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Abstract

Acetylcholine (ACh) appears in the brain and body of mammalians and functions
both as a neuromuscular transmitter and neuromodulator. Tools with high spatial and
temporal resolution to study ACh are in high demand due to the diverse function of
ACh and its implications in neurodegenerative diseases. This work presents a highly
promising sensor for a selective and biocompatible recording of ACh with a fluorous-
phase potentiometric sensor. Fluorous compounds are nonpolar and not miscible with
water and hydrocarbons, making them bio-orthogonal and biocompatible. This work
presents the first proof-of-concept detection of ACh using a fluorous sensing phase. We
show drastic improvement in selectivity for the fluorous-phase ion-exchanger electrode
compared to a conventional ion-exchanger potentiometric sensor with a lipophilic sens-
ing membrane. As a result, we observed more than an order of magnitude improvement
in the limit of detection and two orders of magnitude increase in the electrode linear
range during measurement of ACh in artificial cerebrospinal fluid. To enable the de-
velopment of flexible and compact ACh sensing neural probes, this work combines the
unique advantages of the fluorous-phase with a flexible laser-induced porous graphitic
carbon (LIG) to create the first flexible solid-contact fluorous-phase potentiometric
sensor. The fluorous-phase solid-contact LIG ion exchanger electrode showed a near

Nernstian slope of 54.9 + 0.8 and a 42 nM limit of detection.
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Introduction

Acetylcholine (ACh) is an excitatory cholinergic neurotransmitter that acts primarily at
neuromuscular junctions and motor ganglia synapses. In the central nervous system, ACh
serves as a neuromodulator, impacting neuronal excitability and coordinating neuronal fir-
ing activity.! Abnormal ACh concentration in bodily fluids is associated with schizophre-
nia, Alzheimer’s disease, and Parkinson’s disease, among other illnesses.??® Current sensing
methods for ACh include mass spectroscopy, capillary electrophoresis, and liquid chromatog-
raphy,*® but these methods are highly expensive, slow, and lack relevance for real-time
monitoring.? Other reported ACh detection methods utilized magnetic resonance imaging
and fluorescence imaging using either ACh-quenching dyes or genetic probes based on acti-
vation of G protein-coupled receptors.!?!? Limited optical access to deep brain structures
and tissue damage due to bulky fiber optic systems remains a challenge for optical analysis
of ACh.

Electrochemical sensing has been explored as an alternative detection method to access
deep brain structures. Most electrochemical ACh sensors co-immobilized acetylcholinesterase
and choline oxidase enzymes to convert ACh to hydrogen peroxide, followed by amperometric
or voltammetric detection.®131¢ These electrodes have high selectivity but suffer from poor
lifetime due to enzyme degradation. Recently, we and others have proposed the use of
potentiometric sensing (relying on the permanent positive charge of ACh) to enable real-time
ACh measurement without the need for an enzyme.'” 2" In this method, charge separation
at the interface of the sensing membrane and sample generates an electrical potential that
follows the Nernst equation. Selectivity is achieved via an organic receptor (ionophore)
that is doped in the sensing membrane.?® Most of the reported ionophores are highly stable
and may result in ACh electrodes that can be used for long-term in-vivo recordings. 17242729
Potentiometric detection of ACh offers several advantages, such as a fast and non-destructive
readout directly in the brain tissue or cerebrospinal fluid (CSF), enabling temporally resolved

measurements in both chronic and acute settings.
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ACh concentrations in brain tissue can range from 1 nM to 1 mM.3° One of the major
challenges that we have faced in potentiometric detection of ACh'"? has been poor lim-
its of detection (21 p#M?) in brain homogenate and CSF due to background signal from
physiologically occurring ions. Development of new ionophores with higher selectivity for
ACh over ions such as Nat that are present at high concentrations can improve the sensor
LOD. A variety of ionophores were reported, 2" but they all incrementally differ in terms of
selectivity. Successful nanomolar detection in CSF or brain tissue homogenate has not been
achieved to date. The application of ACh potentiometric probes for in-vivo recordings has
not been reported so far. An issue that we expect to observe during in-vivo chronic studies is
biofouling of the electrodes, possibly due to electrode encapsulation by tissue, or ionophore
and /or ionic site leaching (which may cause cytotoxicity), and extraction of lipophilic species
into the sensing membrane.3! 3

To resolve the aforementioned issues with electrode biofouling and sensor selectivity,
this work presents the first proof-of-concept solid-contact ACh potentiometric sensor with
a fluorous-phase ion-exchanger sensing membrane. Fluorous compounds (molecules with
high content of fluorine atoms) are extremely non-polar and non-polarizable to the extent
that they are not miscible with both aliphatic compounds such as hexanes, and with water
and other hydrophilic compounds.®® That is, fluorinated compounds are both hydrophobic
and lipophobic. Living systems are made of water and lipophilic compounds, making flu-
orocarbons bio-orthogonal and nontoxic, meaning that they do not interfere with biology.
Biocompatibility of fluorocarbons has resulted in many biomedical applications such as ar-
tificial blood, intraoperative tools for vitreoretinal surgery, bio-orthogonal imaging contrast
agents, and delivery and imaging vehicles. 3" Fluorocarbons are used as coatings in biomed-
ical devices to lower sensor biofouling and cell adhesion to the device.®® % This improvement
on sensor biofouling is because the fluorous phase is significantly less polar than biological
molecules such as lipids, making cell adhesion and biofilm formation difficult.

The application of fluorous materials for potentiometric sensing and development of fluo-
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rophilic ionic sites and ionophores was invented by the Biihlmann research group.®” % To this
end, they have developed fluorophilic ionophores for pH, %% Agt 64 and CO,%,%! as well as
fluorophilic cation®® and anion exchangers.% It was demonstrated that a fluorous-phase ion
exchanger electrode has a selectivity range that is seven orders of magnitude larger than the
conventional potentiometric electrodes with a lipophilic sensing membrane. % Exceptional se-
lectivities that far outperform a conventional lipophilic sensing membrane were also reported

61764 Such gain in selectivity is attributed

for ionophore-doped fluorous sensing membranes.
to non-coordinating and poorly solvating properties of the fluorous phase.®% In addition to
the gain in selectivity, the authors pointed out another benefit of the fluorous-phase poten-
tiometric sensors: increased resilience to biofouling compared to conventional sensors with

63

a lipophilic membrane.®” % Preliminary studies on a fluorous-phase pH sensor%® (exposed

to diluted blood serum), and a rich literature on biocompatibility and biofouling resistance

of fluorous compounds3”™

supports this claim. Extensive studies should be performed to
evaluate the biofouling resistance in both chronic and acute studies to better evaluate the
feasibility of extended in-vivo studies with a fluorous-phase potentiometric sensor.

The high selectivity, biocompatibility, and potentially exceptional resilience to biofoul-
ing make fluorous-phase sensors ideal for neural applications. Neurotransmitters present
in nanomolar concentrations are a complex matrix (requiring high selectivity). Moreover,
studying the dynamics of change and the correlation of such changes to behavior and stim-
ulation is desired (requiring long-term in-vivo studies through implantable sensors). Appli-
cation of fluorous-phase potentiometric sensors was only explored for environmental mon-
itoring of Agt and perfluorinated surfactants.®” 7 This is likely due to the large sample
(50-150 mL) volume required for measurements with fluorous-phase potentiometric sensors.
Fluorous-phase sensors were fabricated using a custom-machined Kel-F' electrode body that
mechanically secures a porous Teflon disk (Fig. 1C).% This Teflon disk supports a liquid
fluorous membrane containing the fluorophilic ion exchanger and ionic site. The electrode

body also holds the inner-filling solution and the Ag-AgCl wire for signal transduction.®” %
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Figure 1: (A) Chemical strucutre of acetylcholine (ACh) and synaptic cleft of a neuromus-
cular junction. The enzyme acetylcholinesterase (AChE) converts the ACh to choline. (B)
Comparison of selectivity for a fluorous-phase ion exchanger electrode and a conventional
lipophilic potentiometric sensing membrane. (C) chemical structure of fluorous solvent and
ionic site, and the KelF electrode body used for fabrication of fluorous-phase sensor.

In another example, the Kel-F electrode body supported a porous carbon monolith that
is pressed against the Teflon disk to develop a solid-contact fluorous-phase potentiometric
sensor for perfluorinated surfactants. ™

In this work, we show the first use of a fluorous-phase potentiometric sensor for the mea-
surement of ACh in CSF. The selectivity gain in the fluorous phase resulted in more than
an order of magnitude improvement in the limit of detection (LOD). Moreover, to move to-
wards in-vivo application of the fluorous-phase ACh sensor (where probe size and flexibility
are critical), we have developed the first compact and flexible solid-contact fluorous-phase
potentiometric sensor. We fabricated the electrodes using laser-induced carbonization of
flexible polyimide films. Laser engraving is becoming a widely popular method for produc-
ing porous graphitic carbon structures, known as laser-induced graphene (LIG), for sensing
applications. "™ LIGs are produced by ablating carbon-rich polymers (mostly polyimide)

using a laser beam, which creates local photothermal reactions converting SP? carbon atom
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hybridization into 3D porous graphitic structure.”™ This method is a maskless, scalable,
reproducible, cost-effective, and fast approach to producing graphene layers with high elec-
trical conductivity and electrocatalytic nature, which makes LIGs superior over graphene
created using conventional methods such as chemical vapor deposition (CVD) and wet chem-
istry.” 7" The combination of fluorous-phase potentiometric sensors with LIGs enables rapid
and cost-effective prototyping of solid-contact sensors that are flexible and compact, open-
ing up numerous opportunities for bio-analyses where sample volume is limited or a flexible
form factor is needed. While there are numerous details to study and optimize related to
fluorous-phase sensors and their utility for bio and neural applications, we wanted to share
our current proof-of-concept results with the community and highlight the exciting oppor-

tunities in fluorous-phase sensing, specifically for ACh measurement.

Experimental Section

Materials

The fluorous ionic site (sodium tetrakis|3,5-bis(perfluoro-octyl)phenyl|borate, 3685.88 g/mol)
was synthesized according to a previously published method.?*®3 Bis(trifluoromethyl)phenyl]borate
(NaTFPB), 4-sulfocalix[4]arene (SCX4), 2-nitrophenyl octyl ether (o-NPOE), high-molecular-
weight poly(vinyl chloride) (PVC), tetrahydrofuran (THF, inhibitor-free, HPLC Grade), per-
fluoroperhydrophenanthren, and choline chloride were purchased from Sigma Aldrich. EMD
Millipore Fluoropore polytetrafluoroethylene (PTFE) membrane filters with pore size 0.45
pm, filter diameter 47 mm, thickness 50 um, and 85% porosity were purchased from Fisher
Scientific (Hanover Park, IL). All stock solutions with deionized water (resistivity of 18.2
MQ-cm). Electrical grade polyimide films measuring 12 inches in width and 12 inches in

length, with a thickness of 0.005 inches, were procured from McMaster-Carr, USA.
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Electrochemical Measurements

All potentiometric measurements were conducted by utilizing a 16-channel potentiometer
(Lawson Labs, Malvern, PA, USA) with 10.0 T2 input impedance controlled with EMF Suite
1.03 software (Lawson Labs). All emf values were measured at room temperature (25+5 °C).
We measured the emf values versus a commercial double junction free flow reference electrode
(DX200, Mettler-Toledo) with 3.0 M KCl saturated with AgCl as the reference solution and
1.0 M lithium acetate as the bridge electrolyte. Calibration curves (Figs. 2, 3, and 6) were
obtained by a series of half dilutions in either AChCI solution in deionized water or AChCI in
a background of artificial CSF (a-CSF). The a-CSF solution based on previously published
work comprising 145.0 mM NaCl, 2.7 mM KCI1, 1.0 mM MgSQOy, 1.2 mM CaCly, 1.6 mM
Na,HPOy, 0.5 mM NaH,PO, and pH of 7.4 adjusted by HCI addition.'” We determined the
detection limit (LOD) by implementing the IUPAC recommendations (intersection between
the Nernstian region and the plateaued section of the calibration curve).” The membrane
resistivity (1.1 GQ) was determined by the shunt method.™ We monitored the emf change of
the electrode before and after connecting a 1.0 G2 resistor (SM104FE-1000M-ND, Ohmite,
DigiKey, USA) in parallel to the working electrode and reference electrode (the electrodes
were immersed in 10.0 mM AChCI solution during the measurement).

Selectivity coefficients were estimated by monitoring the emf of the fluorous-phase sensor
in 100.0 uM AChCI for one minute, spiking the solution with 100 mM of the interfering ion,
and re-recording the emf for one minute. The Nernst equation (1) was employed to calculate
the selectivity coefficient. Electrochemical Impedance Spectroscopy (EIS) was conducted
using CHI 760E potentiostat (CH Instruments, TX, USA). EIS was measured in a two-
electrode setup 0.1 Hz to 100.0 kHz while applying an initial voltage of 100.0 mV with 0.5 V
amplitude in a 10.0 mM AChCI solution against an Ag/AgCl reference electrode with porous
Teflon frit (CHI 111, CH Instrument, Inc.). Cyclic voltammograms were measured from -
0.2 to 0.6 V versus Ag/AgCl reference electrode (glass frit, 1 M KCI as reference solution)
at scan rates of 20, 50, 80, and 100 mV/s in 2.0 mM [Fe(CN)s]*/* and 100 mM KCI. A
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Figure 2: (A) Calibration curve of the fluorous-phase ACh sensor (0.1 mM AChCI and 0.1
mM KCl as inner-filling solution). Concentration of AChCI changed via successive dilutions
from 1 mM to in 1.0 nM. (B) the corresponding emf trace over time for a representative
electrode during calibration.

platinum wire was used as a counter electrode.

Fabrication of Graphitic Laser-Induced Carbon

We produced the laser-induced graphite electrodes (LIG) by ablating a polyimide film using
a CO, laser cutter machine (EPILOG mini 24) with a 1060 nm laser wavelength in the
presence of atmospheric air. The engraving was conducted with an auto-focused laser beam

with power, engraving speed, and resolution of 3 W, 105 mm/s, and 1200 dots per inch
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(DPI), respectively. Scanning electron microscopy (FEI NOVA nanoSEM 450) was utilized to
investigate the topography of the LIG. Also, we employed the Raman spectroscopy technique
using HORIBA XploRA microRaman Infrared Microscope to examine the carbon allotropes

within the laser-irradiated region and assess the imperfections in the carbon lattice.
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Figure 3: (A) Calibration curve of the fluorous-phase ACh sensor and conventional ion-
exchanger electrode (both with 0.1 mM AChCI and 0.1 mM KCI as inner-filling solution)
in aCSF. (B) Calibration curve of the fluorous-phase ACh sensor and conventional ion-
exchanger electrode (both with a modified 1.0 mM ACh, 1.0 mM KCI, and 10.0 mM SCX4
inner-filling solution) in aCSF. Concentration of AChCI changed via successive dilutions
from 1 mM to in 1.0 nM with aCSF. Black-lozenge shows the electrodes with a conventional
lipophilic sensing membrane. Red-square shows the electrodes with a fluorous sensing mem-
brane.
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Electrode Fabrication

The liquid fluorous sensing phase was prepared by stirring 368.5 mg of fluorous ionic site
(sodium tetra[perfluoro(octyl)butyl] bromide) in 0.5 mL of perfluoroperhy-drophenanthren
(0.2 mM concentration) for 24 hours. A PCTFE-based electrode body (polychlorotriflu-
oroethylene, commonly known as Kel-F) was machined according to previously published
design.% The machined electrode consists of three parts: screw cap, inner body, and sleeve
(supporting information shows the pictures of the parts). We punched the PTFE membrane
support to create 3/4” circular disks and sandwiched two layers of the PTFE membrane
support between the inner electrode body and sleeve to secure the film. We added 10.0uL
aliquots of the fluorous membrane on the PTFE membrane support to achieve a translucent
color in the PTFE disk. We then filled the electrode body with an inner filling solution
(IFS). The IFS contained 1.0 mM AChCIl. The modified IFS contained 1.0 mM AChCI,
1.0 mM KCI, and 10.0 mM SCX4. We later positioned an Ag-AgCl wire inside the IFS
and sealed the electrode body with parafilm to minimize the evaporation of IFS. The LIG
fluorous electrodes were prepared by adding a single layer of the PTFE membrane support
to cover the circular region of the LIG. We used a Kapton tape (with a punched hole in the
middle) to seal the exposed LIG leads and secure the PTFE membrane to the polyimide
film (supporting information shows the steps). We then added 2.0 uL of the liquid fluorous
sensing phase to the PTFE membrane to achieve a translucent color. Both the fluorous body
and LIG-based electrodes were conditioned in 1.0 mM AChCI solution for 24 hours. The
lipophilic sensing membrane was prepared by dissolving 15.0 mg of NaTFPB, 495.0 mg of
PVC, and 990.0 mg of o-NPOE in 4.5 mL of THF. The conventional lipophilic electrodes
were prepared according to a previously described method (supporting information details

the process). !’
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Results and Discussion

While we are developing a fluorophilic ACh ionophore, we wanted to test the performance of
a fluorous ion-exchanger electrode for ACh sensing. Given the inherent selectivity of liquid-
membrane and polymeric membrane potentiometric sensors for hydrophobic molecules, we
hypothesized that an ion-exchanger fluorous electrode should be able to selectively measure
ACh without a fluorophilic ionophore. We developed a fluorous-phase ion exchanger electrode
using the fluorous ionic site of sodium tetrakis[3,5-bis(perfluoro-octyl)phenyl|borate. We
synthesized this compound according to a previously published method.??%® Fig. 1C shows
the electrode body design. Using a 1.0 mM AChCI inner-filling solution (IFS), we achieved
a 60.8+£3.4 mV/decade Nernstian slope and a 0.6 uM LOD (Fig. 2). Calibrations were
performed after 24 h of conditioning in 1.0 mM AChCIL. Fig. 2B shows the real-time
emf values of a representative electrode over time, demonstrating signal stability and rapid
equilibrium of emf after each dilution. We measured the membrane resistance using the shunt
method and electrochemical impedance spectroscopy (EIS), and achieved a value of 1.1 G2,
which is similar to previously reported membrane resistances for the fluorous system.5” 66
Since the primary application of the fluorous-phase ACh sensor is the measurement in the
brain tissue, we calibrated the fluorous-phase sensors in a background of aCSF through
successive dilutions. CSF has a high concentration of Na™ (140-150 mM).%*The experiments
were repeated with a conventional potentiometric sensor with a PVC/NPOE ion exchanger
membrane as a control.

Fig. 3A compares the performance of a fluorous-phase and PVC/NPOE-based sensing
membrane in the background of a-CSF. The fluorous-phase electrode showed a slope of 60.2
+ 1.8 mV/decade and an LOD of 5.1 uM. The conventional ion-exchanger electrode had a
sensitivity of 54.4 £+ 0.8 mV /decade with LOD of 72.2 uM. The fluorous-phase electrode had
a lower LOD and a linear range, which was approximately two orders of magnitude wider
than the conventional lipophilic membrane electrode (Fig. 3A). This improvement is due to

the higher selectivity of the fluorous-phase electrode for ACh over naturally occurring cations
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such as Na*t. To further enhance the LOD of the potentiometric ACh electrodes, we modified
the IFS to lower transmembrane fluxes that occur due to the concentration gradient between
the sample and IFS. Since the baseline ACh in CSF is around sub-micromolar concentrations,
we buffered the ACh in IFS around the same concentration using an organic calixarene ACh-
complexing agent based on our previous work.!” We observed an enhanced LOD for both
platforms, achieving 1.0 uM for the fluorous-phase electrode and 45.6 M for the lipophilic
membrane electrode (Fig. 3B).

To confirm that the improved performance of the fluorous electrode in a-CSF is due
to higher selectivity, we quantified the selectivity of the fluorous-phase and conventional
electrodes for ACht against naturally occurring ions such as Nat, K+, Ca?*, Mg?*, and
choline (Ch™). We attempted to measure selectivity coefficients using the separate solution
method,®! but we could not achieve the Nernstian slope for inorganic ions. To demonstrate
higher selectivity of the fluorous system, we recorded the emf of the ACh electrode in 100.0
M AChCI and then spiked the chloride salt of the interfering cation to achieve a 100 mM
concentration in solution, along with the existing 100.0 uM AChCI, and recorded the emf
again. Fig. 4 shows the results of this experiment. We calculated the estimated selectivity
coefficients (K4 ;) using the Nernst equation (Eq.1). The values are listed in Table 1. With
the exception of ChCl, the emf of the lipophilic membrane potentiometric sensor increased
much higher than that of the fluorous sensor, showing a lower selectivity for ACh over the
spiked cations. For instance, after spiking 100 mM NaCl into the 100.0 uM AChCI solution,
the emf of the lipophilic ion exchanger electrode increased by 26.6 mV, while the emf of the
fluorous ion exchanger sensor decreased by -1.6 mV. The near order of magnitude gain in

KEQT ., is instrumental in achieving a low LOD in a sodium-rich CSF matrix.

T s
In(anch + Y KROL a7/ (1)

emf =FE°+
/ zacnl’

Interestingly and unexpectedly, the fluorous ion exchanger electrode had the worst se-

lectivity for ACh™ over Ch* (K4G[ ., of -0.6) compared to the lipophilic ion exchanger
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Figure 4: The emf of a representative fluorous-phase and conventional potentiometric sensor
in 100.0 uM AChCI before and after spiking the solution with 100 mM of interfering cation
of (A) sodium chloride, (B) potassium chloride, (C) choline chloride, (D) calcium chloride,
and (E) magnesium chloride. The red trace shows the fluorous-phase electrode and the black
trace shows the conventional lipophilic membrane electrode. (F) Impedance of the fluorous-
phase electrode was ,measured in a 10 mM AChCI solution.

sensor (KE9T .

of -1.7), as shown in Fig.4C. This may be due to the high hydrophobicity
of the Ch™ ion and different solvation properties compared to hydrophilic inorganic ions
such as Na™. We attempted to measure selectivity against a reference hydrophobic ion such
as tetrabutylammonium (NBuj ), but even during the five-minute spiking experiment, the
fluorous electrodes exhibited high drift (emf decreasing). We believe this drift was due to
the exchange of ACh™ in the fluorous membrane with NBuj. Increasing the number of
porous PTFE films to three in the electrode fabrication did not resolve this issue. Achieving
high selectivity for ACh™ over Ch' is critical for the ACh sensor because Ch™ co-occurs

with ACh™ in the brain tissue and CSF. The poor selectivity of the fluorous electrode for

ACh™ over Ch™ may be addressable by the development of fluorophilic ionophores. Future
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Table 1: Selectivity Coefficient (KZI;OT) for fluorous-phase and conventional sensing mem-
brane. Measurements are for three replicates.

Interfering Ton Fluorous Sensing Membrane Lipophilic Sensing Membrane

Na* -3.6 £0.2 -2.7+£0.1
K+ -3.1 0.6 -22+£04
Cht -0.6 £ 0.1 -1.7+£0.2
Ca?* -4.0 £ 0.2 -3.4 £0.2
Mg?* 4.4+ 04 -3.4£0.2

ionophore designs should specifically consider ionophore-ion interactions that differentiate
between the hydroxyl and acetate end groups in Ch* and ACh™.

The overall performance of the fluorous-phase ACh sensor shows great promise. One of
the major issues for future application and extensive study of the system is the large and
bulky electrode size and large sample volumes needed for each measurement. To address this
issue, we developed a compact and flexible solid-contact fluorous ACh sensor using laser-
induced graphitic carbon (LIG). These sensors are flexible, portable, and can be fabricated
with the use of an inexpensive laser engraver. For future in-vivo applications, the elec-
trode size and stiffness are important to minimize tissue damage during probe insertion and
chronic readout.®? LIG-based fluorous sensors can open up new avenues for both researching
properties of fluorous-phase potentiometric electrodes and for exploring new applications for

fluorous-phase potentiometry where sample volume is limited.

Fabrication and Characterization of Laser-induced Graphitic Car-

bon (LIG)

Engraving parameters including laser power, engraving speed, beam focusing, and resolution
(dots per inch (DPI)), all impact the properties of laser-induced graphitic carbon (LIG).
Higher laser power or a slower engraving process can improve graphene quality but risks
overburning. Lower power, faster engraving, or smaller DPI value reduced the quality of
produced graphite and, thereby, the electrochemical performance of the electrodes. Herein,

we optimized the parameters and we found that a power of 3.0 W and speed of 105.0 mm/s
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Figure 5: (A) Illustration of LIG fabrication using laser-induced carbonization. (B) SEM
image of the LIG film (Scale: 5um). (C) Energy Dispersive X-Ray (EDX) analy,sis of the
LIG film. (D) Raman spectrum of the LIG film. (E) Cyclic voltammogram of 2.0 mM
[Fe(CN)g]*/* corresponding to different scan rates. (F) Linear relation of peak current with
square root of scan rate, showing a diffusion controlled process.

at focus mode and with 1200 DPI are the optimal parameters to achieve high conductivity
and device-to-device reproducibility and a stable carbon film (no mechanical delamination
of the carbon from polyimide film). We used these parameters for the fabrication of the
LIG-based electrodes in all the work.

We utilized scanning electron microscopy (SEM) to analyze the surface morphology of
LIG. Fig. 5B illustrates the development of a highly porous and fibrous structure on the
ablated region. This distinctive structure improves the adhesion between the electrode and
the membrane as well as enhances the electrical capacitance at the electrode-membrane in-
terface. We employed the energy-dispersive X-ray spectroscopy (EDX) technique to precisely
quantify the elemental composition of the produced graphitic carbon material, as illustrated

in Fig. 5C. The EDX analysis demonstrated that the surface of the LIG primarily comprises
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of 88.4% carbon, with 11.6% oxygen, and no detectable nitrogen. This outcome confirms
the effective conversion of the polyimide polymer into a graphitic form by laser inscribing.
The oxygen content is ascribed to the engraving in an oxygen-rich environment and the
high oxygen content of the polyimide film itself. Fig. 5D shows the Raman spectrum of the
laser-engraved area. The 2D peak at ~ 1638 cm™ indicates graphene’s presence; the G peak
at ~ 1534 cm™ signifies vibrations in SP? carbon atoms, and the D peak at ~ 1295 cm™

suggests structural defects resulting from breaking within the graphene lattice.
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Figure 6: (A) Image of Kel-F electrode body used to fabricate fluorous-phase potentiometric
electrodes. (B) Image of LIG solid-contact fluorous-phase potentiometric electrode (image
taken before the fluorous phase is added to the Teflon film for better visibility). (C) Calibra-
tion curve of LIG solid-contact fluorous-phase potentiometric electrodes in AChCI solutions
in deionized water. (D) Calibration curve of LIG solid-contact fluorous-phase potentiometric
electrodes in AChCI solutions in a background of artificial cerebrospinal fluid (a-CSF).

In addition, we conducted cyclic voltammetry experiments to assess the electrochemi-

cal performance of the LIG-based electrodes. As depicted in Fig. 5E, voltammograms were
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recorded at various scan rates, namely 20, 50, 80, and 100 mV/s. We observed an increase
in both the oxidation current and reduction current, as well as an expanded peak separation
with the scan rate increases. Furthermore, a linear correlation was established between the
current peaks and the square root of the scan rate, implying a diffusion-controlled charge
transfer process taking place on the electrode surface (Fig. 5F). This experiment was con-
ducted on three different electrodes, and the recorded relative standard deviation (RSD)
in peak current values was less than 4.5%), highlighting the high reproducibility of the fab-
rication process. To determine the active surface area of the electrodes, we employed the
Randles-Sevcik equation.®® The calculated active surface area of the LIG-based electrodes

was approximately 2.3 + 0.1 (n=3) times greater than the geometric area.

Fluorous-phase LIG Solid-contact Sensor

To fabricate the flexible solid-contact fluorous electrodes, we added a PTFE film support to
the LIG, and secured it using Kapton tape (with a punched hole to expose the fluorous mem-
brane to the sample). Fig. 6 shows the solid-contact fluorous-phase sensor (panel A) side by
side the KelF body liquid-contact fluorous-phase sensor (panel B). Supporting information
shows the photos of the sensor during each fabrication step. Fig. 6C demonstrates the cali-
bration curve of the LIG fluorous ACh electrodes (n=3) in the range of 0.1 nM to 10.0 mM
AChCI (concentration changed by serial dilutions). We achieved a sensitivity of 54.940.8
mV /decade and an LOD of 42 nM. Next, we assessed the performance of the LIG fluorous
electrodes (n=3) in a-CSF, obtaining a LOD of 2.4 uM, and a slope of 59.4+2.2 mV /decade
(Fig. 6D). As shown in Fig. 6C and D, there is a large sensor-to-sensor variability in the
E° of the solid-contact LIG sensors. Supporting information shows the calibration curve of
individual sensors, demonstrating that all the sensors are functional. We had fully character-
ized the LIG electrodes (prior to adding the membrane) and achieved high sensor-to-sensor
reproducibility. Upon closer inspection, we noticed that during electrical connections (using

a flat-head alligator clip), the carbon film was scratched on one of the electrodes, causing a
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shift in response due to a change in the contact resistance. In future work, we will address
the stability of electrical connections between the LIG film and the contact wire through
the addition of other conductive inks that can mechanically strengthen the contact pad.
The flexibility of the LIG electrodes has been confirmed in prior work for the development
of wearable and electrochemical sensors. 08486 We validated the flexibility of our bare LIG
electrodes through measurement of electrode resistivity. After 0, 10, and 20 cycles of 180°
bending of the electrodes, we obtained 201.2 + 13.5 Q/cm, 203.0 + 7.0 Q/em, and 204.6
+ 10.0 ©2/cm, showing that electrode conductivity is retained. We repeated the bending
experiment with the fluorous-phase LIG ACh sensors. We calibrated the LIG-based fluorous
electrodes in aqueous ACh solutions with concentrations ranging from 0.625 mM — 10.0
mM. The sensitivity and E° values were 57.5 + 2.2 mV/dec and 320.29 + 17.2 mV before
the bending test. After ten and twenty cycles of 180° bending, we measured a sensitivity of
62.3 + 1.2 mV/decade and 62.6 + 4.3 mV /decade, respectively. The E° values were 331.1
+ 19.1 mV and 343.6 £ 9.1 mV after ten and twenty bending cycles. These findings support
that the resulting LIG fluorous ACh sensors are flexible. The E° changes could result from
clipping and unclipping alligator clips from the electrodes during the calibration cycles.
The emf stability was measured in 1.0 mM AChCI for 12 h; the drift value was 10.3
@V /min. While we found this drift value acceptable for this proof-of-concept study, the
stability should be improved in future work. We attempted to fabricate the fluorous LIGs
without using the PTFE film, instead utilizing the porous structure of LIGs as a support for
the liquid fluorous sensing cocktail. The electrodes exhibited large drifts and sub-Nernstian
slopes. Direct use of LIG (without the PTFE support film) may be feasible in future work

through further optimization to increase the LIG surface roughness and porosity.
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Conclusions

Fluorous-phase sensors offer unprecedented selectivity and biocompatibility, but their appli-
cation for bioanalyses has remained limited. This work demonstrated that an ionophore-free
ion-exchanger fluorous-phase potentiometric sensor can be utilized for selective measurement
of ACh in CSF. The selectivity arises from the inherent selectivity of membrane-based poten-
tiometric sensors towards hydrophobic ions such as ACh. Because of the higher selectivity of
the fluorous-phase sensors, the ion-exchanger fluorous ACh potentiometric sensor had a lin-
ear range (in a-CSF) that was two orders of magnitude higher than that of the conventional
potentiometric electrode with a lipophilic PVC/NPOE membrane. An unexpected finding
was that the fluorous-phase ACh ion exchanger had the worst selectivity for ACh™ over Ch™,
suggesting that future efforts in ionophore design should focus on differentiating ionophore
interactions with ACh™ vs. Ch*. This work also developed a proof-of-concept compact and
flexible fluorous LIG potentiometric electrode. Independent of the target ion, this is the first
report of a compact solid-contact fluorous potentiometric sensor. This platform enables a
wide range of future studies on fluorous sensors as they can be measuredMembrane-to-LIG
with a few microliters of sample volume.

While this study demonstrates the promise of a fluorous-phase potentiometric electrode
for neural applications, there is still a long road ahead. Suitable fluorophilic ACh ionophores
should be developed to enhance the selectivity and signal stability. Membrane-to-LIG ad-
hesion should be improved to enhance the mechanical properties of the flexible probes. The
LIG engraving parameters should be optimized for a fluorous-phase potentiometric applica-
tion, as opposed to high conductivity and electron transfer kinetics (which have been the
focus of most prior work on LIG electrochemical sensors). For instance, high surface rough-
ness and hydrophobicity are desired in potentiometric measurements to minimize water-layer
formation. The long-term stability of the fluorous LIG electrodes should be studied in CSF
and tissue homogenate to determine the advantages over conventional lipophilic sensing

membranes.
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