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Significance Dielectrophoresis, electro-osmosis, and other electrokinetic effects are
frequently used in a variety of applications but necessitate patterning of electrodes on
sensor surfaces. This typically requires a cleanroom and time-consuming, expensive,
and arcane lithography and etching procedures. Aim To demonstrate the applicability
of commercial laser direct writing equipment for rapid patterning of electrodes into gold
layers on glass substrates, particularly with application to producing electrokinetically
active plasmonic sensors. Approach A commercial printed circuit board prototyper was
used to pattern interdigitated electrode (IDE) arrays into the surface of gold-coated
slides and off-the-shelf surface plasmon resonance (SPR) prisms. The electrode
geometries resulting from different patterning parameters were characterized by
profilometry and electron microscopy. The patterned surfaces were then employed for
trapping and electro-kinetic manipulation of bacteria, and finally for sensing of bacteria
by SPR imaging. Results Fabrication of an IDE array can be completed in as little as
12 seconds, with longer fabrication times permitting superior geometry and minimum
feature size of 15 um. The patterned IDEs were capable of concentrating bacteria and
controlling their position on the sensor surface as a function of applied frequencies.
SPR was demonstrated to detect specific interactions between bacteria and
immobilized antimicrobial peptides. Conclusions Laser direct writing is demonstrated
as a feasible, cleanroom-free alternative to more lengthy lithography methods,
permitting very rapid fabrication and prototyping of IDEs, which are compatible with
active plasmonic sensing and bacterial detection.
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Highlights

e Commercial laser direct writing equipment was investigated for rapid patterning of
electrodes into gold layers on glass substrates.

e The patterned surfaces were then employed for trapping and electro-kinetic manipulation of
bacteria, and finally for sensing of bacteria by SPR imaging

e |t constitutes a feasible, cleanroom-free alternative to more lengthy lithography methods.
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Abstract

Significance: Dielectrophoresis, electro-osmosis, and other electrokinetic effects are frequently used
in a variety of applications but necessitate patterning of electrodes on sensor surfaces. This typically
requires a cleanroom and time-consuming, expensive, and arcane lithography and etching
procedures.

Aim: To demonstrate the applicability of commercial laser direct writing equipment for rapid
patterning of electrodes into gold layers on glass substrates, particularly with application to
producing electrokinetically active plasmonic sensors.

Approach: A commercial printed circuit board prototyper was used to pattern interdigitated
electrode (IDE) arrays into the surface of gold-coated slides and off-the-shelf surface plasmon
resonance (SPR) prisms. The electrode geometries resulting from different patterning parameters
were characterized by profilometry and electron microscopy. The patterned surfaces were then
employed for trapping and electro-kinetic manipulation of bacteria, and finally for sensing of
bacteria by SPR imaging.

Results: Fabrication of an IDE array can be completed in as little as 12 seconds, with longer
fabrication times permitting superior geometry and minimum feature size of 15 um. The patterned
IDEs were capable of concentrating bacteria and controlling their position on the sensor surface as a
function of applied frequencies. SPR was demonstrated to detect specific interactions between
bacteria and immobilized antimicrobial peptides.
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Conclusions: Laser direct writing is demonstrated as a feasible, cleanroom-free alternative to more
lengthy lithography methods, permitting very rapid fabrication and prototyping of IDEs, which are
compatible with active plasmonic sensing and bacterial detection.



Introduction

Interdigitated electrodes — intermeshed, individually addressable planar electrodes — have been
demonstrated in a wide variety of applications including biosensing®?, cell-sorting?, diagnostics*, and
petrochemistry®; making use of transduction mechanisms either inherent to the electrodes
themselves (e.g., impedance®® or capacitance based methods®®) or in adjacent transducers near
which the IDEs concentrate an analyte by electrokinetic mass transport.>°

When employed for mass transport, IDEs can leverage electrokinetic effects such as
dielectrophoresis (DEP), alternating current electro-osmosis (ACEO), and the electro-thermal effect
(ETE) to concentrate and displace particulate matter in a carrier liquid as a function of the frequency
and amplitude of oscillating electrical signals applied to the opposing electrodes.>*°

Due to the polyvalent nature of IDEs, they are incorporated into a large variety of different devices.
As a result, it is common practise for researchers to fabricate the IDEs themselves in order to tailor
the micro-patterned surfaces to their specific application.>”%1!

Traditionally, fabrication of electrodes necessitates some or all of: deposition of the electrode
material and adhesion layers onto a suitable substrate, fabrication of a hard mask, and deposition of
photoresist followed by lithography and associated wet or dry etching techniques.'?™**> Such methods
are time-consuming, expensive, and incompatible with rapid iteration of component design, slowing
the pace of research and obligating researchers to handle etchant chemicals and perform lengthy
lithography processes and other steps which require skills that may be unrelated to their scientific
training.

Increasingly, there is interest in more rapid processes for producing patterned surfaces. Alternative
methods that have been demonstrated include inkjet printing,'® fused deposition modelling,'” and
laser ablation of printed circuit boards (PCBs).'® Although intriguing results have been obtained with
these methods, each suffers from various drawbacks including poor pattern reproduction, large
minimum feature sizes, large variability that depend on fabrication parameters etc.

Furthermore, use of unorthodox materials to form the IDEs may prove incompatible with popular
bioconjugation methods such as thiol-gold immobilization®?°, introducing complication downstream
of the IDE fabrication.

First proposed by Tender et al. 2!, laser direct writing (LDW) has only rarely been exploited for the
fabrication of IDEs, despite the advantage that LDW can surpass the achievable resolution offered by
conventional photolithography of gold.?> However, fabrication of IDEs by laser ablation has so far
necessitated construction of a custom optical setup, typically by channelling laser output via a
dedicated optical bench through adapted microscope objectives.??> While elegant, this method
substitutes lengthy fabrication protocols with the necessity to develop a custom optical system,
negating any time-saving and recreating the problem of obligating experimenters to develop skills
orthogonal to their research.

In order to improve the turn-around time for rapid prototyping of IDEs, here is presented a
patterning method based on laser ablation of a deposited metal layer on glass substrates by a
commercial PCB prototyper. This method retains the time-saving benefits of LDW, without the need
to develop a custom optical setup.

In order to demonstrate the compatibility of the fabricated IDEs with biosensing, they were first
employed for mass concentration of bacteria in a microfluidic circuit, then the same geometry was



patterned into a surface plasmon resonance imaging (SPRi) sensor functionalized with antimicrobial
peptides (AMPs) (Figure 1).

SPR is a popular technique for label-free, real-time monitoring of surface phenomena, transducing
mass-uptake at a sensor-analyte interface into an optical signal.?®> SPR imaging builds on the strength
of SPR by observing the entire surface of a sensor that has been functionalized with many different
ligands, simultaneously monitoring the interaction of each functionalized region in a single, parallel,
multiplexed assay.?#?> SPRi has been demonstrated for the specific detection of bacteria using arrays
of immobilized AMPs.?® However, the time-to-results with this method was long, taking several
hours to reveal interactions between AMPs and challenge bacteria.

Recently, there is increasing interest in enhancement by electrokinetic mass transport of plasmonic
sensors including SPR?, localized SPR%, and optical fiber SPR sensing?. The work of Costella et al.
and Avenas et al. demonstrated a form of active plasmon SPRi sensing on IDE arrays but stopped
short of chemical functionalization of the surface for specific sensing.*!° Terao developed this
technique for the monitoring of specific interactions between immunoglobulin G (IgG) and sensor-
immobilized anti-IgG antibodies.*

To the authors’ knowledge, this work represents the first time that LDW has been used to rapidly
fabricate electrodes directly into an SPR sensor; and furthermore, the first time electrokinetic SPR
imaging (EK-SPRi) has been demonstrated for parallel, multiplexed sensing with multiple probes of a
clinically relevant, antibiotic-resistant strain of Staphylococcus aureus.
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Figure 1 (A) An illustration of the electrotrapping experimental setup. An interdigitated electrode array was patterned into
the surface of a gold-coated slide, interfaced with a PDMS flow cell, and observed by microscope. (B) lllustration of the
electrokinetic SPR imaging system in the Kretschmann configuration with a cutaway of the flow cell.



Materials & Methods

Purchased materials

Dimethylformamide (DMF), dimethyl Sulfoxide (DMSO), ethanol (299.9%), glycerol (299%),
phosphate-buffered saline (PBS), polydimethylsiloxane (PDMS; Sylgard 184), poly(ethylene glycol)
methyl ether thiol (PEG-800), potassium nitrate (KNOs), and trypticase soy broth (TSB) were
purchased from Sigma-Aldrich (Saint Quentin Fallavier, France) and used without additional
purification. 0.9% w/v NaCl solution (OTEC) was purchased from VWR (France). Deionized water
(DIW; >18 MQ resistivity) was obtained from an ELGA PURELAB flex dispenser (Veolia Water,
France).

Peptide synthesis

Magainin was synthesized by Smart Bioscience (Saint Egréve, France) using a standard Fmoc solid-
phase method described elsewhere.?® The remaining peptides were synthesized by the 9-
fluorenylmethoxycarbonyl/tert-butyl (Fmoc/tBu) strategy on RINK-amide resins on a Syro Il peptide
synthesizer (Biotage), followed by purification by reverse phase HPLC. Purity of synthesized proteins
was confirmed by high-performance liquid chromatography and electrospray ionisation mass
spectrometry. While magainin is conjugated via an L-cysteine amide on the C-terminus, the
remaining peptides are instead conjugated via 3-mercaptoproprionic acid (3-MPA) on their N-
terminus. Further information on antimicrobial peptides can be found in Supplementary Table 1.

Bacterial culture

Bacterial strain Pseudomonas putida (ATCC 12633) was obtained from the Félix d'Hérelle Reference
Center for Bacterial Viruses of Université Laval, Quebec, Canada. Bacterial strain S. aureus subsp.
aureus Rosenbach (ATCC 43300) was obtained from Microbiologics (Kwik-Stik™ lyophilized strains).
Bacterial cultures were routinely prepared in TSB at recommended temperatures for each host: S.
aureus at 37 °C and P. putida at 30 °C.

Preparation of gold substrates

Flat D263® glass slides coated with Cr/Au — 1.5 + 0.5 nm / 55 + 3 nm were purchased from SCHOTT
and cleaved into 30x26 mm sections. Gold-covered SPRi biochips were purchased from Horiba
Scientific (Palaiseau, France).

Rapid fabrication by laser ablation

Gold slides and prisms were both patterned in the same manner using a ProtolLaser S4 printed circuit
board prototyper (LPKF, Garbsen Germany), which was initialized at least 20 minutes before use to
allow the laser to reach stability.

Laser power was set to 5 W for hatching and 9 W for contouring. Both hatching and contouring were
performed with a pulse frequency of 160 kHz. Insulation width was maintained at 15 um. Several
laser patterning parameters were varied in order to find the optimal conditions for reproduction of
the smallest possible features of a pattern design. Parameters varied included the hatching overlap
(10, 15, 20, or 25 um), repetition of beam passes (1, 2, or 3 passes), and the direction of the beam
(concentric, parallel, or perpendicular to the electrode axis).

The pattern design features 54 electrodes fingers, 27 connected to each of two separate opposing
busbars (Supplemental Figure S1). The busbar width was 1 mm to minimize voltage drop across this
part of the circuit. The electrodes overlapped by 7.7 mm of their total 8 mm length. As well as



varying fabrication parameters, the pattern design was also varied to include different electrode
widths (30, 50, or 100 um) and electrode separations (15, 20, 30, 40, and 50 um).

After optimization of the patterning parameters, the best settings were used to produce
electrokinetic SPRi prisms (EK-SPRi prisms)

Electron microscopy

In order to evaluate the fidelity to pattern designs and efficacy of removal of gold from ablated
regions, scanning electron microscopy (SEM) was carried out on substrates produced by different
patterning parameters. The surfaces were observed using a Zeiss Ultra 55 scanning electron
microscope under a 2 kV acceleration voltage and working distance in the range 5-10 mm. Images
were obtained with either an “in-chamber” secondary electron (SE) detector or an “in-lens” detector
mounted inside the column, yielding greater topographical contrast.

Profilometry

Profilometry measurements were performed on patterned surfaces using a DektakXT profilometer
equipped with a 12.5 um-radius stylus applying a 3 mg stylus force. Measurements were taken both
perpendicular and parallel to the electrode axes.

Simulation
Clausius—Mossotti (CM) factors were calculated using the software tool myDEP* for a range of
carrier liquid conductivities and electrical field oscillation frequencies, using a two-shell cell model.*®

Electrokinetic trapping and concentration

A microfluidic flow cell was produced by pouring vacuum-degassed PDMS over a stainless-steel
mould, followed by curing at 80 °C for 90 minutes. The fabricated flow cell consisted of an inlet and
outlet, each subdivided into 16 channels using 4 layers of T-junctions on either side of a main
chamber 200 um in height (Figure 1A). This geometry allows an homogenous flow of analyte through
the chamber and thus over the IDE array.

The high reflectivity of the gold electrodes necessitated observation from above (i.e., from the side
of the PDMS circuit). However, the thickness of the PDMS necessitated a larger working distance
than would be possible with a microscope objective that would permit the magnification needed to
observe trapping of individual cells. To circumvent this, the patterned slide was interfaced with the
PDMS flow cell and mounted in a microscope permitting single-cell resolution (x 500-600
magpnification) over the width of one electrode finger while permitting a working distance longer
than the thickness of the PDMS layer (Figure 1A).

Using a syringe pump (KDS 250 Nanoliter 4, KD Scientific), a flow rate of 0.4 mL/min was used to fill
the PDMS circuit with bacterial suspensions, and a reduced flow rate of 0.1 mL/min during
electrokinetic experiments. The salt concentration of the carrier liquid was varied between 1.54
mmol and 154 mmol NaCl (i.e., physiological saline). Signals were applied between the IDE array
contacts, controlled by a signal generator, and monitored using an oscilloscope (waveRunner 64Xi,
Teledyne LeCroy). The resulting behaviour of bacterial cells during application of signals was
observed and recorded by the microscope camera (Sony a7s).

Imagery was transcoded from Apple ProRes 422HQ using Davinci Resolve v17.4.3, with each frame
extracted as a RGB colour TIFF. Frames were then processed by Imagel (v1.53f51) to perform
background subtraction and contrast adjustments.



Immobilization of peptides on electrokinetic prisms

The patterned gold surfaces of EK-SPRi prisms were rinsed with DIW, ethanol, then once more with
DIW. EK-SPRi prisms were then dried with argon and plasma cleaned for 3 mins in 0.6 mBar 75:25
oxygen/argon mix at 80% power in a Femto plasma system (Diener electronic, Ebhausen, Germany)
and the surface left to stabilize for 24 hours at room temperature.

The surface of each EK-SPRi prism surface was then functionalized with peptides using a protocol
described elsewhere.?® Lyophilized peptides were resuspended (Magainin in DMSO, others in PBS
supplemented with 5% w/v glycerol) at 1-2 mmol and stored at -80 °C. 20 uL aliquots of peptides
were sonicated for 10 minutes in an ultrasound bath to disaggregate them, then centrifuged for 2
000 g for 20 seconds at room temperature. Peptides were then diluted to 100 umol by addition of
aqueous solution of 15% w/v DMF, 15% w/v glycerol to make a final volume of 20 pL. Peptide
suspensions were then once more centrifuged as before, sonicated a further 5 minutes as before,
then centrifuged again before deposition on the prism surface.

The surface texture created by laser patterning caused deposited droplets to spread across the
surface by capillary action. To permit localized functionalization, the EK-SPRi prisms surface was
partitioned into sections by application of silicon grease using the edge of a microscope cover glass,
creating a hydrophobic barrier on the surface to yield eight separated regions available for
functionalization. 1 pL of each peptide suspension was pipetted onto a different region and the
suspensions incubated with the prism surface for 18 hours at 25 °C in the dark in a humid
environment inside a desiccator loaded with saturated KNOs solution (to produce 95% relative
humidity).

The following day, the prism surface was rinsed with DMF then DIW. The prism was then dried with
argon and immediately covered with 2 mmol PEG-800 aqueous solution and incubated for 2 hours at
25 °C in the dark in a humid chamber, blocking the surface. The prism was then rinsed with once
more with DIW, dried with argon, and stored in air in a 50 mL Falcon tube in the dark at 4 °C for 24
hours before use.

Peptide-bacteria interaction monitoring by surface plasmon resonance imaging

The detection of immobilized AMP interaction with bacteria was performed using a commercial SPRi
device (Horiba Scientific, Orsay, France) placed in an incubator at 30 °C. The SPRi chip was interfaced
with a PEEK flow cell to allow interaction with the bacterial suspension (Figure 1B). The biochip
surface was illuminated from below with polarized and collimated 880 nm light from a light-emitting
diode. Monitoring of binding was performed using a CCD camera (Dolphin F-145B, Allied Vision,
Stadtroda, Germany) with a fixed working angle of 52.78°.

An exponential-phase culture of S. aureus was pelleted by centrifugation at 5500g at room
temperature for 5 minutes, resuspended in 1.54 mmol NaCl solution to a concentration of
10° CFU/mL, centrifuged and resuspended a second time in 1.54 mmol NaCl, then adjusted to
various concentrations between 10% — 108 CFU/mL and introduced to the sensor surface with a flow
rate of 4 uL/s. Images were taken every six seconds.

In order to facilitate mass transfer to the surface, the frequencies established in earlier electro-
trapping experiments were applied to the EK prism contacts. First, a signal of 100 kHz 5 V,, is applied
for 10 s to facilitate mass transport of bacteria from the analyte suspension (pDEP interval). Then, a
signal of 10 kHz 5 Vp, is applied for a further 10 s in order to move any captured bacteria to the
center of electrode fingers (ACEO interval). Finally, no signal was applied for 40 seconds to allow
bacteria to interact with immobilized AMPs (interaction interval). These signals were applied in



sequence of five cycles after each injection of bacteria and the SPR signal allowed to stabilize for 10
minutes to reveal any mass uptake on the electrode surfaces.

Data analysis

SPRi reflectance images were recorded with an SPRiLab SPR imager (Horiba Scientific, Palaiseau,
France). Data were treated using SPRiView (v3.1.2) and processed using MatLab R2021a (v9.10).
Regions of interest (ROIs) were manually identified during initialization of the SPRi experiment,
chosen to correspond to the phage-functionalized regions of electrode centers of the surface.

Since the ROIs exhibited plasmon curves with different slopes at the chosen working angle
(Supplementary Figure S3), it was not appropriate to directly compare the changes in reflectivity
between different ROIs but rather the shift in the plasmon curve corresponding to the reflectivity
change. In order to calculate the plasmon curve shift, a B-spline was fitted to the plasmon curves
observed at the beginning of the SPR experiment. This fit was then used to convert changes in
reflectance to the real plasmon curve shift, expressed in degrees.

A one-minute rolling average of plasmon angle shift (i.e., a mean of 10 data points) was plotted for
analysis of interactions between AMP and bacteria. All curves were offset to zero approximately one
minute prior to injection of bacterial suspensions, and corrected for baseline drift.



Theory

Principle of dielectrophoresis

Dielectrophoresis (DEP) is a phenomenon whereby particles in an electrolyte medium will
experience a nett motive force in response to an inhomogeneous electrical field. For a homogenous
particle, the time-averaged DEP force on a particle of radius r due to an electric field gradient V|E?|
is given by3!:

(Fpgp) = 2mr3sy e, Re{CM(w)}V|E|” (1)

Where &5 is the permittivity of free space, &,, is the permittivity of the medium, and Re{CM {w)}
refers to the real component of CM{w) — the Clausius-Mossotti (CM) factor as a function of w, the
angular frequency of oscillation of the electrical field.

Crucially, the force is proportional to the gradient of the square of the electric field but not on its
polarity. This permits us to leverage DEP to concentrate bacteria from the bulk onto the electrode
borders by applying an alternating current with a frequency that yields a positive CM factor.

For a given electrical field oscillation frequency, the sign of the CM factor depends strongly on the
medium conductivity, the particle’s geometry, and its electrical permittivity. Figure 2 shows the
balance of forces on a homogenous, spherical particle in an electric field gradient. When the particle
is more polarizable than the surrounding medium, the resulting force is towards the region of high
field gradient, a regime known as positive dielectrophoresis (pDEP). Conversely, a less polarizable
particle than the surrounding medium experiences negative dielectrophoresis (nDEP) — a force
away from the region of high field gradient.

Positive DEP

Figure 2 Schematic representation of positive dielectrophoresis for an homogenous, spherical particle in an electric field
gradient. A particle that is more polarizable than the medium experiences a force towards the region of high electric field
gradient.

While Figure 2 depicts the case for a spherical and homogenous particle, the CM factor for a
bacterium is more complicated since the cell is composed of a series of cell membranes enclosing a
cell cytosol. Two bacterial strains were used in this work — P. putida and S. aureus. Although S.
aureus is Gram-positive and so differs in cell wall composition compared to Gram-negative, P.



putida; in practice the convention is to neglect the intermediate layer of Gram-negative bacteria
from calculations of the CM factor since it is only 2 nm thick. This permits the use of a more simple,
two-shell model for both bacteria, specifying a separate conductivity (o) permittivity (€) for each
region of the cell.

In order to predict the correct signals to apply to the IDE array in order to manipulate bacterial cells,
the software tool myDEP*® was used to calculate the CM factor for S. aureus and P. putida over a
range of carrier liquid conductivities and electrical field oscillation frequencies from 1 kHz to 1 GHz
(Figure 3). A positive CM factor — and thus pDEP — was obtained in the frequency range 1 kHz to
100 MHz when the carrier had a conductivity lower than 0.2 S/m, which corresponds to an NaCl
concentration of 17.1 mM or lower.

This provides a basis to estimate the experimental conditions necessary to facilitate pDEP and hence
concentration of bacteria on the electrodes.

1
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—~—
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Figure 3 The Clausius-Mosotti (CM) factor, as calculated at a range of frequencies for various medium conductivities
assuming a two-shell bacterium model and assuming a negligible volume fraction of the carrier liquid is occupied by
suspended cells. An NaCl concentration of 17.1 mM (orange line) yields a positive CM factor over the entire frequency
range from 1 kHz to 100 MHz, and thus permits a positive dielectrophoretic force on bacteria.



Principle of alternating current electro-osmosis

In contrast to DEP — which acts on the cells directly — ACEO acts on the carrier liquid itself, creating
a current of ions perpendicular to the long axis of the electrode fingers which entrains the carrier
fluid — and in turn any suspended particles — via drag forces.3?

A solid surface immersed in an electrolyte presents a given surface potential I and thus
spontaneously develops an electric double layer. When a rapidly changing potential is applied
between two adjacent electrodes, the surface does not discharge everywhere simultaneously,

leading to a tangential component of the electric field EII- Non-hydrated, charged ions of the

medium in the double layer are accelerated by this electric field, away from electrode borders and
towards the electrode center.*?

Ramos et al. gave an expression for the fluid velocity © across the electrode surface as a function of

EII' the charge density of the double layer o, and the viscosity n:*

. By
i |
K1

The fluid velocity thus depends on both the conductivity and the frequency of electric field
oscillation. In order to leverage the ACEO effect, a non-zero minimum conductivity is required and
the signals applied to the electrodes must be within the frequency interval permitting ACEO.

Results

Electrode patterning

In order to optimize IDE fabrication, electrodes were fabricated with various parameters, imaged by
SEM, and compared based on several figures of merit including fidelity to the original CAD design,
minimal electrode width and separation, and presence of residual metal in ablated regions or
redeposition on un-patterned regions.

Initial patterning attempts made use exclusively of the ‘contouring’ tool with a concentric path,
which specifies a beam route that hugs the periphery of unablated regions and uses a moderate
power of 9 W compared to the device’s maximum of 12 W, which is normally reserved for milling
through the entire substrate thickness.

SEM analysis of these initial patterning experiments revealed that the CAD pattern was reproduced
on the surface with reasonable fidelity with an electrode width of 110 um and electrode separation
of 37 um (Figure 4a and b). Furthermore, gold was effectively removed from between the
electrodes. Electrical isolation of the IDEs was later confirmed with a multimeter, which showed no
short circuit between opposing electrodes. This first result was all the more interesting since
patterning with these settings took approximately 12 seconds (Supplemental video S4).

However, artifacts were observed in certain regions of the IDE array where the pattern geometry
necessitated a tight turning circle of the beam path (Figure 4a and b). At the electrode extremities, in
between the end of each electrode and the opposing busbar, the concentric contouring tool failed to
remove the metal and instead produced a repeated oval motif of resolidified material (Figure 4b).
The concentric contouring also failed to remove material at “corners” in the beam path (Figure 4a).
Also, although the CAD design specified flat electrode tips, the electrode fingers took on a rounded
shape and greater width than the CAD design (Figure 4b). We attributed this to an overshoot of the
beam as the device attempted to round the corner at the end of each electrode.



While the metal in between the electrodes was observed to be entirely removed, the electrode
borders seem to be subject to pure melting rather than ablation®*, with surface tension of the
transiently molten metal forming a 2-4 um-wide ridge during resolidification.

To explore the possibility of improving electrode geometry and push the resolution limits of the
device, subsequent experiments explored the use of multiple repetitions and alternative beam
paths. Since it has been shown that reduction of electrode width and separation improves sensitivity
with some transduction methods (e.g., impedance*3> capacitive sensors*®), we sought to find the
limit of minimum feature size producible with laser ablation in order to demonstrate the wide
applicability of this method to a variety of sensor types.

Following the contouring tool with a ‘hatching’ tool resulted in improved electrode geometry. The
hatching tool used a lower power of 5 W and specifies a rastering beam path that proceeds line-by-
line across the substrate surface, activating the laser only when over a region marked for ablation by
the software. Electrodes of width as thin as 15 um can be achieved in this way (Figure 4d), much
smaller than the 50 um minimum conductor trace width specified by the manufacturer. However,
due to the overshoot problem, the electrode bulges to ~20 um for the last 200 um of the electrode
length.

Rather than a minimum electrode width, the limiting factor with this device was found to be the
finite minimum width of the ablated region. The software of this device (tool library version 0.3.11)
will not translate hatching overlap of smaller than 15 um to the substrate, and instead fails to
remove material between electrodes with these settings. Setting the hatching instead to 20 um is
necessary to yield the minimum observed electrode separation of 35 um. This is reasonable since
the manufacturer specifies a minimum focused beam diameter of 20 £ 2 um.

A poor result was produced when repetitions of two or three passes were specified, since slight
variation in the substrate/beam alignment between passes resulted in unpredictable removal of
material from the electrode fingers (Figure 4c). It was unclear whether this was due to uncontrolled
movement of the substrate relative to the stage, or rather poor translational precision of the stage
actuators.

Surprisingly, an improvement was observed when using a hatching path that rastered
perpendicularly rather than parallel to the electrode axis (Supplementary Figure S1). It was expected
that a parallel beam path (i.e., following the electrode axis) would provide superior results, but
instead was found to ablate a wider region and lead to more deposition of metal on un-patterned
regions. This may be because a parallel beam path results in the ablation being initiated in adjacent
regions consecutively within 6.25 us, which is of the same order of magnitude as the time scale of
heat dissipation out of the focal volume of the laser®’, which may result in energy input into metal
that is still molten from ablation of an adjacent region. In contrast, if using a perpendicular beam
path, immediately adjacent locations between electrodes are not removed consecutively and
instead have time to reach thermal equilibrium with the bulk of the substrate before the next beam
pass. We posit that redeposition of gold on un-patterned regions was minimized when a



perpendicular (Figure 4f) instead of parallel hatching path was used (Figure 4e) because molten
metal had an opportunity to cool before return of the beam.

Regardless of tool settings, the formation of a ridge persisted at the electrode boundary as a result
of ablation of adjacent metal (Figure 4e and f), accompanied by a modified surface texture due to
transient melting and resolidification (Figure 4f, black arrow).

Finally, optimal settings were found that resulted in efficient removal of gold from the glass,
minimized redeposition of ablated material, and produced consistent electrode widths. For
subsequent SPR experiments, IDE arrays were produced 85 um width electrodes with 45 um spacing
(Figure 4g).
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Figure 4 Collage of scanning electron micrographs of IDE arrays resulting from various patterning parameters. (A) Far from
the electrode fingers, the concentric contouring path leaves residual metal on the surface where successive passes fail to
overlap. Inset shows that this phenomenon is most pronounced in regions where the beam path exhibits high curvature.
(B) The concentric contouring path also fails to completely remove metal between the end of each electrode and the
opposing busbar. Inset shows detail of the repeating oval motif of resolidified metal. (C) Multiple repetitions of the
contouring and hatching paths are poorly superimposed, leading to a failure to transfer the design to the substrate. (D)
Combining a contouring pass with a parallel hatching pass can produce electrodes with a width as thin as 15 um. (E)
Electrode boundaries exhibited a raised profile up to 300 nm above the surface and extending up to 4 um into un-
patterned regions. Redeposition of removed metal was observed in surrounding areas (black arrow). (F) Use of a
perpendicular hatching path reduced deposition in un-patterned regions but did not mitigate the increased metal thickness
at the boundaries. (G) An edge-on cross-sectional view of uniform electrodes of 85 um width (black arrow) and 42 um



separation (white arrow), fabricated for use in subsequent surface plasmon resonance experiments. (H) A typical patterned
SPRi prism that results from laser ablative patterning.
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Figure 5 Left: Profilometry analysis of a patterned gold-covered slide, showing the profile perpendicular to the electrodes.
Black arrows indicate a small increase in metal layer thickness that extends approximately 15 um from the boundary
towards the electrode center. Note the different scales on the x and y axes, which greatly exaggerates the vertical
displacement. Right: Optical microscopy of the region measured. The location of the measured profile is indicated (white
line).

In order to obtain a more quantitative picture of the patterned surfaces, profilometry was
performed on a patterned slide with 50 um-wide electrodes. The electrode boundaries were
observed to rise approximately 300 nm above the surface, a significant departure from the 56.5 nm
nominal thickness of the original metal layer (Figure 5). While profilometry appears to indicate that
the boundary ridge of 8 um width, this is not in agreement with SEM imagery of the same regions
(Figure 4e and f). It is likely that the width measured by profilometry was an artifact stemming from
a convolution of this surface feature with the 12.5 um-radius stylus tip, giving an erroneous result for
the lateral dimension of the ridge. Instead, we conclude that the vertical displacement of up to
300 nm obtained by profilometry is reliable, while the lateral width of the boundary ridge should
instead be measured from electron micrographs (Figure 4e and f), indicating a ~3 um-thick ridge
300 nm in height.

Also observed was a region that extends ~15 um into the electrode with a smaller departure from
nominal thickness of ~20 nm (Figure 5, black arrows). Favouring electrodes with a width larger than
~50 um allows rapid fabrication of electrodes with a central region with nominal metal layer
thickness unaffected by the ablation process.

In between the electrodes were observed the same repeating circular motif as in SEM, originating
from the firing pattern of the laser which removes some glass material below the gold layer to a
depth of 200-600 nm. For the purposes of IDE fabrication, the removal of some glass is not deemed
to be problematic since this region is not active for surface plasmon resonance nor is it targeted for
functionalization.

Electrotrapping
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Figure 6 (A) Upon introduction of the P. putida and application of alternating electrical signals to the electrode contacts,
bacteria (white arrows) were observed to be concentrated at the electrode borders or (C) displaced to the electrode
centers, depending on the applied frequency.

In order to confirm the ability of the patterned electrodes to concentrate bacteria from the carrier
liguid by pDEP and displace them to the electrode centers using ACEO, a glass slide featuring a
patterned IDE array was interfaced with a microfluidic circuit and exposed to P. putida at a
concentration of 108 CFU/mL in carrier liquid of varying ionic strength (0.15 — 15.4 mmol NaCl).

Electrotrapping experiments were performed with P. putida as a surrogate for S. aureus since the
latter is a biosafety level 2 (BSL-2) organism, which prohibits manipulation in lower BSL facilities. Use
of P. putida simplified manipulation during optimization of applied signals.

Informed by calculations of the CM factor, signals of up to 14 V peak-to-peak (V) and frequency
between 5 kHz 200 kHz were applied to the electrode contacts and the resulting movement of
bacteria observed by optical microscopy.

In this frequency interval, both pDEP and ACEO are expected to occur in superposition, but the
balance between them was found to vary depending on the applied frequency. At 100 kHz and
above, bacteria were observed to be congregate on the electrode borders within one second
(Supplementary video S5). Reducing the signal towards 10 kHz was found to progressively alter the
balance of pDEP and ACEO forces, permitting the displacement of bacteria towards the center of the
electrode.



The combination of this amplitude and range of frequencies has been shown in similar conditions
not to result in electrochemical oxidation of the electrodes.**

SPRIi

In order to validate the sensing ability of the EK-prisms, an SPRi prism surface was double
functionalized, first by patterning to create an IDE and then chemically by covalent immobilization of
an array of five AMPs with known affinity to S. aureus (the challenge bacteria): bactenecin® and a
bactenecin derivative®, cecropin A-melittin*’, penetratin®, and magainin.

A suspension of S. aureus was resuspended in 1.54 mmol NaCl solution and introduced to the sensor
surface using a microfluidic flow. Following application of signals to the IDE array, a persistent
plasmon resonance angle shift was observed on regions functionalized with AMPs, indicating mass
uptake on the surface (Figure 7). The degree of shift increased with increasing concentration of
bacteria in the range 10°-108 CFU/mL. Application of alternating current to the IDE array results in a
transient change in the reflectivity, most likely to Joule heating.
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Figure 7 Surface plasmon resonance sensorgrams showing the response of patterned sensor surfaces, functionalized with
antimicrobial peptides, to injections of S. aureus at 10%, 107, and 108 CFU/mL. Following each injection of bacteria, five
cycles of the following sequence are applied to the surface electrodes: 100 kHz 5Vp, 10s then 10 kHz 5 V,, 10 s.
Sensorgrams represent a one-minute rolling average and have been offset to zero (x) and baseline drift corrected (O)
before each injection. Each trace is a mean of 16-20 replicate regions, depending on immobilized species.

Bactenecin and penetratin regions were observed to monotonically increase in signal with increasing
bacterial concentration. In contrast, magainin was found to interact very little to the presence of this
strain of MRSA, in agreement with the findings of Pardoux et al.?® Interestingly, the bactenecin
derivative and cecropin A-melittin hybrid regions appear to yield similar signals upon injection of 10°
and 107 CFU/mL, but increase significantly after injection of 108 CFU/mL.



Aside from the SPR response to injection of bacteria, significant modification of the plasmon curve
was observed from the beginning of the experiment for the patterned electrodes relative to an
unpatterned surface. The center of electrodes exhibited a plasmon curve with a useable linear
region between 51° and 53°, while the electrode borders did not yield a plasmon effect within the
range of angle swept by the SPR device (Figure 8). This marks a significant change to the plasmon
curve relative to the unpatterned gold surface, which instead presents a reflectance minimum
around 58° under the same experimental conditions (Supplementary Figure S3).

Surface plasmon propagation length is about 25 um for 800 nm light. This places a limit on the
spacing of electrodes, but only in the direction parallel to plasmon propagation.?® This necessitates
orienting the electrodes parallel to the direction of incident light.*

This observation is consistent with the increased thickness of electrode borders observed in SEM and
profilometry. For the purposes of SPRi sensing, this did not present an issue since the borders are
expected to interact with bacteria only during the pDEP interval. During the ACEO interval, bacteria
are instead brought to the electrode centers, where plasmon resonance allows monitoring of
surface phenomena at the chosen working angle.
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AMP or control)

No plasmon resonance
on electrode borders

Hydrophobic barrier
between regions

Figure 8 Left: The fabricated IDE array as observed by SPRi. Hydrophobic areas form a grid which delineate regions
functionalized with different peptides. Right: Detail of one region, showing the plasmon resonance effect only in the center
of each electrode.



Discussion

While laser ablation has been exploited for patterning of electrodes previously?*??, the applicability
of this method to the wider scientific community has to date been limited due to the hurdle of
developing a custom optical setup. The advent of commercial LDW solutions democratizes access to
this form of rapid prototyping, at least in terms of the skills required if not from a financial
perspective. The presented method presupposes access to a PCB prototyper, which represents a
significant up-front capital investment. Yet, in comparison to the cleanroom infrastructure,
lithography equipment and chemical handling training necessary for traditional IDE fabrication
methods, the purchase and maintenance of a PCB prototyper may still present cost savings in
addition to the significant reduction in demands on a researcher’s time.

While this work demonstrated the compatibility of laser patterning of IDE arrays with plasmonic
biosensing, the results are presented as an alternative to traditional fabrication methods for these
structures more generally. Due to a reliance on coupling of photons to surface plasmon polaritons,
the SPR sensing method demonstrated in this work places especially stringent requirements on
electrode smoothness and geometry, which may not apply for other applications of IDE arrays such
as capacitive and impedimetric sensing. If the artifacts observed with only a contouring pass are not
deemed problematic for a given application, an IDE array can be patterned in a gold surface in as
little as 12 seconds with our method, which is difficult to improve upon even with the most rapid of
alternative strategies. Electrodes of width 15 um and larger can be easily achieved with this method,
while retaining compatibility with popular gold-thiol conjugation chemistry.?®

In this work, no attempt was made to modify the device control software, yet there are surely
improvements to be made on our results if software-level limitations can be relaxed, for example by
removing minimum allowable hatching overlaps.

These patterning results should be compared with IDEs produced by other rapid fabrication
methods. One proposed alternative to lithography is inkjet printing of nanoparticles, as
demonstrated by Tran et al.'® While this method presents advantages such as being non-
lithographic, maskless, and vacuum-free — the resulting electrode geometry was of much poorer
quality than with our method, yielding much larger boundary ridges 40 um in width and 42 nm
thicker than the electrode center. Inkjet printing also necessitated a post-deposition curing step
which a had a strong determinant effect on the conductivity, potentially introducing unwanted
variability. Furthermore, the printer struggled to reproduce edges that were not alighed with the
printhead direction, for example with curved boundaries. In comparison, the ability of the PCB
prototyper beam to follow contours of the design geometry has an advantage since it does not
introduce pixelation into the resulting pattern in the substrate, which may more faithfully reproduce
curved or diagonal features.

Gaal et al. demonstrated IDE fabrication using fused deposition modelling (FDM) of graphene-doped
thermoplastic.'” While this method was rapid and produced IDEs in only six minutes, the electrodes
are quite large in all dimensions with a thickness, width, and separation all on the order of 1 mm.

A further advantage of the method presented in this work is its feasibility not only for rapid
prototyping, but also a moderate level of scalability to small volume production. Once a desired
design has been identified, a single user can produce hundreds of patterned substrates in an
afternoon with minimal changes to their workflow.



For example, with little regard for conserving material, we were able to create three different IDE
array patterns, each with many different electrode spacings, into a single gold-coated microscope
slide in as little as 10 minutes. By far the longest part of the fabrication workflow involved specifying
the patterns in a CAD program, which can also be done in minutes.

SPRi prisms of the type used in this work are relatively expensive with a cost on the order of €100
per unit. For this reason, it is common practise to instead functionalize a cheaper gold-coated slide,
which is then interfaced using an index matching gel with an un-metallized prism that is permanently
mounted in an SPR device.?® As shown in this work, the laser ablation method is compatible with
both types of consumable.

During electro-trapping experiments, the observed progressive movement of bacteria towards the
center of electrodes as applied frequency was reduced from 100 kHz to 10 kHz conforms with the
frequency dependence of electro-osmotic velocity, which is maximal around 1 kHz and decreases
almost to zero between 1 kHz and 100 kHz.3?

The choice of 1.54 mmol NaCl as the carrier fluid was four-fold: it permitted a minimum mobile
charge carrier density to enable ACEO?%, to yield pDEP within the desired frequency range, to
minimize hypo-osmotic shock to the bacteria, and finally to minimize the oxidation of the gold film
as a result of the applied alternating current.*

SPRi has previously been demonstrated for the specific detection of bacteria using arrays of
immobilized antimicrobial peptides.?® However, the time-to-results with this method was long,
taking several hours to reveal interactions between AMPs and challenge bacteria.

We improved on this method by removing the diffusion limitations to SPR assay sensitivity.® This
work directly showed detection of S. aureus, a realistic target analyte by virtue of its antibiotic
resistance and status as a clinically relevant member of the ESKAPE group of pathogens.** A set of
AMPs with known affinity to the challenge bacteria were chosen: bactenecin® and a bactenecin
derivative®®, cecropin A-melittin®®, penetratinl, and magainin*?; and were immobilized using a
method previously demonstrated elsewhere.?®

The results of this work should be compared with previously demonstrated incorporation of
electrokinetic mass transport into plasmonic sensors. A pair of articles have described a form of SPRi
on an IDE arrays but stopped short of (bio)chemical functionalization of the electrodes for specific
sensing.>'% Terao et al. recently demonstrated an electrokinetically active SPR sensor for the specific
monitoring of molecular interactions, but dedicated the entire sensor surface to one probe and did
not extend the technique to multiplexed SPRi.}* The ability to monitor interactions between
immobilized AMPs and bacteria with the patterned IDE array demonstrates the compatibility of this
method of fabrication with SPRi sensing.

Conclusion

In this work we demonstrated the feasibility of leveraging commercial laser ablation equipment for
rapid fabrication of micro-scale electrodes, yielding electrode widths from 111 um down to 15 pum
and electrode separation as small as 35 um with total fabrication times as short as 12 seconds for a
substrate area of 1 cm?, with a potential for scaling to a very large surface area limited only by the
229x305 mm working area of the prototyper. It is a single-step, mask-free, and vacuum-free
technique that requires no curing step or cleanroom infrastructure. Since no photolithography is
performed, there is no danger of residual photoresist remaining on the surface which could



otherwise adversely affect the surface characteristics and interfere with (bio)chemical
functionalisation.®

The method was then exploited for patterning of IDE arrays directly into gold-coated slides and off-
the-shelf SPRi prisms. The patterned substrates were shown to be capable of electrokinetic mass
transport of bacteria by dielectrophoresis and manipulation of the cells on the sensor surface by
alternating current electro-osmosis.

The IDE arrays were then biofunctionalized with an array of various antimicrobial peptides and used
to demonstrate for the first time the multiplexed biosensing of S. aureus by electrokinetic surface
plasmon resonance imaging.

The fusion of rapid prototyping, electrokinetic manipulation, and plasmonic sensing represents an
intriguing integration of mature and nascent technologies and opens up promising avenues for a
new generation of electrokinetically active SPR sensors.



Author contributions

Author contributions The manuscript was written through contributions of all authors. All authors
reviewed the manuscript and provided feedback. All authors have given approval to the final version
of the manuscript.

Conceptualization— Larry O’Connell, Brice Poirier

Experimental work— Larry O’Connell, Brice Poirier, Oleksii Bratash, Charléne Pléniére
Funding Acquisition— Pierre R. Marcoux, Yoann Roupioz

Investigation— Larry O’Connell, Brice Poirier

Resources— Pierre R. Marcoux, Yoann Roupioz

Software— Larry O’Connell

Supervision— Pierre R. Marcoux, Yoann Roupioz, Loic Leroy

Validation— Pierre R. Marcoux, Yoann Roupioz

Original Draft Preparation— Larry O’Connell

Writing— Larry O’Connell

Review & Editing—Pierre R. Marcoux, Yoann Roupioz, Brice Poirier

Funding

This work has been partially supported by Labex ARCANE and CBH-EUR-GS (Grant ANR-17-EURE-
0003).

Acknowledgments
The authors would like to thank:

Emmanuel Picard and Simon Glicenstein for assistance with microscopic observation of electro-
trapping.

Hubert Teyssedre at Y.SPOT for assistance with laser ablation equipment.
Pierre-Henri Jouneau at CEA-Leti for assistance with electron microscopy.

All image credits are to the author unless otherwise stated. The authors would like to acknowledge
the contribution of the Blender project (www.blender.org), without which the illustrations in this
article would not have been possible.



http://www.blender.org/

Supplemental Information

Supplementary Table 1 Summary of immobilized antimicrobial peptides

Peptide Storage buffer Sequence Tether Ref.
0,
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A-melittin glycerol NH2
0, - - - = -
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Supplemental Figure S1 Schematic of the pattern transferred to the substrate surface by laser patterning, featuring an
array of 54 intermeshed electrodes of variable width and separation.



Busbar Electrode

Parallel beam path Perpendicular beam path

Supplementary Figure S2 Comparison of the parallel and perpendicular beam paths used in this work, so-named for the
beam path orientation with respect to the long axis of electrode fingers. Numbers indicate the hypothetical order that each
region would be exposed to the beam and are for illustrative purposes only. A parallel beam path was initially used but
produced poor reproduction of the desired pattern. Surprisingly, a perpendicular beam path produced superior results.
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Supplementary Figure S3 Plasmon curves for all species. Each curve (except the gold busbar) is a mean of 16-20 replicate
regions, depending on species. The reflectance minimum was strongly shifted relative to the un-patterned bare gold
busbar surface (solid grey line).

Supplemental video S4 Patterning of prism surface in the PCB prototyper.

Supplemental video S5 Electro-trapping and displacement of bacteria on electrode surfaces
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