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ABSTRACT: The malfunctioning in the release of acetylcholine
(ACh"), leading to consequential damages in the neural system,
has become an impulsion for the development of numerous
progressive transport and detection gadgets. However, several
challenges, such as laterality and complexity of transport devices,
low precision of amperometric detection systems, and sumptuous,
multistaged enzymatic quantification methods, have not yet been
overcome. Herein, ionomers, because of their selective ion
transporting nature, are chosen as suitable candidates for being
implemented into both targeted ACh® delivery and sensing
systems. Based on these two approaches, for the very first time
in the literature, the disulfonated poly(arylene ether sulfone)
membrane is concurrently (i) used in the mimicry of transduction
of the electrical-to-ionic signal in a neural network as “Acetylcho-

ACh* Transporter. '\

line Pen” (ACh* Pen) and (ii) operated as a highly sensitive, conductivity-based ACh* quantifier. Our dual device, being able to
operate under an actual action potential of S5 mVy;,,, shows a strong potential of future applicability in real-time ionic delivery-and-

sensing systems.

KEYWORDS: ionomer, acetylcholine transport, biosensor, impedance spectroscopy, membrane

1. INTRODUCTION

The inception of life on earth has been triggered by
membranes. Membranes are the eternal artifacts of biosystems
that have induced the nascence and persistence of vita." The
amphipathic bilayers of membranes constitute the protective
layer that surrounds the living cells and has an essential
selective mechanism that allows only the vital molecules in and
out."” This selective mechanism attained in all living systems
elucidates the importance of membranes in our habitat.
Composing the fundamental role in living cells, membranes
have found their implementation in artificial forms as well. For
decades, membranes have been synthesized for various
purposes and have been utilized in different application
fields.”> Within years, membranes came into use in the
biotechnological field, where mimicry of the natural environ-
ments has been tried to be achieved.®”” Neural communica-
tion that is within our point of interest, in this study, is one of
the major fields in which the implementation of ion-exchange
membranes has been attempted.

The communication network within the neural micro-
environment, which is responsible for the operability of
biological systems, is highly complex.'” The response obtained
in the form of “neural cell activity” is both a spatial and a
temporal context, which is also dependent on the nature of
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ions that create the communication signal. Neurotransmitters
are the molecules responsible for the generation of cell-to-cell
communication signals in-between neurons.' The malfunc-
tioning in neurotransmitter transport mechanism or, in
particular, the release of neurotransmitters at undesired
amounts leads to a large variety of physiological disorders,
among which Parkinson’s disease, Alzheimer’s disease, and
epilepsy are the most widely encountered ones.'””"*
Acetylcholine (ACh*), being one of the major representatives
of the neurotransmitter family, is responsible for the signaling
between skeletal muscles and motor nerves."> Their level in
neural cells is regulated via choline acetyltransferase enzyme,
and its presence in low amounts is the major cause of
Alzheimer’s disease.'® To gain an insight into proper neural
functioning, understanding the fundamentals of the signaling
process and the action of the release of neurotransmitters is of
extreme importance.
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Figure 1. (A) Schematic representation of Nano-FTIR setup and 500 X 500 nm* AFM images obtained from (B) salt and (C) ACh" forms of
membranes. (D) Mechanism responsible for the transport of ACh* through hydrophilic membrane domains. IR spectra obtained from (E) salt and

(F) ACh* forms of membranes.

Iontronics and organic mixed ionic—electronic conductors
(OMIECs) comprising the new generation of devices with the
excellent temporospatial resolution are known as organic
electronic systems that provide ionic or ionic—electronic
transport through electrophoretic motion.'”'® The operation
principle of these appliances is based on conjugated polymers
that possess both electrical and ionic conductivity, which
provides the conversion of electronic pulses into ionic
signals.'”'”~*" Despite many advantages of iontronic devices,
some of which have excellent precision in spatiotemporal ionic
delivery and have an unlimited supply of the transported ions,
poor control maintained over the released amounts and rates
hinders their preferability. Additionally, low ion transport rates,
geometrical constraints, lateral design, and the requirement for
higher bias voltages are among the main issues that need to be
considered for further system improvement studies.

The incorporation of ion exchange membranes (IEM) into
neural transport systems led the way to a new era of iontronics
where, under applied bias, the non-flow-related electrophoretic
motion of ions through the membrane to the target is the only
determinant transport mechanism.””** The most significant
study based on IEM-related ionotronic transport devices has
been recently reported by Poxson et al.>> The study aimed to
optimize the OEIP parameters to provide the transport of
macromolecules such as aromatic and cyclic alkanes by using a
hyperbranched polymer. However, for the given OEIP system,

the crossover through the membrane to per-contra solution
still took place in the lateral direction.

Being inspired by the evolutionary nature of membranes,
herein, we report a dual system of ionomer-based acetylcholine
(ACh") transporter and nonenzymatic sensor, holding a strong
potential of becoming a pioneering membrane-based device
that is going to treat neurotransmitter-related illnesses in the
near future. The operability of both devices relies on
disulfonated poly(arylene ether sulfone) (BPS) ionomer
membrane which plays the role of ACh* transporter in
potentiostatic systems and sensors in impedance measure-
ments.”*™>® So far, BPS membranes have been used in various
applications such as proton-exchange membrane fuel cells
(PEMFCs), redox flow batteries, and desalination pro-
cesses.”*72%*>% This material has been reported to exceed
Nafion in both performance-based and economic aspects. Its
facile synthesis and ability to be modified with the
incorporation of certain pendant groups and blending with
other copolymers is an advantageous feature allowing
application-based optimizations of BPS.”' Being thoroughly
studied within our research group, the investigations of BPS
and careful elaboration of its material properties have been
reported in our previously published articles.””** In this study,
these BPS copolymers have been treated with ACh" salt
solution and therefore subjected to a cationic exchange, which
resulted in selective transportation of ACh®. As a result, a novel
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device called “Acetylcholine Pen” (ACh* Pen), being the
denotation used for ACh" transporter, which is a simple yet
efficient system composed of a biocompatible BPS ionomer
engaged to the tip of a pen filled with aqueous ACh" solution,
has been introduced for the very first time in the literature.
BPS-based nonenzymatic sensor, on the other hand,
possesses a smartly constructed, highly straightforward system
design, where the membrane is being integrated into
conductivity cell for the quantification of the amount of
analyzed sample with unknown ACh* concentration. To the
best of our knowledge, a neurotransmitter or, more specifically,
ACh" sensors developed so far have been mostly enzyme-based
systems conducting detection via enzymatic reaction
cycles.”7° Nonetheless, the literature reports lack the
presence of ionomer-based, straightforward, nonenzymatic
sensing techniques that do not require long and consecutive
preparation steps and have fast measurement times. The
system developed here possesses several important novelties,
among which (i) simple and scalable system design, (ii)
successful ionic transportation under low voltages (55 mV),
and (iii) nonenzymatic, single-staged ACh* sensing via the (iv)
utilization of membrane’s conductivity to transform the data
into the concentration can be listed as the most significant
ones. Besides, the combination of both BPS-based devices into
a dual system enables the simultaneous actualization of ACh*
transport and quantification. The realization of these two
applications via a simple BPS ijonomer is a technologically
intriguing case, possessing a strong potential to be a new
ground-breaking contribution to the literature.

2. RESULTS AND DISCUSSION

2.1. Acetylcholination of BPS and Basic Membrane
Characterizations. BPS membranes being primarily synthe-
sized in their salt forms have been consecutively protonated
and acetylcholinated, as described in the Experimental Section.
These experimental steps have been conducted to equilibrate
the membrane channels for desired cationic transport. The ion-
exchange capacity (IEC) values for protonated and acetylcho-
linated forms of membranes have been evaluated as 1.52 and
1.42 mequiv mg ™", respectively, and explained in detail in the
Experimental Section. Zeta-potential analyses have been
performed on ACh" and H* forms of BPS, and the elaboration
of experimental conditions is reported in the Experimental
Section. Figure S1 gives the time-dependent zeta-potential
distribution obtained from both membranes within 17 min of
the analyses period, showing comparable results for ACh* and
H* forms with average zeta-potentials being —15.7 and —16.4
mV, respectively. It is important to note that zeta-potential
data are consistent with IEC values, where the results obtained
for both forms of BPS are also in good proximity to each other.
Several research groups have previously established that ionic
conductivity in solid-state polymers actualizes as a result of
randomized bouncing of ions in-between available counter-
ionic groups.””****¥"% Parameters like the size of ions and
ease of dissociation of the target ion from the counterionic
group are considered to be defining factors in the transport
process.””*”*" Therefore, the detection of changes occurring
as a result of polymer—ACh" interaction has been conducted
via several characterization techniques. On the basis of the
chemical structure of BPS that is given in Figure S2A, it is
apparent that the sulfone groups of copolymers provide the
interaction with ACh" ions. The visualization of changes in
channels providing ionic crossover has been demonstrated via

Nano-FTIR analysis, which has been chosen as a proper and
precise characterization (Figure 1A).*' The AFM phase images
of Nano-FTIR have been obtained in tapping mode under
ambient conditions. In the conducted analysis, the contrast has
been established between salt form or, in other words, pristine
and acetylcholinated form of BPS (ACh*-BPS), and the
acquired AFM phase images are given in Figure 1B,C. A
distinct variation has been exhibited between the phase
distributions of two different types of membranes. It has
been observed that the overall chromatic dispersion of AFM
images ranges within dark orange and light yellow regions,
each individually representing hydrophilic and hydrophobic
domains, respectively. The relatively dark orange hydrophilic
domains appear to be softer due to the presence of water in
sulfonic acid groups. In contrast, the light yellow color stands
for the shrunk regions not containing sulfone groups and
therefore not participating in ion transport p1‘ocesses.30’42_45 It
can be clearly seen that in a 500 X 500 nm* image the amount
of stiff hydrophobic channels of salt form exceeds that of
ACh*-BPS. Moreover, a severe difference can be emphasized
between the sizes of nanoscaled hydrophilic domains,
confirming the eventual ACh' interaction. Figure 1D has
been given to elucidate the concept of ionic transport through
hydrophilic membrane channels. In the case of ACh* crossover
through the membrane, the dielectric effect is assumed to be
the dominating mechanism responsible for transport.*® The
interaction between two counterions results in the bouncing of
ACh" ions among the anionic SO;~ groups, which are present
only within hydrophilic domains, thus providing the transport.

Expanding on the IR results obtained precisely from the
membrane domains, Figures 1E and 1F show the spectrum
obtained from both salt and ACh" forms of BPS, respectively.
To provide a comprehensible comparison, IR sampling points
have been indicated on the AFM images, and individual
analogy has been established between hydrophilic and
hydrophobic domains of both types of membranes. Figure
1E, giving a detailed IR spectrum comparison between light
yellow and dark orange domains of pristine BPS, shows that no
severe changes can be detected between hydrophilic and
hydrophobic phases of salt form. On the other hand, ACh*-
BPS points out the presence of a highly significant difference
between the two phases. As can be seen in zoomed regions of
Figure 1F, a characteristic ACh" peak at ~950 cm™" has been
detected for the hydrophilic domain, while no trace of the
given molecular interaction has been encountered inside the
hydrophobic phase. A similar case can be seen for higher
wavenumbers, where a characteristic ACh™ peak appearing at
1750 cm™ has been observed to vanish while analyzing the
hydrophobic domains of the exactly same membrane. Figures
S2B and S2C have been given to emphasize the fact that the
presence of characteristic ACh" peaks has only been
encountered exactly within the hydrophilic channels and has
not been detected in either hydrophobic domains or salt form
of BPS. This characterization has been conducted as a strong
assertion of the presence of interaction between ACh* and
sulfone groups of membranes, therefore evidencing the means
of ionic transport through its channels. In addition to Nano-
FTIR spectroscopy, standard AFM of membranes have also
been conducted. Similar to the results obtained from Nano-
FTIR, a significant increase in hydrophilic domains has been
observed for the polymers transferring gradually from salt to
proton and then to acetylcholine forms (Figure S2D).
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Figure 2. FTIR spectra of BPS in three different cationic forms analyzed at (A) 850—1300 cm™" and (B) 1300—1800 cm™' wavenumbers with inset
figures focusing on distinct positional fluctuations. (C) XPS survey obtained from three different forms of BPS and pure acetylcholine chloride
molecule with individual comparisons of (D) S 2p and (E) N 1s peaks. (F) Raman spectra of membranes with focused ACh" originated distinct

peaks.

The presence of interaction between BPS and ACh™ has
been thoroughly traced back via FTIR spectroscopy (Figure
S3A). Figures 2A and 2B zoom into the specific regions of the
overall spectrum to point out the changes after different types
of cationic loadings. Significant shifts have been observed at
1027, 1094, and 1204 cm™" (inset Figure 2A) from which the
first peak is assigned for the symmetric stretching of SO;~
while the last two represent asymmetric stretching of SO;~
groups.””*’” Previous studies reported by Mauritz et al. and
Kunimatsu et al. have investigated the changes in IR responses
as a result of ion-exchange membrane hydration/dehydration
and have stated that the presence of both peak shift and
decrease in full width at half-maximum (FWHM) is directly
related to the increase in water content of membrane.***’
Taking into consideration (i) the swelling in hydrophilic
domain sizes after acetylcholination step, (ii) the presence of
peak shifts, and (iii) the evidenced decrease in FWHM (Table
S1), it can be concluded that the successful introduction of

ACh" into hydrophilic BPS domains has been achieved. In
addition, the appearance of non-BPS originated peaks marked
as “®” at 950 and 1750 cm™" after acetylcholination steps has
approved the change in ionic content of BPS signifying the
characteristic (N—CHj;); asymmetric stretching and C=0
stretching, respectively (Figure S3B).

XPS analyses have been conducted on all three forms of
membranes together with the pure acetylcholine chloride
molecule for legitimate comparison purposes. Analyzing the
overall XPS survey given in Figure 2C, oxygen, carbon, sulfur,
and nitrogen elements have been chosen for individual
analogy. All separate element examinations show a distinguish-
able presence of peak shifts after protonation and acetylcholi-
nation, proving that the chemical and electronic environment
of membranes undergoes certain changes. Although O 1s, O
KLL, and C Is peaks, generated from two abundant elements
that constitute the overall membrane molecular structure, show
a positional variation in binding energy levels, it is highly
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complicated to interpret the origin of their shifts (Figure S3C—
E). On the other hand, S 2p and N 1s peaks can be used as
practical guides for understanding the origin of BPS and ACh*
interaction. Upon analysis of Figure 2D, the S 2p peak shifts
toward lower binding energy levels in the acetylcholinated
form of BPS (ACh*-BPS). Because the binding energy of a
specific element is directly related to its chemical environment,
a shift in an XPS peak can be associated with the changing
electronegativity around the element of interest, sulfur.
Considering that as a result of the interaction of —SO;™ of
BPS with ACh"s N-(CH,);, more electronegative oxygen is
going to attract the electron cloud around nitrogen, thus
increasing the surrounding electron density of the sulfone
group. This increase in electron density is expected to result in
a decrease in binding energy levels, which can be witnessed
from the obtained XPS spectra.”””" The interpretation of N 1s
peak is less complicated due to the absence of any nitrogen
atom within the structure of BPS. Examining Figure 2E, it can
be observed that any traces of N 1s have not been encountered

in either salt or proton forms of BPS. On the contrary, a very
significant peak appears in ACh"-BPS, which is shifted
compared to the N 1s peak of pure acetylcholine chloride.
Raman analyses have served for the similar purpose of
validation of the polymer—neurotransmitter interaction
where the obtained spectra have revealed characteristic
membrane peaks at 3080, 1610, 1288, 1175, and 1150 cm™
(Figure 2F). Positional shifts have been observed for all of the
mentioned characteristic peaks, among which 1610 em™! s
assigned to the sulfonyl group conjugated benzene ring, 1175
cm™! stands for O=S=0 scissoring, and the rest of the peaks
represent fundamental benzene ring generated vibrations.>”
The presence of weak, unprecedented peaks in ACh" form of
the membrane is found to be originated from asymmetric
deformation and symmetric stretching of CH; groups coupled
to N—(CHj,); of acetylcholine chloride (AChCI) at approx-
imately 1500 and 3005 cm™ wavenumbers, respectively.

2.2. BPS-Based Dual ACh* Transporter (ACh* Pen)
and Sensor. Part 1: ACh* Pen. In the sequel of successful
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Figure 4. (A) Experimental setup for tandem system operation. (B) Equilibration of BPS at solutions containing different ACh* concentrations and
standard 100 nM KCl. (C) EC used for impedance plot fittings. (D) Calibration curve of BPS conductivities in low and high ACh* concentration

regions with corresponding error bars.

membrane preparation and characterization steps, the ready-
to-use ACh*-BPS has been implemented into a potentiostatic
ion transport device. The system has been designed in a
manner that mimics the axonal transport at nerve endings
through the transportation of ACh* neurotransmitters from a
synaptic cleft via electrophoretic motion (Figure 3A). Because
the basis of neural communication underlies behind the
consecutive electrical—chemical—electrical signal transduc-
tions, in the given system, ACh'-BPS is the main component
that provides the transport of particularly ACh* across its
hydrophilic channels, creating a resistive barrier for the
electrons and thus acting as the synaptic cleft. The proposed
device architecture, named ACh" Pen, has been primarily
designed at large scales, in a concentration cell composed of
two compartments containing AChCl and potassium chloride
(KCl) solutions at 0.1 M concentrations (Figure 3B-1). The
operability of the concentration cell system has been analyzed
via the potentiostatic technique under 1 Vi, where the
stabilization of the generated current occurred within the
primary 10 s, and an approximately constant value of 200 uA
has been obtained throughout the 1800 s of transport duration
(Figure S4A). After the crosscheck of the system operability at
large dimensions, the diminution of the concentration cell into
pen structures has been materialized. As a result, an ordinary
pen with a membrane engaged on its tip served as the new
device, ACh*Pen, for the realization of ACh* transport (Figure
3B-2). The potentiostatic response obtained from ACh* Pen
shows a slightly slower stabilization of current (Figure S4A),
reaching a constant value of 70 pA within 32 s. The results
obtained from potentiostatic experiments have been normal-
ized to the cross-sectional area of membranes (8.6 cm?® for

large and 0.28 cm?® for ACh* Pen scales) and are given in
Figure 3C.

Although potentiostatic measurements served as successful
methods for the testification of device operability, the
quantification of the amount of transported ACh" from
ACh* Pen has been done via the fluorometric technique,
details of which are specified in the Experimental Section. The
amounts of transported ACh* obtained from fluorometric
analyses given in Figure 3D show that in the course of the
transport process the quantity of the transported ACh* ions
has gradually increased, showing that at the first 15 s of the
transport process 0.29 yM of 100 uM and 0.86 uM of 0.1 M
have been delivered across the membrane. At the end of the 20
min transport process, 0.0044% of 0.1 M and 2.77% of 100 uM
initial concentrations have been delivered to the opposite side.
Basically, these results show that the capacity of BPS
transportability is dependent on the concentration of source
solution, and the amount of crossover ACh" can vary even at
extremely short transport durations. Moreover, fluorometric
analyses have been used as successful characterization and
quantification techniques, proving that both BPS ionomer and
a highly simple and scalable ACh* Pen system can operate as a
successful ACh* transporter.

Nonetheless, considering the future in vivo applicability of
ACh" Pen, its main drawbacks, such as dimensional constraints
and inadaptability to a tinier medium, have motivated us to
develop a novel device design. The details of a more delicately
projected architecture, miniaturized ACh* Pen, which is
fabricated via a 3D-printer, are given in the Experimental
Section and shown in Figure 3B-3. The essential difference that
needs to be pointed out for the miniaturized ACh* Pen is the
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potential difference of S5 mVy,, which has been applied
during potentiostatic experiments. This value is the threshold
depolarization potential that activates the action potential
during the communication between neurons, and it has been
applied to better approach the actual ACh' transport
conditions. The reported performance data has been
represented in both current (nA) and current density (nA
cm™?) forms (Figure S4B and Figure 3E). It can be observed
from the inset of Figure 3E that the obtained potentiostatic
performances through five sets of J—t experiments, all
conducted with a different miniaturized ACh* Pen, have
generated comparable current densities. The inferences made
from the generated current values (130—250 nA range) show
that at even such miniaturized systems five sets of consecutive
experiments revealed the performance values at close
proximity, proving the factuality of the obtained results. The
J—t performances have been normalized to the cross-sectional
area of the membrane, having a diameter of S mm, generating
current densities in the 600—1200 nA cm™> range.

Part 2: Setup of the Calibration Curve for Conductivity-
Based Acetylcholine Sensor. During the ACh* detection steps,
the requirement for enzyme-based quantification techniques,
such as the fluorometric method, have been proven to be
highly precise, yet time-consuming and expensive. In this
regard, our research team has focused on developing an
ionomer-based approach and, therefore for the very first time
in the literature, has utilized ACh*-BPS for the development of
the conductivity-based, real-time sensor. The measurements
have been conducted in a conductivity cell at the constant-
temperature water bath. The initial steps of the analysis were
based on the establishment of a calibration curve which has
been achieved via equilibrating BPS for 24 h at different
acetylcholine chloride solution concentrations ranging from 1
X 107° to 0.05 M. The obtained data set given in Figure S5
shows that during the primary immersion of the membrane
into dilute acetylcholine chloride solutions a certain amount of
time is required for the equilibration to occur. In other words,
BPS reaches its steady-state conductivity value slower at low
ACh" concentrations. On the other hand, the equilibration
process speeds up at higher ACh" molarities. After the primary
equilibration step was finished for the whole concentration
range, the equilibrated membrane has been againward
immersed into the same set of acetylcholine chloride solutions,
consecutively. However, at this step, the conductivity values
have only been evaluated at 1, 5, and 10 min to test the
swiftness of the responsivity of membranes to changing
concentrations. It has been observed from the obtained values
that for an equilibrated membrane reaching a steady-state
conductivity value within 1-10 min is possible. The
impedance data obtained from the second equilibration test
within the concentration range of 1 X 107°—~0.05 M and their
corresponding conductivity vs time column plots are specified
in Figure S6. The given impedance plots, also termed Nyquist
plots, have been fitted to the equivalent circuit shown in Figure
4, containing a resistance (R) being in series connection with
parallel-connected “R,—C,” and “R;—C,”. Here, R, stands for
the resistance of ACh" electrolyte solution, while R, and C, are
associated with the resistance and capacitance of BPS,
respectively. On the other hand, R; and C, have been reported
to represent the interfacial transport resistance and capaci-
tances, respectively.” In accordance with previously reported
studies that have analyzed membrane conductivities under
different solution concentrations, herein, it can also be

concluded that the membrane-related resistances are affected
by the concentration of solution remaining in membrane
domains.’*** Thus, the increasing ACh™ concentration has
been observed to have an ultimate impact on the membrane
conductivities, which have been evaluated by using eq SI.
Moreover, by combination of all the conductivity values
obtained under the same analysis period at different
concentrations, a linear relation can be established and can
be used as a successful calibration curve (Figure S7). In
general, these electrochemical preapplication characterizations
have been fulfilled to develop a proper methodology for
membrane equilibration, proving that the presence of a linear
relationship between concentration and conductivity at
extremely short periods like 1 min demonstrates the
applicability of this system into a future ACh* quantitating
sensor device.

Additionally, considering the transport of ACh" ions across
the hydrophilic channels of BPS, the effect of reptation must
also be considered. In one of the studies conducted by
Onorato et al., the importance of polymeric structure, as well
as the dissociation of ions, has been stated as a crucial
parameter to be considered during the evaluation of ionic
transport performance.”” The study remarks that the transport
via ionic hopping is directly related to the chain motion of
polymers. This motion (i.e., reptation) increases because of
increasing temperature, hence bringing to higher ionic
transports at elevated temperatures. The given statement has
been crosschecked for BPS where conductivity has been
analyzed at the same solution concentration (0.05 M ACh*) at
both room temperature and 35 °C ambient conditions. It has
been clearly observed from Figure S8 that the conductivity
value significantly increases with the elevating solution
temperature, showing the correlation between two parameters.

As a result, the ionic conductivities have been calculated by
using the impedance of the BPS membrane and have been
directly correlated to specific acetylcholine solution concen-
trations. In other words, conductivities ranging from 8 to 2000
mS cm™" (Figure S7) represent the ACh* concentrations
ranging from 1 X 10~ to 0.05 M. However, to find an
unknown concentration of ACh* in a solution, the setup must
be re-formed into a tandem system design and collocated with
the calibration curve, which is explained in detail in the
following section.

Part 3: Conductivity-Based Acetylcholine Sensor and
Development of Dual Transporter—Sensor System. The
ultimate purpose of our study was to combine the self-
developed ACh" delivery system with the conductivity-based
sensor, hereby setting up a dual device that performs both
operations concurrently. Thus, to find an unknown concen-
tration of ACh* in a solution, the setup has been re-formed
into a tandem system design and collocated with the
calibration curve (Figure 4A). As it has already been
established in the “Part 1”7 of the reported study, to provide
the crossover of ACh" across the membrane, the opposite
solution has been selected as conductive KCI. For the purposes
of using dual transporter and sensor at the same time, the
contents of the solutions for both operations had to be the
same. That is why at this stage of the experiment BPS has been
calibrated via impedance spectroscopy in solutions containing
ACh" with concentrations changing within the 1 X 107°—0.05
M range and constantly present 100 nM KCl (Figure 4B and
Figure S9). The obtained impedance plots have been fitted
into the equivalent circuit (EC) given in Figure 4C. The
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Figure S. (A) Impedance plots obtained from solutions generated as a result of 15, 30, and 60 min of ACh* transport and the corresponding (B)
BPS conductivities and evaluated unknown ACh* concentrations. (C) Repeatability testing of a tandem system with corresponding standard

deviation statistics.

Table 1. Comparison of BPS-Based ACh" Biosensor with Other Nonenzymatic Biosensors Reported in the Literature

biosensor material
Ni—Al layered double hydroxide decorated with carbon nanoparticle
carbon paste electrode modified with Cu micro/nanoparticles
lichen-like NiO modified carbon paste

Ni nanowire

carbon electrode modified with magnetic core—shell structured manganese ferrite

nanoparticles
screen printed electrode modified with ZnFe,O, nanoparticles
carbon paste modified with graphene quantum dots/ionic liquid
ACh*-BPS/dual transporter and sensor

detection limit

type of sensor LoD (uM) ref
amperometric 0.005—6.88 mM 17 SS
amperometric 0.12—2.68 mM 39 56
amperometric 0.25—5.88 mM 26.7 57
DC and AC 0.84 and 3.59 S8
amperometric
voltammetric 0.1-500 yuM 0.02 59
voltammetric 0.08—500 uM 0.024 60
voltammetric 0.2—400 uM 0.06 61
EIS based 10—50000 M 334 this study

corresponding conductivities evaluated by using eq S1 have
assisted in the establishment of the new calibration curves
(Figure 4D). To test the effect of interference of K* cations,
membranes’ conductivities have been analyzed in three
different solutions containing 0, 100, and 500 nM KClI, with
0.01 M ACh" being constantly present. The obtained results
given in Figure S10A show that the interference of KCl at 100
nM is too small, affecting the conductivity values insignif-
icantly. In contrast, the concentration of 500 nM increases the
membrane conductivity, eventually interfering with the
obtained results. Therefore, 100 nM KCl solution not only
provides the necessary conductive ability to transport ACh*
across the membrane but also generates a very tiny interference
in conductivity measurements. Figures SI0B—D have also been
given to show that the presence of 100 nM KCI does not
strongly disturb the linearity of the obtained calibration curve.

The tandem system has been operated as represented in
Figure 4A and explained in detail in the Experimental Section.
The transport of ACh" through BPS to the opposite
compartment for 15, 30, and 60 min resulted in the
establishment of Figure SA, which gives the impedance plots
of BPS evaluated at resulting solutions. By using eq S1, we
converted the obtained impedance values into conductivities.
In the homestretch of the experimental process, the insertion
of the obtained conductivity values into the calibration curve
(Figure 4D) eventuated in the detection of the amount of
transported acetylcholine, which is marked as [ACh*] in Figure
5B. Thus, concurrent operation of both BPS-based devices has
been maintained by (i) conducting transport in a two-
compartment concentration cell and (i) analyzing the
delivered solution via modified conductivity cell. It can be
observed from the obtained [ACh*] values that increasing
transport durations resulted in a gradual increase in the
amount of crossover ions where at the end of 60 min 227 yM

of the 0.5 M initial ACh* concentration has been transported
to the counter solution. The obtained results prove the
operability of the dual system based on BPS, showing that a
single membrane can act as both a selective transporter and a
sensor simultaneously. To validate the accuracy of the system,
three sets of transport each conducted with freshly prepared
0.5 M ACh* have been conducted for 15, 30, and 60 min.
Figure SC showing the ACh" concentrations obtained from
three sets of transport-and-sensing experiments proves the
consistency among the obtained outcomes. In addition, the
inset of Figure SC reports the standard deviation of the
obtained amounts of transported ACh" showing a slight
variation in the amounts of calculated concentration values,
proving the reproducibility of the obtained outcomes.

The stability of the device to multiple cycles of both
transport and sensing has been analyzed through consecutive
test sets. Here, 15 min lasting ACh" transport tests have been
repeated for 15 times, subjecting the transport device to
operate for a continuous ~4 h. Each transport set has been
followed with the analyses of the opposite compartment’s
solution. Figure S11A reports the conductivities obtained from
the 1st, 3rd, Sth, and 15th cycles showing an almost stable
performance distribution of conductivity values throughout 4
h, with approximate values of transported ACh".

Additionally, ACh*-BPS, being used as ACh" sensor in the
conductivity cell, has been regenerated by consecutively
retransforming the membrane into salt, proton, and ACh*
forms, as explained in the Experimental Section. The obtained
results given in Figure S11B show that, after being regenerated,
ACh*-BPS requires ~24 h for equilibration to reach a constant
value of conductivity. However, after being properly
equilibrated, the measurability of the membrane does not
change, sensing approximately the same value of conductivity
from the solution obtained from 15 min lasting transport test.
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These two analyses have proven the long-term durability and
regenerability of BPS membranes, consolidating them as strong
candidates for membrane-based dual-transport-sensor devices.
Moreover, it is noteworthy to say that the quantification of the
amount of transported ACh' takes less than a minute,
providing a fast measurement time as an additional advantage
to this dual system.

Based on our elaborative researches, Table 1 has been
established to compare the responses obtained from our BPS
based sensor with other nonenzymatic ACh* biosensors
reported in the literature so far. As can be seen from the
given table, no studies on IEM-based ACh" biosensing have
been encountered in the literature. Mostly, the conducted
research focuses on metal- and metal oxide-based complex
nanomaterials that require long preparation steps. Moreover, it
is highly important to note that our study can be considered as
one of the pioneering studies in the field of EIS-based
nonenzymatic ACh* biosensors, which concurrently conducts
transport and sensing.

3. CONCLUSIONS

In summary, for the very first time in the literature, BPS
ionomers being formerly used in PEMFCs’” have been
implemented into dual ACh® transport-and-sensor system.
The given tandem system, compared to the previously
reported ones, possesses several important advantages,
among which the transport under an actual action potential
of 55 mVy,,,, smartly constructed system design, biocompatible
BPS ionomer that operates as both transporter and sensor, and
almost instant quantification of ACh" are the most significant
ones. In a large-scale analysis setup, the developed sensor has
shown linearity within a 1 X 107°—0.05 M concentration range
and the detection limit of 33.4 uM. The operability of this
dual, self-developed, BPS-based, and nonenzymatic system
proves that membranes are powerful tools possessing the
strong potential for the development of future, neuro-
transmitter delivering, in vivo operating devices. We believe
that this dual system possesses a futuristic approach toward the
ongoing neurotransmitter transporter-and-sensor systems,
which is going to turn into a strong, scientifically appealing
subject, attracting lots of attention.

4. EXPERIMENTAL SECTION

4.1. Materials and Equipment. Acetylcholine chloride,
potassium chloride (KCl), sulfuric acid (H,SO,), sodium hydroxide
(NaOH), and dimethylacetamide (DMAc) used in membrane casting
have been purchased from Sigma-Aldrich. The Fluorometric
Acetylcholine Assay Kit containing all necessary chemicals required
for the analysis has been purchased from Cell Biolabs. All of the
chemicals have been used as received without any purification.

4.2. BPS Synthesis and Characterization. The synthesis
methods and characterization of disulfonated poly(arylene ether
sulfone) (BPS) have been previously reported elsewhere,*%*%3°
Having a 35 mol % of sulfonation degree, BPS possesses an IEC of
1.52 mequiv mg™" and intrinsic viscosity (IV) of 1.2 ¢ dL™". The IEC
of BPS membrane has been obtained by immersing the acid form of
the membrane in S0 mL of DI water containing 1 M sodium sulfate.
The solution has been stirred overnight to allow the protons to
exchange with sodium ions completely. In addition, the solution has
been titrated with 0.01 M sodium hydroxide (NaOH) in which
phenolphthalein was present as an indicator. IEC = Vy,ouMy.on/
Wy, has been used as the equation for the evaluation of the IEC
value. Here, Vy,oy stands for the volume and My,oy stands for the
concentration of NaOH used in titration. Wy, represents the dry
weight of BPS. Intrinsic viscosity measurements have been performed

in NMP containing 0.05 M lithium bromide, which was added to
suppress the polyelectrolyte effect at 25 °C by using a Cannon-
Ubbelohde viscometer. The molecular structure of the copolymer is
specified in Figure S2A.

To transform copolymers into membrane form, BPS has been
dissolved in DMAc and kept stirring overnight. Membrane solutions
have been cast on clean glass substrates and dried under infrared
lamps overnight to obtain their primary salt forms of BPS. On the
proceeding step, acidification of membranes has been performed via
boiling them in sulfuric acid (0.5 M) solution for 2 h and further
continuing boiling in deionized water for an additional 2 h. As the
final step, membranes have been acetylcholinated in the aqueous
solution of ACh* (0.1 M) for 24 h and have been kept in DI water
overnight to remove excess ACh* remaining on the BPS surface.

The IEC of the ACh*-BPS membrane has been evaluated via acid—
base titration of NaOH and H,SO,. A 18.1 mg sample of the ACh*-
BPS membrane has been added to a 0.01 M NaOH solution (10 mL)
and heated on a steam bath for 1 h. Following the given step, the
NaOH solution containing the ACh*-BPS membrane has been
titrated with 0.005 M H,SO,, generating an IEC value of 1.42.

Zetasizer measurements have been conducted via a SurPass 3
(Anton Paar). 10 mM KCI (pH 5.25) as an electrolyte flow solution
has been used. Time-dependent zeta-potential measurements of ACh"
and H* forms of BPS have been maintained for 17 min. The mean
and standard deviation of the obtained zeta-potential values are
reported in Figure SI.

4.3. Device Manufacturing. For the large-scale concentration
cell experiments, a double-compartment cell (60 mL volume for each)
has been filled with acetylcholine chloride (0.1 M) and KCl (0.1 M)
and has been separated via ACh*-BPS.

The ACh* Pen system consists of an ordinary pen filled with
acetylcholine chloride solution containing an ACh*-BPS attached to
its tip. As the counter cell, a tiny vial containing KCI solution at the
same volume with the inner acetylcholine chloride solution has been
used. Two stainless steel plate electrodes inserted into acetylcholine
chloride and KCl compartments have provided the potential
difference between two compartments.

4.4. Performance Analyses. ]—t measurements at constant 1
Vi and 55 mVy;,, have been performed on a Solartron 1260 and
1278A sourcemeter. The obtained current values have been divided
by the active surface area of membranes (concentration cell: 8.6 cm?;
ACh* Pen: 0.28 cm?) to obtain current density values.

4.5. AFM Analysis and Nano-FTIR. Atomic force microscopy
analysis has been conducted to observe the differences in the
hydrophilic domain dimensions after two different treatment steps. At
soft tapping mode, prewetted membranes have been analyzed, and
phase images have been captured via the Asylum MFP-3D device.
The membranes have been hydrated before analysis to avoid the
shrinking of the hydrophilic domains.

In-depth investigation of BPS membrane channels has been
actualized via Nano-FTIR device consisting of a scattering scanning
near-field optical microscope (i.e., s-SNOM) equipped with an AFM
tip and an asymmetric interferometer for the acquisition of phase
images and simultaneously conducting real-time IR spectroscopy. The
AFM imaging has been conducted at tapping mode, and IR data
collection has been performed in two separate beam channels, which
comprise the (i) B: 840—1600 cm™' and (ii) E: 1400—-2100 cm™
wavenumber ranges.

4.6. Fluorometric ACh* Detection. For the purposes of
transport assertion, the detection of the amount of ACh* in the
opposing compartment has been conducted by enzyme-based
techniques, which reveal the presence of neurotransmitters via
fluorescence characterization and quantifies it. ACh* Pen has been
primarily implemented into a fluorometric ACh* assay kit, where the
quantification of the ACh" ions transported across the membrane of
ACh* Pen into phosphate buffer saline (PBS) containing dish under 1
Viias has been conducted (Figure S12A). The working principle of the
assay kit is based on a series enzymatic reactions, which are specified
in Figure S12B. The four progressive reaction steps, including the
interaction with acetylcholinesterase (AChE), choline oxidase
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Figure 6. Miniaturized 3D-printed, self-designed ACh* Pen device consisting of two channels: (i) one serving as ACh* source with tiny BPS
attached as selective transporter and (ii) the other consisting of SS-mesh serving as counter electrode for the counter solution.

(ChOx), and horseradish peroxidase (HRP) enzymes, result in the
formation of hydrogen peroxide, which is designated via a
fluorescence probe. HRP enzymes serve as the initiator of the
catalysis reaction in-between the fluorescence probe and H,0, (final
product) and quantify the amount of ACh* which is formed in a 1:1
ratio. Two different initial concentration values of acetylcholine
chloride solution (0.1 M and 100 yM) driven across the membrane in
the ACh* Pen scale under 1 V bias have been analyzed. For each
initial concentration, four sets of samples have been ejected from the
opposing PBS solution at predetermined time intervals (¢t = 15, 60,
300, and 1200 s) and have been further diluted according to the
procedure given in the assay kit.

4.7. Architecture of Miniaturized ACh* Pen. The miniaturized
ACh" Pen is composed of two separate channels with each tip having
a diameter of S mm and serving for membrane and stainless steel (SS)
mesh fixation (Figure 6). In the executed system design, SS mesh
stands for the counter electrode. A thin SS wire attached to the mesh
from the inside of channel 2 provides the application potential,
therefore generating a potential difference between the inner
acetylcholine chloride solution and outer KCI. Another tiny SS wire
is being positioned in the anodic channel containing the ACh*
solution. In a similar manner, bias has been applied between two
electrodes, resulting in the electronic-to-ionic transduction.

4.8. BPS Equilibration for ACh* Sensitivity Testing. During
the equilibration step, the membrane-embedded in conductivity cell
has been immersed in solutions (200 mL) of the different ACh*
concentrations at 35 °C fixed temperature. The setup for conductivity
measurements has been thoroughly planned to keep the bath
temperature constant throughout the experiments. Conductivity
data have been collected at 1, 3, and 24 h periods per each
concentration value (Figure SS). This step has served for the detailed
investigation of the change in membrane conductivity with time until
the complete equilibration took place. It is important to mention that,
prior to switching to a new analyzed concentration, membranes have
been kept in a DI water bath at 35 °C for 2 h to remove the ACh"
remaining on their surface. The conversion of the obtained impedance
values to conductivities (mS cm™") has been done by using eq S1.

After finishing the primary equilibration step for the whole
concentration range, we againward immersed the equilibrated
membrane into the same set of acetylcholine chloride solutions,
consecutively. However, at this step, the conductivity values have only
been evaluated at 1, 5, and 10 min to test the swiftness of the
responsivity of membranes to changing concentrations. It has been
observed from the obtained values that for an equilibrated membrane
reaching a steady-state conductivity value within 1—10 min is possible
(Figure S6).

4.9. BPS Equilibration in 100 nM KCI for Tandem Testing of
Dual ACh* Transporter—Sensor. At this step, ACh* transport has
been conducted in large-scale concentration cells under 55 mVy;,, and

an initial ACh* concentration of 0.5 M. The opposite compartment, in
this case, contained an extremely diluted KCl solution (100 nM),
which has been specifically chosen to prevent the interference in the
ACh" quantification step. Nevertheless, to prevent the interruption of
KClI ions in counter solution, the established calibration curve has
been over made by conducting the same set of conductivity
experiments with varying concentrations of acetylcholine chloride
from 1 X 107 to 0.05 M and a constant molarity of 100 nM KCl
(Figure S9). The new calibration curve has been individually
contrasted with those obtained from pristine ACh* in DI water and
has been specified in Figures SI0B—D. This way, the interference of
100 nM KCl in the quantification of ACh" concentration has been
prevented. The set of samples prepared and analyzed in the dual
system have been obtained by transporting ACh" from 0.5 M source
solution across the membrane at different transport durations (15, 30,
and 60 min). At the end of each set of experiments, the counter
solution with 100 nM KCl and an unknown concentration of
acetylcholine chloride has been withdrawn from the compartment to
be immediately tested in a BPS-based ACh* sensor.

4.10. Regeneration of ACh*-BPS. An ACh*-BPS membrane has
been inserted into 0.5 M NaOH solution for 2 h, followed by a boiling
step in DI water for an additional 1 h to be transformed into the salt
form. Being kept in DI water at room temperature overnight, salt-BPS
has been protonated and acetylcholinated in a similar manner as
explained in section 4.2. After the completion of the acetylcholination
step, ACh*-BPS has been inserted into the conductivity cell and tested
in a solution obtained from 15 min lasting transport experiment. The
obtained conductivity value from the given solution has gradually
dropped within a 24 h period. In-between the conductivity
measurement cycles, the membrane has been thoroughly washed in
DI water to completely release the excess ACh* from the surface of
BPS. At the end of 24 h, the obtained conductivity has reached an
equilibrium generating 9.29 mS cm™’, showing that BPS membranes
can be easily regenerated and equilibrated in a short period of time.
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