7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal | View Issue

Origami nanogap electrodes for reversible

’ M) Check for updates ‘
nanoparticle trappingt

Cite this: Nanoscale, 2024, 16, 8514

Itir Bakis Dogru-Yuksel, “='* Allard P. Mosk and Sanli Faez

We present a facile desktop fabrication method for origami-based nanogap indium tin oxide (ITO) elec-
trokinetic particle traps, providing a simplified approach compared to traditional lithographic techniques
and effective trapping of nanoparticles. Our approach involves bending ITO thin films on optically trans-
parent polyethylene terephthalate (PET), creating an array of parallel nanogaps. By strategically introducing
weak points through cut-sharp edges, we successfully controlled the spread of nanocracks. A single crack
spanning the constriction width and splitting the conductive layers forms a nanogap that can effectively
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trap small nanoparticles after applying an alternating electric potential across the nanogap. We analyze
the conditions for reversible trapping and optimal performance of the nanogap ITO electrodes with
optical microscopy and electrokinetic impedance spectroscopy. Our findings highlight the potential of
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Potentiodynamic manipulation and steering of nanoparticles
in microfluidic systems is one of the key design elements for
lab-on-chip applications. Using alternating electrical potential
for nanoparticle trapping is advantageous for the higher
electrochemical stability of the electrodes. The main mecha-
nisms that have been used to achieve stable and reversible
trapping of nanoparticles are dielectrophoresis (DEP) and
alternating current electroosmotic (ACEO) flow," which may
coexist in some geometries. Dielectrophoresic forces arise
from the interaction between the induced dipole moment of
dielectric particles and the local gradient of the electric field
in the surrounding environment.> This interaction results in a
net force that can be used to attract and trap particles within a
non-uniform electric field near an electrode.®! For nanoscale
localization and trapping of nanoparticles with DEP, e.g. to
overcome the Brownian forces, the gradient must be signifi-
cant on the scale of nanoparticles and that of the desired trap-
ping area.’

Compared to DEP, ACEO trapping demonstrates increased
complexity, as it depends on 3D flow generated on top of the
electrodes, particularly around edges or at the inter-junction
between conducting electrodes and charged dielectric sur-
faces. This phenomenon often creates some net vorticity in the
fluid flow that can draw the particles towards the junction or
can be used for fluid mixing and creating an electroosmotic
pump.®” Both DEP and ACEO phenomena have been used for
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this facile fabrication method for the use of ITO at active electro-actuated traps in microfluidic systems.

creating potentiodynamic nanoparticle traps and are widely
used in lab-on-chip systems for the precise measurement,®’
separation,’®"* sorting,"*'* and manipulation®"” of sus-
pended particles in liquid media. Because of electrical control
and the possibility of system integration, potentiodynamic
manipulation techniques also enable accurate single-cell
manipulation, contributing to advancements in biomedical
diagnostics'®*?° and therapy*"** and featuring promising pro-
spects for the development of a point-of-care tool in the
future.”® For both mechanisms, the key to realization of a
sufficiently strong trap for small nanoparticles is to create a
large gradient, hence a small radius of curvature at the elec-
trode and small electrode separations are crucial** and the
effective force is inversely proportional to the gap size for
micro-structured planar electrodes.>® Creating ACEO and DEP
traps that are compatible with optical microscopy can further
constrain the choice of materials and require a meticulous
design of the nanoelectrodes. Crafting robust electrodes with
nanoscale edges demands precise engineering and is often
done with nanolithographic techniques to achieve trapping of,
for example, sub-30 nm (bio)particles. Barik et al. employed
atomic layer lithography to generate nanoscale gaps.>® Han
et al. utilized electron beam lithography for fabricating an elec-
trode array.”” Yu et al. employed photolithography to construct
vertical nanogap architectures, showcasing precise nano-
particle capture and spatiotemporal manipulation.*® While
nanolithography provides a systemic path to the optimization
of such potentiodynamic traps, it is not accessible to all labs
and requires specialised personnel and equipment. In con-
trast, our method’s simplicity relative to lithography presents
an advantage, albeit with a tradeoff: the precise landing
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location of particles in the plane is not predetermined.
However, our simple method brings particles to the focus
region from the bulk, and localization of particles within the
image plane must be done with (live) image processing. The
capability to trap particles extends observation time, a key
factor in studying dynamic processes.

In this article, we demonstrate an innovative method for
generating nanoparticle-trapping nanogap electrodes that
remarkably requires only regular office equipment. Our traps
use the origami technique, involving the straightforward
manipulation of thin conductive layers through bending. Our
nanogap electrode production protocol stands out for its sim-
plicity, speed, and reproducibility and can enable a wide com-
munity of researchers to use the advantages of electro-actuated
trapping for their lab-on-chip applications.

This fabrication method is inspired by previous work on
origami-fabrication of quasi-ordered nanocracks within
protein layers, proposed as a mechanism for building distribu-
ted feedback bio-compatible lasers.”® We apply this fabrication
method to a thin layer of indium tin oxide (ITO) coated on PET
(polyethylene terephthalate). This substrate is widely available
and affordable because of its commercial application for
liquid crystal displays and devices. By implementing controlled
crack propagation, a phenomenon extensively investigated
before,**” we demonstrate reversible trapping and particle
alignment dynamics. The transparency of the substrate holds
the potential to facilitate detailed examinations of biological
structures, down to the level of individual cells or sub-cellular
structures.

1. Results

1.1. Nanogap ITO electrodes

We used a combination of laser-cutting and controlled
bending to fabricate our origami nanogap electrodes. The sub-
strate used for this study is a 90-150 A ITO layer deposited on
200 pm PET with a resistance range of 350 — 500£/,/cm. The
substrate’s flexibility is essential for the fabrication of origami-
based electrodes, as it can be easily bent and manipulated to
achieve the desired structure. We first cut a butterfly-shaped
piece from the ITO-PET film. On purpose, we introduced weak
points in the mid-region, where small triangles point towards
the center with a 2 mm spacing as illustrated in Fig. 1a and as
depicted in Fig. 1b. This design reduces the likelihood of crack
propagation further from the thin bridge. The resulting cracks
align parallel to each other, which increases the probability of
their completeness without overlapping with adjacent gaps.
While laser cutting is handy for reproducibility, we have suc-
cessfully replicated these experiments using scissor-cut
samples. For the purpose of reproducibility, we avoid using
scissor cutting, which might create additional cracks at the cut
edges. Remarkably, the presence of a single complete crack
that spans the whole width of the narrow constriction and
effectively divides the conductive layer into at least two planar
sections is sufficient to form the nanogap trap for nano-
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Fig. 1 Fabrication of nanogap origami electrodes using ITO on PET: (a)
the laser-cut design, with dashed red lines indicating the cut sections.
(b) The cut layer after the laser-cutting process. (c) The process of fabri-
cating origami nanocracks by bending the material around a metal rod.
(d) The resulting nanocracks formed in the mid-region, shown in both
the top view (highlighted by the red dashed lines) and a magnified
cross-sectional perspective (indicated by the blue dashed lines). An
optical microscopy image of the nanocrack fabrication region (e) before
and (f) after bending.

particles. To apply uniform stress, we used a metal rod with a
diameter of 60 mm to gently bend the PET film and roll it (see
Fig. 1c). After this step, nanocracks are visible under an optical
microscope. They are formed in parallel to each other as illus-
trated in Fig. 1d. Fig. 1e and f present the state before and
after bending, respectively.

The gap size can be estimated by a simple mode that con-
siders the difference in the circumferences of the tangent
circles on top and bottom of the rounded film. The separation
between adjacent cracks is relatively constant in the investi-
gation area at w; ~ 15.5 + 4.4 pm (Fig. S1af). The nanogap size
is given by d, = taw,/R, where R is the bending radius and ¢ is
the PET-substrate film thickness. Using R = 30 mm and ¢ =
200 pm, we estimated an average gap opening of d, = 100
30 nm, which is smaller than the gap size, that is 258 + 95 nm,
measured with electron microscopy (Fig. S1b¥). This measure-
ment aligns with the estimated value, which falls within the
observed range. Empirically, we observed that the exact gap

I+

size, within the range of our samples, is not correlated with
trapping efficiency. This indicated that at the low AC frequen-
cies that we used, the main potential drop is across the electric
double layer. Therefore, controlling the exact size is of minor
importance. Our simple model considers only geometric
effects and does not include the possible influence of possible
shear tension between the ITO film and the PET substrate or
the irreversible deformation of the PET substrate after
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bending. This simple model, however, shows how to control
the gap size of the origami nanocrack electrodes by controlled
bending of the substrate.

1.2. Reversible potentiodynamic trapping

The origami nanogap electrode was affixed to a glass slide
using double-sided tape. Electric contacts were made with
aluminum tape to facilitate the attachment of probing elec-
trode rods from both sides (Fig. 2a). We emphasize that our
samples, because of the transparent substrate, are compatible
with any upright or inverted microscope. We used 200 nm
fluorescent polystyrene (PS) nanoparticles in water to demon-
strate reversible trapping around the gaps. To visualize the par-
ticles, we used a lab wavefunction generator to apply the trap-
ping potential and a custom-built fluorescence microscopy
setup, with a blue LED for illumination, to observe their
response (Fig. 2b). Effective trapping occurs when the electro-
kinetic forces surpass counteracting forces like thermal
Brownian motion or convection.?® When cracks are shorter
than the cross section, the negligible voltage drop due to
incomplete electric conduction has no observable influence on
the particle motion. Incomplete cracks remain conductive with
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b Glass slide
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negligible potential drop, and trapping predominantly occurs
along a subset of cracks. The scanning electron microscopy
(SEM) images in Fig. S21 provide additional images confirm-
ing the completeness of the trapping origami nanocrack. This
effect is highlighted in the bright-field image of three cracks in
Fig. 2c. Moreover, the fluorescence microscopy image in
Fig. 2d from the same region as Fig. 2c clearly shows that
incomplete cracks do not achieve the desired effect. The SEM
images in Fig. 2e, f and g demonstrate the adhesion of par-
ticles on the edges of the crack that cover the entire cross-
section of the constriction under specific potential
parameters.

Before applying the electric field, we observe the particles
exhibiting Brownian motion, as depicted in Fig. 3a. When the
electric field is first applied (a 5 V peak-to-peak rectangular
waveform at 100 kHz), the particles are drawn to and remain
localized in the nanocrack region, as illustrated in Fig. 3b.
However, upon deactivation of the field, the particles are
promptly released, as shown in Fig. 3c (also see ESI Video 17).
The rapid response of particles to an applied electric field is
assessed by measuring the integrated intensity change along a
nanocrack. The integrated intensity undergoes a rapid increase

(a) Schematic representation of an inverted nanocrack electrode configuration, where nanoparticles in water are confined between the elec-

trode and a glass slide, and an electric field is generated by aluminum tape and gold electrodes. (b) Schematic of a custom-built fluorescence
microscopy setup and a wavefunction generator connected to the electrode probes. (c) Visualizing origami nanocracks under white light and (d)
detecting particles trapped within a nanocrack using fluorescence. (e), (f) and (g) SEM images depicting particles concentrated at the nanocrack

edges, captured at various magnifications.
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Fig. 3 Dynamic stages of particles in water within nanocracks: (a) before, (b) during, and (c) after the application of an electric field. (d) Integrated
intensity change over time (black) is correlated with the applied potential (green). (e) A close-up view of the applied potential (green) with
100-microsecond resolution, alongside simultaneous recording of the electric current passing through the nanocrack samples (purple).

upon applying the electric field, followed by a relatively slower
decline when the potential is set back to zero, as depicted in
Fig. 3d. The green data represent the applied potential,
demonstrating that the AC electric potential is intermittently
applied for a 5-second time interval, repeated six times with
3-second intervals of zero potential. The zoomed-in view in
Fig. 3e, focusing on an applied potential of 5 V at 100 kHz
with a temporal resolution of 100 microseconds, enables a
detailed analysis of the electric field dynamics while the
purple data show the current measured from the nanocracks.

Under a 5 V peak-to-peak amplitude of the applied poten-
tial, we gradually reduced the frequency from 100 kHz to 1 Hz
(see also ESI Video 27). It is worth mentioning that when two
complete cracks are present, we observed simultaneous trap-
ping occurring within these parallel cracks as shown in
Fig. S3.f The nuanced dynamics of reversible trapping at
10 000 Hz is further elucidated in Fig. S4,1 resembling Fig. 3,
but with a diminished integrated intensity. Nanoparticle trap-
ping persisted at all frequencies above 2 kHz. We observed no
trapping at frequencies lower than 2 kHz (Fig. 4a). The speci-
fics of particle behavior spanning from 100 kHz to 1 Hz (100
kHz, 10 kHz, 1 kHz, 100 Hz, 10 Hz, and 1 Hz) are presented in
Fig. S5.F

Conversely, when holding the frequency at 10 kHz and
varying the amplitude (5, 4, 3, 2, 1V, and 500 mV), a distinct
pattern emerged (Fig. 4b). Trapping effects were negligible at
or below 2 V, while reversible trapping was observed at higher
voltages (see ESI Video 37).

Intriguingly, under the application of 5 V at 1 Hz (cycled six
times over 5 seconds with 3-second intervals), particles exhibi-
ted a unique response. They displayed an oscillatory motion,
shuttling between the sides of the nanocrack line in sync with
the applied potential. This dynamic movement is clearly
depicted in Fig. 4c, aligning with the peak and dip points

This journal is © The Royal Society of Chemistry 2024

20 3
a 2
b > b -
154 © z Vi 2 I ]
i B B N & i
= T T i = ke - 1
vl © © iy N il
10 A -0
-
=
©
=
>
=
7]
c & >
4 e} o
215 I - E -1 o
[ i i oN >, (=] 6”
- x N = rs} 0 e
o -
g101 L\ 3 M £ g e =
L i N ° o = o
© N e lil =] ] -1 =
o>5f Ji < S
- @ -2
)= 2

0 10

20 30

Time (s)

40 50

Fig. 4 The integrated intensity change over time (a) as the frequency is
systematically decreased, (b) when the applied voltage is systematically
decreased and (c) at 5 V with 1 Hz application.

corresponding to the application of the electric field, which is
a clear indication of the bulk-flow induced by applying the
electric potential. However, the cycle-averaged forces at these
low frequencies are not enough to concentrate or eventually
trap the nanoparticles (see also ESI Video 47).

The observed electrokinetic trapping cannot be explained
by DEP as we expect positive (repulsive from the electrode)
forces on polystyrene particles at low frequencies. The DEP

Nanoscale, 2024, 16, 8514-8520 | 8517
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forces are expected to change sign at frequencies above 100
kHz for the conditions of our sample." However, we can
observe trapping at much lower frequencies, even down to 2
kHz. However, ACEO trapping has been observed at lower fre-
quencies, which we anticipate is the underlying mechanism
for trapping the nanoparticles in our system. To explore these
trapping conditions and the stability of the sample empiri-
cally, we conducted a parametric study of the applied potential
and frequencies using cyclic voltammetry and electrochemical
impedance spectroscopy (EIS) of the same nanogap electrodes
in contact with the nanoparticle sample or other electrolyte
solutions.

1.3. Impedance spectroscopy of origami nanocrack
electrodes

In order to characterize and understand the ideal trapping
conditions and check the reproducibility of each fabricated
electrode, we used electrochemical impedance spectroscopy
(EIS). In this method, the complex-valued conductivity of the
sample is measured as a function of frequency and amplitude
for a sinusoidal AC potential, revealing the various conduction
regimes in the electrolyte. To understand the influence of the
electric-double-layer formation at the electrodes, we also
repeated our characterization for a series of ionic strengths in
solutions of increasing chloride  (KCl)
concentration.

Fig. 5(a) depicts the measured impedance spectrum of the
ITO electrodes in contact with the nanoparticle suspension for
various applied potentials. We can observe little difference in
the impedance response, especially at frequencies above 100
Hz, which testifies to the electrochemical stability of the ITO
substrate.

In Fig. 5(b), we present the EIS measurements for the ITO
electrodes for various concentrations of KCl dissolved in water
at 2.5 V. We can observe that conductivity increases (low-fre-
quency impedance decreases) with higher salt concentrations.
Furthermore, the response phase at the highest frequencies
deviates from zero for the lowest measured salt concentration
of 0.1 mM, for which the charging time of the electric double
layer becomes comparable to the period of the waveform. The
response of the nanoparticle solution is closest to that of the
0.1 mM salt concentration. We therefore conclude that the
residual ionic strength of the nanoparticle solution used for
our measurements is in that range. The cyclic voltammetry
diagram of origami electrodes with particle solution depicted
in Fig. 5(c) also confirms the electrochemical stability for the
potential range of +2.5 V. Water splitting reactions speed up
outside this range, resulting in higher faradaic currents, but
this effect seems to be negligible for AC potentials at frequen-
cies larger than 100 Hz that are suitable for trapping at the
nanogap, which is the main focus of this article. The absence
of faradaic reactions is advantageous for the main function of
nanogap trapping as it enhances the chemical stability of the
ITO electrode. The stability conditions, however, are only
tested at neutral pH. The use of acidic or basic solutions
might further limit the usability of this device.

potassium
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Fig. 5 Bode plots of the impedance of the ITO electrodes for sinusoidal
alternating potential (a) in contact with the nanoparticle solution for
varying wave amplitude and (b) in contact with a KCl solution of
different concentrations. (c) Cyclic voltammetry of ITO electrodes in
contact with the nanoparticle solution for different ranges of the
applied potential. For each range, 3 cycles have been measured. Only
the highest range displays some alterations in the measured current for
the extremes of the potential that can be attributed to the electro-
chemical change in the surface properties such as roughness.

2. Conclusions

In this study, we introduce a novel approach for nanogap elec-
trode fabrication, utilizing origami principles to create con-
trolled nanocracks in transparent and conductive films. This
method deviates from conventional lithographic techniques,
offering a point-of-use one-step process for the production of
parallel-arranged nanogap electrode patterns. The stress-
induced merging of strategically introduced weak points

This journal is © The Royal Society of Chemistry 2024
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results in reversible nanoparticle confinement, as evidenced
by the observed dynamics under varying parameters such as
the amplitude and frequency of the applied waveform. The
trapping behavior persists at AC frequencies as low as 2 kHz,
consistent with the hypothesis of AC electroosmosis as the
main underlying mechanism. Based on EIS measurements, we
demonstrate the stability of ITO electrodes for the relevant
potentials and frequencies and rule out the influence of fara-
daic reactions at neutral pH, which could otherwise result in
chemical degradation.

These nanogap electrodes can be used in various appli-
cations, including integration into lab-on-a-chip systems for
controlled analysis of biological particles, microfluidic devices
for efficient particle transport and sorting, and biotechnology
applications for the manipulation of cells and biomolecules.

3. Materials and methods

3.1. Nanogap ITO electrode fabrication

90-150 A ITO coated PET films with a thickness of 200 pm
(OCF2520, Thorlabs) were precision-cut using a GCC LaserPro
X380 laser engraver/cutter according to a vectorial program
defining the electrode design. The resulting electrodes
measured 24 mm in height and 50 mm in length, featuring
weak points in the mid-region with small triangles pointing
towards the center, spaced at 2 mm intervals in a ribbon
shape. Nanocracks were induced in the ITO-coated PET film by
bending it around metal rods with a constant 30 mm radius of
curvature. The longitudinal strain applied to the film surface
during smooth rolling resulted in uniformly spaced nano-
cracks with an average of 15.5 pm intervals in the mid-region.
The electrodes were inverted and affixed to a 24 x 50 mm no.
1.5 glass slide using small square pieces of double-sided tape.
The ITO conductivity was enhanced with aluminum tape, facil-
itating the attachment of electrode probes from both sides.
This assembly effectively confined the particle solution
between the glass slide and the electrode design, minimizing
the impact of water evaporation and drift.

3.2. Particle solution preparation

Aqueous suspensions of 0.20 pm Fluoresbrite® YG carboxylate
microspheres (2.5% w/v) with a maximum excitation of
441 nm and a maximum emission of 486 nm were diluted
10000 times with Milli-Q water. For trapping experiments,
60 pl of the diluted solution was used.

3.3. Trapping experiments

For electrokinetic trapping measurements, we used a function
generator and a home-built fluorescence microscopy setup. A
blue LED (Thorlabs, M395L4) was employed to excite the par-
ticles, with the excitation light reflected by a dichroic filter
directed to the microscope objective (ZEISS 40%/0.65) via a
mirror. The emitted light followed the reverse path, passing
through a long-pass dichroic filter (500 nm) and reaching the
camera (Hamamatsu Digital Camera, C11440). This configur-
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ation effectively filtered the source light from the image,
enabling particle visualization. A waveform generator
(KEYSIGHT InfiniiVision DSOX2024A) synchronized with the
camera monitored the applied voltage and circuit, facilitating
simultaneous observation of the impact of the applied poten-
tial on particle behavior.

3.4. Impedance spectroscopy

A BioLogic SP300 potentiostat was employed for impedance
and cyclic voltammetry measurements of the origami nano-
crack electrodes.

3.5. Characterization

Nanocrack morphology and trapped PS particles were analyzed
using a ZEISS EVO 15 SEM operated at 5 kV.
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