover slip and an AC signal of 10-20 kHz and
3.5 Vs Was applied.

3 | RESULTS AND DISCUSSION
3.1 | Temporal development of the
dielectrophoretic immobilization
3.1.1 | Definition of experimental parameters
To maximize immobilization efficiency, the applied fre-
quency was systematically investigated from 10 to 20 kHz.
Based on previous publications, this is a valid fre-
quency range to immobilize sub-micrometer objects like
nanospheres and macromolecules [17, 43-45]. Frequencies
below 5 kHz promote the formation of bubbles due to elec-
trolysis [22, 44, 48], whereas high frequencies lead to elec-
trothermal fluid flow [49]. Although the viral material had
a rather clumpy and uneven accumulation at the elec-
trodes at 10 and 15 kHz (not shown), it was possible to reach
a more even distribution at 20 kHz. Therefore, all experi-
ments were performed at 20 kHz.

High voltages are undesired because they promote side
effects like electrolysis, joule heating, and fluid streaming,
which in turn counteract the dielectrophoretic force [22,
47-49]. A voltage of 3.5 Vs was chosen to keep these side
effects low, whilst reaching a fast but gentile immobiliza-
tion and to overcome Brownian motion.

The dielectric immobilization of the X-31-virus was
monitored by fluorescence microscopy. Images were
acquired with a 60X objective and a Cys5 filter set at an
exposure time of 500 ms. Images were acquired every
20 s for a total timespan of 180 s. The shutter was closed
between image acquisition to minimize bleaching effects.
Thus, t = 0 s was the only point in time when no AC-
electric field was applied.

A non-activated array on the same chip was used as a
negative control. During the experiment, no viral material
accumulated on the non-activated electrodes. This demon-

strates that the viral material was not immobilized by
adsorption to the activated electrodes but has been drawn
to the electrodes by DEP in a controlled manner.

3.1.2 | Definition of ROI size

For image evaluation, different regions of interest (ROI)
have been investigated: three circular and two ring-shaped.
With a pixel size of 147.5 nm X 147.5 nm, the circular ROIs
had diameters from about the electrode size with 4 px
(C4, d = 590 nm), to 8 px (C8, d = 1.18 um), and finally
16 px covering almost all the area halfway to the neighbor-
ing electrodes (C16, d = 2.36 um). Furthermore, two ring-
shaped ROIs were defined with an outer diameter of 8 px
(R8) and 16 px (R16) and an inner diameter of 4 and 8 px,
respectively, thus covering only the area around the elec-
trodes. All ROI sizes were concentrically aligned as shown
in Figure 4A. A rectangular ROI, comprising an area of12 X
7 electrodes at the corner of the diagonally opposite unused
electrode array, was defined as the ROI for background
(BG) determination. The BG signal was determined for
each time point to take into account the change in virus
concentration with time and thus the changing BG fluo-
rescence in the volume. Finally, the mean and integrated
intensity of 30 electrodes of the outermost row (row 1) have
been plotted for all ROI sizes (Figure 4). The increase of the
amount of immobilized viral material with duration time
shows an exponential correlation for all investigated ROIs:

—t

Y=o+ Aeh )

with R? from 0.98 to 0.99. The graphs are monotonically
increasing with y, as the asymptote. The tangent in t; =0
intersects the asymptote y, at t;. The function value at this
point is around 63% of the limit; thus, y(#;) = 0.63y,. At t;,
63% of the maximum intensity is reached. Consequently,
the smaller t;, the faster and stronger the increase of the
mean fluorescence intensity for the corresponding ROI. A
strong increase of mean fluorescence intensity exists for
all ROIs up to 60 s (Figure 4A). The focus of attraction is
located at the electrodes themselves as demonstrated by C4
and its small #; value. It is the area to which the viral mate-
rial is first drawn to. Here, a plateau is reached after 80 s,
showing that saturation is reached. There are four possi-
ble explanations for this saturation. (i) The viral material
in the volume has been depleted. A hypothesis that is easy
to refute. The lasting increase of intensity for C8 and C16
from 80 s and the increasing intensity up to 180 s for the
electrodes in rows 2-4 (Figure 5E) demonstrate that there
was still a supply of viral material. (ii) Inspection of Equa-
tion (1) demonstrates that the DEP force depends on the
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Dependence of the mean (A) and integrated (B) fluorescence intensity for different ROIs on the duration of the applied AC

field. An AC field with f= 20 kHz and U = 3.5 V,;, was applied for 180 s. Three circular ROIs (solid lines) with a diameter of 4 px (C4), 8 px
(C8) and 16 px (C16) were defined, as well as two ring-shaped ROIs (dashed lines) with an outer diameter of 8 px (R8) and 16 px (R16) and an
inner diameter of 4 and 8 px, respectively. All ROIs were concentrically aligned (shown in the upper left corner). Overall, 30 electrodes from
the outermost row (row 1) have been evaluated. All values are BG-corrected, 1 px = 147.5 nm X 147.5 nm. (A) Mean fluorescence intensity
(dots: data; lines: exponential curve fit with Equation (2); C4: y, = 50.6, A; = —49.9, t; = 29.9, R = 0.98; C8: y, = 37.7, A, = -36.3, f; = 34.1, R? =
0.99; C16: y, = 27.2, A, ==25.1, , = 52.2, R> = 0.99; R8: y, = 33.9, A, = -32.3, t; = 36.7, R = 0.99; R16: y, = 24.6, A, = —22.2, t; = 73.3, R* = 0.99).
Error bars show standard deviation and are displayed only for the top and bottom curve. (B) Integrated fluorescence intensity. Gray values of
all pixels within one ROI have been summed up (dots: data; lines: exponential curve fit as in A; C4: y, = 607.7, A, = -599.4, {; = 29.9, R> =
0.98; C8: y, = 1957.9, A, = —1887.5, t; = 34.1, R* = 0.99; C16: y, = 5651.7, A, = —5211.0, t; = 52.2, R? = 0.99; R8: y, = 1355.4, A, = -1290.7, t, = 36.7,
R? = 0.99; R16: y, = 4036.5, A; = -3637.6, {; = 73.3, R* = 0.99). AC, alternating current; BG, background; ROI, region of interest [Color figure

can be viewed at www.electrophoresis-journal.com]

gradient of the electric field-squared VIEI?. The electric
field strength and the gradient are strongest at the elec-
trode edge but decay very quickly with distance. Because
of a relatively large distance between electrode array and
counter electrode, in most of the volume above the elec-
trode chip, the electric field is homogeneous, that is, the
electric field lines run parallel to each other and orthog-
onal to the chip surface. Here, no dielectric force acts on
the viral material. Thus, there is a height limitation, to
which the viruses experience a substantial dielectric force.
Electric-field plots of the cylindrical electrodes have been
published previously [47]. (iii) The insulating character of
the immobilized viral material shields the electric field.
The larger the layer thickness, the greater the shielding.
Thus, there is a further limitation for the amount of mate-
rial that can be immobilized. (iv) Last but not least, the
mere presence of viral material after the initial course of
attraction and immobilization hinders further accumula-
tion; hence, fluorescence intensity increases.

Due to the optical resolution of around 550 nm for
the 60x objective combined with the Cy5 filter-set, it
is not possible to differentiate whether the material is
drawn to the edge of the electrodes or to the surface of the
electrodes. This aspect will be discussed in more detail
later (Section 3.3).

From 80 to 140 s, the mean intensity is fluctuating
around a value of 50% + 2% for C4. From 140 to 180 s, the
mean intensity decreases by 5.8%, probably due to bleach-
ing or self-quenching. C8 is reaching a plateau at 120 s.

From there, the signal is fluctuating around a value of 37%
+0.5%. Cl6is increasing up to 160 s and reaching a plateau.
This demonstrates that after saturation at the electrodes,
the viral material collects more and more in the space
between. To include this viral material in further analysis,
a circular ROI with a diameter of 16 px was chosen.

3.1.3 | Immobilization of viral material and
side effects

Figure 5 shows the intensity time traces of 30 electrodes
for rows 1-7 each. A gradient in fluorescence intensity and
thus in the amount of immobilized viral material exists
starting from the outermost row to the inner ones. This
effect has also been observed for the dielectric immobiliza-
tion of BSA [43] and polystyrene nanobeads [45]. This gra-
dient is caused by several forces acting simultaneously.

In an AC-electric field, DEP is not the only force acting
on a polarizable particle. Such a particle undergoes a sum
of forces like sedimentation, Brownian motion, DEP force,
and other electrohydrodynamic forces, like AC electroos-
mosis (ACEO), and electrothermal fluid flow. The later
ones have been reported to be able to generate a fluid flow
across electrodes [50-55]. For ACEO, the fluid motion is
caused by the tangential part of the electric field that exerts
a coulomb force on the counterions of the induced elec-
tric double layer at the electrode-electrolyte interface. On
the other hand, power dissipation close to the electrodes
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FIGURE 5 Temporal development of the dielectric immobilization of influenza viruses over a period of 180 s at 20 kHz and 3.5 V¢, at

timepoints of 0 s (A), 20 s (B), and 180 s (C). A non-activated array on the same chip was used as a negative control (D). (A-D) Fluorescence
images: 60X objective, Cys5 filter, exposure time = 500 ms, scale bar = 15 um. Row numbers are depicted in (B). (E) and (F) Background
corrected, normalized fluorescence intensities of 30 electrodes in rows 1-7 each. Temporal development from 0 to 180 s (E) and dependence of

intensity on row number at t = 180 s (F) [Color figure can be viewed at www.electrophoresis-journal.com]

causes a thermal gradient in the volume. This leads to
buoyancy forces as well as gradients in conductivity and
permittivity and thus to electrothermal fluid flow. The sum
of these effects acts on the viral material and therefore it is
rather an electrokinetic manipulation than a manipulation
by DEP alone.

The electrohydrodynamic forces produce a vortex-
shaped fluid motion at all four edges of the activated
array. At each edge, the fluid moves from outside the array
toward its edge, then sweeps across the outer rows of elec-
trodes toward the array’s center, and then streams upward
and back into the volume. A viscous drag force on the viral
material arises from this fluid flow. For a spherical particle,
the drag force is given by Stoke’s law:

Fyqq = 61010 (3)
where 7 is the viscosity of the fluid, r is the particle radius,
and v is the particle velocity [56]. As the DEP force is pro-
portional to the particle volume (Equation 1), that is, to the
radius’ cube, the drag force is directly proportional to the
radius (Equation 3). The DEP force decreases faster with
decreasing particle size than the drag force. Consequently,
here, the drag force has a stronger impact on the move-
ment of the viral material than it does on common DEP-
manipulated objects like mammalian cells or bacteria.

Furthermore, field simulations from [43] demonstrate
that the gradient VIEI? is strongest at the corner and outer

row electrodes (row 1). Consequently, depending on the
spatial position of the viral material, either the DEP force
or the drag force is dominant. Viral material that is drawn
to the electrodes starts to stack up. The height of the
stack (and thus the fluorescence intensity) depends on the
strength of the DEP force or VIEI? and on the strength of
the competing drag force. The temporal progression of the
immobilization shows an exponential correlation (Equa-
tion 2) for all investigated rows with R? from 0.94 to 0.99.
Due to the strong gradient VIEI?, there is strong immobi-
lization in row 1 until a plateau is reached. The explanation
of this plateau formation is in-line with the explanation
from Section 3.1.2. Because of the decrease of VIEI* with
an increasing row number, the time constant ¢; is increas-
ing from 51.9 s at the first row to 85.2 s, 108.9 s, and 187.1
s for rows 2-4, respectively. The continuous rise in fluo-
rescence intensity up to 180 s for rows 2-4 demonstrates
a steady supply of viral material from the sample volume.
From row 5 on, the competition between DEP force and
drag force becomes clear. These rows show an early plateau
formation and the intensity at 180 s amounts to less than
30% of row 1. Here, viral material is still immobilized by
DEP, but because of the weaker V|EI?> and increasing drag
force, the amount of viral material is lower. The endpoint
fluorescence intensity in Figure 5F shows a good correla-
tion to the simulated values of VIEI? and the height profiles
of immobilized BSA from [43]. Furthermore, the vortex-
shaped fluid flow at all four edges of the activated array
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Fluorescence images acquired directly after switching off the electric field (A), after a dwell time of 10 min of diffusion (B),

after applying shear forces by lifting up and putting back down the ITO cover slip (C), and after rinsing with ultrapure water (D). 60X
objective, Cy5 filter, exposure time = 500 ms, scale bar = 15 um. (E) Relative loss of viral material compared to the starting point (a dwell time
of 0 min). d, dwell time. ITO, indium tin oxide [Color figure can be viewed at www.electrophoresis-journal.com]

prevents any viral material to come in close proximity to
the electrodes in the central part of the array.

3.2 | Temporary versus permanent
immobilization

Investigating the literature for the immobilization of viral
material via pDEDP, it has always been a reversible process,
meaning by switching off the field and rinsing the chip,
the viral material was removed from the electrodes. Here,
the influence of diffusion, shear forces, and rinsing on the
stability of the immobilization has been investigated.

Image acquisition has been done with the 60 objective,
Cys5 filter set, and an exposure time of 500 ms. After the
accumulation of viral material for 180 s, the electric field
was switched off and the fluorescence signal was measured
after a dwell time of 0, 3, 5, and 10 min (diffusion). To delib-
erately produce shear forces, the ITO-cover glass was gen-
tly lifted with a pair of tweezers and put back onto the chip.
In the last step, the chip was rinsed with ultrapure water
and blown dry with N, (Figure 6A-D).

The BG was determined for an area of 9 X 7 electrodes
at the corner of the diagonally opposite unused array and
subtracted for each image separately. For image evaluation,
a rectangular ROI comprising an area of 9 X 17 functional-
ized electrodes was defined and the integrated intensity for
each BG-corrected image was measured. Then, the relative

loss compared to the starting point (a dwell time of 0 min)
was determined (Figure 6E).

The time t = 0 min corresponds to the moment immedi-
ately after switching off the electrical field and is defined as
the starting point for all further states. It is to be expected
that more and more material will diffuse away from the
electrodes over time and thus the signal will decrease. This
is the case for a dwell time of 3, 5, and 10 min. After 10 min,
there is already a loss of approx. 24%. The situation is differ-
ent at a dwell time of 1 min, where an increase of 2.8% was
measured. Possible explanations for this observation are
as follows: (i) The fluid streaming does not stop simulta-
neously with switching-off of the electric field. Thus, new
viral material was transported from the volume into the
evaluated ROI area giving a rise in fluorescence signal.
(ii) At high concentration, many fluorescence dyes form
dimers leading to a self-quenching effect. For fluorescent
dyes from Dyomics, this effect has been used to develop
DNA probes labeled with the same dye at both ends [57,
58]. Here, the immobilized viral material is so tightly
packed that the spatial distance between the fluorophore
molecules might be so small that they quench each other.
(iii) The high concentration of fluorophore molecules may
also lead to a self-absorption of the emitted photons.

Lifting and putting back the ITO cover slip let the air-
fluid interface run twice across the electrode arrays and
the immobilized viral material. The resulting shear forces
lead to a material loss of around 60%. Finally, rinsing the
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chip with ultrapure water leads to a total loss of material of
around 77%.

The remaining, permanently immobilized material
sticks to the tungsten electrodes. The reason for the perma-
nent immobilization is not clear. Presumably, the attracted
viral material displaces the hydration layer at the elec-
trodes surface. Consequently, hydrophobic interactions
and van der Waals forces between viral surface proteins
and electrodes emerge. So far, it has been demonstrated
that this permanent immobilization depends on the elec-
tric field strength [42] and the size of the immobilized
object [45].

3.3 | Spatial distribution of viral material
on the electrodes

Due to scattering and diffraction of light, fluorescence
images include considerable out-of-focus light originat-
ing from regions above and below the focal plane. As a
result, fluorescence images are blurred and the resolution
is reduced. Image deconvolution uses information describ-
ing the source of light distortion and thus seeks to remove
or to reassign the out-of-focus light to its point of ori-
gin. Consequently, it is a method to improve image con-
trast, resolution, and signal-to-noise ratio. There is a wide
range of applications for the deconvolution of fluorescence
images, like colocalization analysis [59], structural inves-
tigation of the actin cytoskeleton of yeast [60], and the
detection of single RNA molecules [61]. The result depends
on the parameter settings, the image to be processed, and
the chosen algorithm. The optical distortion is defined by
a point spread function (PSF). Sage et al. have compared
different deconvolution algorithms of the plugin Decon-
volutionLab2 for Image]. Although naive inverse filtering
(NTF) produces severe artifacts and Tikhonov regulariza-
tion (TR) and regularized inverse filtering (RIF) produce
ringing artifacts, best results have been reported from iter-
ative algorithms like Landweber (LW), Richardson-Lucy
(RL), and Tikhonov-Miller (TM) [62].

Following the immobilization, the chip was rinsed with
ultrapure water and blow-dried with N,. Fluorescence
images of the lower right corner have been acquired with
a 100x objective, a Cys5 filter, and an exposure time of 5 s
(Figure 7A). The PSF was generated via the ImageJ plugin
Diffraction PSF 3D (NA 0.9, 1 = 664 nm, image pixel spac-
ing = 86 nm). The Imagel plugin DeconvolutionLab was
used with the RL algorithm (number of iterations = 100).
In order to better fit the rectangular pixel distribution to
the circular electrodes, the deconvolved image was resized
via Image]J by a factor of 8 applying bilinear interpolation;
thus one pixel of the original image now is blown up to a
size of 8 px X 8 px.

For an area of 7 X 17 electrodes, a grid of ROIs was cre-
ated using the plugin MicroArray Profile. With the help of
a self-written macro (ImageJ Macro language), the coordi-
nates of the grid were read out and transformed into rect-
angular ROIs of the same size (Figure 7B). These ROIs were
used to cut out each of the 119 electrodes into single images.
Finally, pixels at the same position for all 119 images were
summed up. The projection of the summation is shown in
Figure 7C.

Image evaluation by the 100X objective combined with
deconvolution reveals an individual distribution of viral
material (Figure 7B). Thus, each electrode can be consid-
ered a single event. Although at some electrodes the viral
material shows a ring-shaped or nearly ring-shaped accu-
mulation, at other electrodes the accumulation is not clear.
The summation projection combines those single events
and reveals an accumulation preferentially at the electrode
edge forming the ring-shaped appearance.

The normalized mean fluorescence intensity, integrated
over a set of concentric rings, as a function of distance from
the electrode center is plotted in Figure 7F. Accordingly, 31
ring-shaped ROIs with an outer radius starting from 2 px
(21.5 nm) to 62 px (666.5 nm) and a ring width of 2 px
have been concentrically aligned on top of the summation
projection. The mean fluorescence intensity of the entire
area outside the outermost ring was defined as the BG. The
same has been done with the summation projection of 70
empty electrodes from the center of the same array (not
shown). The mean fluorescence intensity for each ring was
measured, the BG was subtracted as well as the mean fluo-
rescence intensity of the empty electrodes, and finally val-
ues were normalized.

The graph starts at the electrode center and runs out-
ward up to a distance of 666.5 nm. The red line marks the
position of the electrode edge. The ring-shaped summation
projection (Figure 7C) and the plot (Figure 7F) are in-line
with theory and field simulations [43, 47] where field gra-
dient and thus DEP force is strongest at the edge of the
electrodes. Due to the bending of the electric field at the
edge of the electrode, the location of the greatest electric
field strength is not at a 90° angle on top of the edge but
displaced diagonally outward to it. Thus, the fluorescence
peak is shifted outward by 50 nm from the edge. The fluo-
rescence decreases with increasing distance down to zero
at a distance of approx. 450 nm from the electrode edge.
In comparison, the intensity remains at a share of 50% at
the electrode center. Although so far ACEO has been used
to explain the fluid flow in the volume above an activated
array, it can also be adduced to explain the attraction of
viral material onto the electrode surface, where the elec-
tric field gradient is significantly smaller. The tangential
part of the electric field points radially from the edge to the
electrode center and thus draws the viral material across
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FIGURE 7
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(A) Fluorescence image of the lower right corner of the electrode array: 100X objective, Cy5 filter, exposure time = 5 s. The

image has been deconvolved via ImageJ and enlarged by a factor of 8 and bilinear interpolation (B). Same-sized ROIs for 119 electrodes have

been defined (green), cut into single images, and then summed up to the summation projection (C). (D) and (E) are the summation projection
of the blue and red areas from (B), respectively. (F) Normalized mean fluorescence intensity as a function of distance for (C). The x-axis starts
at the electrode center. The red line marks the electrode edge. Scale bar from (B) = 10 pm, scale bar from (C) = 500 nm. ROI, region of interest

[Color figure can be viewed at www.electrophoresis-journal.com]

the surface. This effect has been used to focus spores, latex
beads, and yeast cells in a controlled manner at the surface
center of electrodes [63]. This is another indication that the
immobilization of viral material occurs through the com-
bination of several electrokinetic effects.

The summation projections from Figure 7D and E
demonstrate the influence of the global fluid flow on the
spatial distribution of the immobilized viral material. The
64 electrodes in the blue area (Figure 7B) were exposed to
a fluid flow streaming from beneath the array across the
outer rows of electrodes, resulting in a pronounced accu-
mulation at the bottom half of the summation projection
(Figure 7D). Electrodes in the red area are located in the
lower right corner of the array. Thus, they are exposed to
fluid streaming from beneath as well as from the right,
resulting in a pronounced accumulation on the bottom
right side of the summation projection (Figure 7E).

4 | CONCLUDING REMARKS

The electrically controlled immobilization of the influenza
virus strain X-31 onto nanoelectrodes has been demon-
strated. Although DEP and ACEO are the dominant forces
for the accumulation, electrothermal fluid flow among
others is the dominant force for the emerging intensity

gradient. The combination of fluorescence microscopy
and image processing by deconvolution provided a suit-
able approach to determine the spatial distribution of the
accumulated viral material. The most outstanding feature
of our experimental setup and design is the permanent
immobilization without the need of prior chemical modifi-
cation of the surface or the bio-receptor. Thus, subsequent
handling independently from the electrical setup is pos-
sible. Further experiments are necessary in order to better
understand the interactions between surface proteins and
electrodes. Changing the surface proteins or the medium
is expected to have an influence on the van der Waals
forces. Thus, comparative experiments with changed
surface proteins by, for example, protein digestion or
crosslinking as well as change of the pH value, ionic
concentration, or ionic composition of the medium might
be suitable. The presented platform allows a wide range of
applications: (i) as an immune assay to detect antibodies in
sera or to determine antibody titer. (ii) The four electrode
arrays can be functionalized individually, allowing a
multiparameter measurement. Thus, the characterization
of influenza subtypes or different viruses like the corona
virus is possible. (iii) Singling of polystyrene nanobeads
has been demonstrated by Knigge et al. [45]. An electrode
diameter half the size of the immobilized object is needed.
Thus, a single virus particle analysis should be possible
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with an electrode diameter of 50 nm. This is supported by
the array design, where thousands of electrodes allow a
statistical evaluation,and each electrode stands for a single
experiment (Figures 4 and 5). The regular arrangement
of the electrodes favors an automated evaluation. (iv) A
fixation method for structural analysis by super-resolution
microscopy. (v) By optimizing the experimental param-
eters, a better separation of DEP and ACEO might be
possible. Thus, the same electrode could be successively
functionalized by two different objects. Here, DEP is used
for the accumulation of object (a) at the rim and ACEO
for the accumulation of object (b) on the surface. (vi)
Each electrode can be used as part of an on-chip resonant
circuit, whose frequency changes with a surface coverage
of the electrode and, hence, serves as a measure of the
amount of viruses attached to the electrodes [64, 65]. So in
the future, the evaluation by fluorescence microscopy can
be changed to an electrical evaluation. Thus, combined
with microfluidics, this chip has the potential for a small
and rapid point-of-care system.
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