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ABSTRACT: In the past S years, real-time health monitoring has . = - 54 Selective Serotonin sensing
become ubiquitous with the development of watches and rings that .

can measure and report on the physiological state. As an extension, 7 <

real-time biomarker sensors, such as the continuous glucose o’ e W <

monitor, are becoming popular for both health and performance PEDOT &

monitoring. However, few real-time sensors for biomarkers have Polystyrene sulfonate (PSS) 820 2 he)

. . . o s, som som so, SO @ = 3
been made commercially available; this is primarily due to LA L — £ b8E o <
problems with cost, stability, sensitivity, selectivity, and reprodu- . "'~ E-chem §i1g| 0 £ %g_é €9 %é ok
cibility of biosensors. Therefore, simple, robust sensors are needed N response & Tgo 2 £ £8¢ § L 9
to expand the number of analytes that can be detected in emerging A © 6lS8 2 D00 80< Sk
and existing wearable platforms. To address this need, we present a 4 Glassy carbon mEMN NN ]I“ " |
simple but novel sensing material. In short, we have modified the Compounds

already popular PEDOT/PSS conductive polymer by completely

removing the PEDOT component and thus have fabricated a polystyrene sulfonate (PSS) sensor electrodeposited on a glassy carbon
(GC) base (GC-PSS). We demonstrate that coupling the GC-PSS sensor with differential pulse voltammetry creates a sensor
capable of the selective and sensitive detection of serotonin. Notably, the GC-PSS sensor has a sensitivity of 179 yA yM™' cm™>
which is 36x that of unmodified GC and an interferent-free detection limit of 10 nM, which is below the concentrations typically
found in saliva, urine, and plasma. Notably, the redox potential of serotonin interfacing with the GC-PSS sensor is at —0.188 V
versus Ag/AgCl, which is significantly distanced from peaks produced by common interferants found in biofluids, including serum.
Therefore, this paper reports a novel, simple sensor and polymeric interface that is compatible with emerging wearable sensor
platforms.

1. INTRODUCTION in trace concentrations of biofluids (<1 nM). However,
Advances in electronics and sensor technologies have enabled serotonin is present at appreciable concentrations in many
wearables equipped with real-time sensors that measure the biofluids (>100 nM), and thus is a promising analyte for real-
concentration of biochemicals to report on the physiological time detection. Serotonin or S-hydroxytriptamine ($-HT) is a
state.' > However, despite the ubiquitous nature of continuous neurotransmitter of particular interest, as it is a key contributor
glucose monitors, few other real-time sensors are commercially toward sleep, mood, and appetite regulation.'’ Serotonin has a
available. One common class of compounds currently being redox-active indole functional group as opposed to a catechol
explored for real-time sensor applications is monoamine functional group, and, as a result, should have different
neurotransmitters. Monoamine neurotransmitters, including electrochemical properties compared to other monoamine
catecholamines (dopamine, adrenaline and noradrenaline) as neurotransmitters. Serotonin concentrations are most readily
well as serotonin are known to correspond to and be key measured (due to their highest concentrations) in urine (0.3—
indicators of both fatigue and general mental wellbeing.‘t’5 1.6 uM)'* and blood (0.27—1.5 uM)."® Serotonin has been

Sensor researchers have focused on the detection of found within cerebral spinal fluid (<0.057 nM)'® but at

monoamine neurotransmitters, including catecholamines and
serotonin, as they are inherently redox-active. As a result, these
analytes can be detected directly due to isolated changes in
current response at specific voltages correlating to analyte
concentration. This contrasts with other sensor methods that )
rely on enzyme-mediated reactions,”’ the presence of Revised:  March 11, 2024
exogenous redox reporters’ to produce the electrochemical Accepted: March 18, 2024
signal, or other more complicated schemes.””™"* Published: March 26, 2024
Part of the challenge in deploying real-time neurotransmitter
sensors is that most monoamine neurotransmitters are found

concentrations significantly lower than in other biofluids. Even
in the best of circumstances, these concentrations are
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significantly lower than lactate and glucose levels (~mM)
which are the only successful electrochemical sensors for
bioanalytes."”'® A deployable serotonin sensor must not only
be sensitive enough to detect these micromolar to nanomolar
ranges, but also retain significant selectivity against analytes
that are present in concentrations substantially higher
(>1000x) than serotonin.

To overcome this challenge, voltammetric methods are often
used that can identify redox-active compounds based on their
redox potential. However, voltammograms of biological fluids
are complex, as redox active analytes are inherent in biofluids,
including NADH,"” FADH,, catecholamines (e.g,, dopamine,
norepinephrine, epinephrine),”’ uric acid,”’ ascorbic acid,”*
and tyrosines.”” As a result, the voltammograms can have
overlapping peaks, thus confounding analysis; many of these
potential interfering agents are at concentrations equal to or
greater than serotonin. Sensor and method design must
account for these complications. Notably, to selectively detect
serotonin, the method must be able to discriminate among
catecholamines (e.g, dopamine, norepinephrine, and epi-
nephrine), redox-active metabolites (e.g, uric acid), and
indoles (e.g, serotonin).

While bare carbon or metallized electrodes™ ™" can detect
serotonin and other monoamine neurotransmitters, the
application of a matrix on top of the electrode typically helps
with sensitivity and selectivity through increasing surface area
and/or adding functional groups with improved binding
energies. Conductive polymers have been repeatedly demon-
strated to improve the sensitivity and lower the limit of
detection compared to that of simple gold or carbon
electrodes. Currently common conductive and copolymers
that have shown much promise in the field of neurotransmitter
sensors are poly(3,4-ethylenedioxcythiophene)/polystyrene
sulfonate (PEDOT/PSS),”*’ polypyrrole (PPy),°"*” and
nafion.”*™** Conductive polymers, especially those that are
composed of ionic matrices, have high electrical conductivity
and thus do not passivate electrodes. However, because of their
thickness, conductive polymers have broader peaks due to
diffusion into the polymeric matrix and/or voltage drops across
the conductive polymer.”® The result is that conductive
polymers can suffer from peak broadening, thus, reducing
resolution and adding another complication to neurotransmit-
ter identification and quantitation. Some conductive polymers
have poor conductance, resulting in high overpotentials that
again frustrate measurements.”” An optimized conductive
polymer coating is needed that (1) can effectively enrich
monoamine neurotransmitters, (2) has high conductance (a
low overpotential), and (3) can operate as a thin-film and thus
minimize the impact of Warburg diffusion on the voltammo-
gram.

In the literature, graphene and graphene oxide sensors, along
with nafion and PEDOT/PSS sensors, have demonstrated the
greatest promise with regards to selectivity and sensitivity. The
commonality in these sensors is aromaticity (graphene,
graphene oxide, polystyrene sulfonate) and a high density of
negative charges (nafion, PSS, graphene oxide). These
functional groups should have improved binding energies
and thus higher affinity to monoamine neurotransmitters due
to electrostatic and 77— stacking interactions. PSS has both an
aromatic group and a negatively charged sulfonate in each
monomeric unit and thus contains both a high density of
aromatic groups and negative charges. Therefore, PSS has the
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potential to enhance neurotransmitter affinity, resulting in an
improved sensitivity and limits of detection (LOD).

In this paper, we propose and demonstrate a sensor that
modifies the PEDOT/PSS framework where PEDOT, the
positively charged copolymer, has been removed from the
system and PSS has been electrodeposited on its own. To the
authors’ knowledge, this paper presents the first of its kind to
electrodeposit a specific PSS matrix without a copolymer and
use it as a sensing material. The resulting Glassy carbon
(GC)—PSS sensor resulted in a superior sensor response.
Notably, we demonstrate that this matrix causes a significant
shift in the redox potential of serotonin, indicating a change in
its electrostatic state, significantly removing the peak from
common interferences including uric acid and catecholamines
that frustrate selectivity and sensitivity in many neuro-
transmitter sensors in the literature. The sensor, while having
reduced sensitivity in serum, still can detect serotonin at
physiological concentrations. Therefore, this article provides a
simple, unique sensor for real-time detection and monitoring
of serotonin in biofluids.

2. METHODS

2.1. Chemicals. All chemicals were procured from Sigma-
Aldrich and used as received, apart from the human serum.
Human serum samples were purchased from Sigma-Aldrich
and are human male plasma (type AB) sterile-filtered
hemoglobin. Diluted human serum was done using 1X
phosphate-buffered saline (PBS) for 25, S0 and 75% serum
volumes. 100% serum was used as delivered.

2.2. Electrochemical Set-Up. All electrochemistry experi-
ments were performed with a CH Instrument (CHI660E)
potentiostat. A 3-electrode setup was used for all experiments.
Working electrodes were R2 mm GC discs (CH Instruments).
Reference electrodes were Ag/AgCl (+0.197 V vs SHE) (CH
Instruments). Counter electrodes were platinum-coated
titanium rods (EDAQ Inc.).

2.3. Fabrication of GC-PSS and GC-PEDOT/PSS
Electrodes. GC electrodes were polished using an electrode
polishing kit per manufacturer’s instructions (CH Instru-
ments). Electrodeposition onto the GC working electrode was
performed at +2 V vs Ag/AgCl in a fresh solution of 0.4%
poly(sodium 4-styrenesulfonate) in Milli-Q water for PSS
deposition and a combination solution of 0.4% Poly(sodium 4-
styrenesulfonate) and 0.3% 3,4-ethylenedioxythiophene in
Milli-Q water for PEDOT/PSS deposition. After electro-
deposition, sensors were rinsed with Milli-Q water and air-
dried. All sensor surface areas were kept consistent with
Kapton tape using a diameter (9) of 4 mm were calculated to
have a geometric active surface area of 0.126 cm™.

2.4. Characterization of GC-PSS Sensor. Scanning
electron microscopy (SEM) was used to determine the surface
morphology and the effectiveness of electrodeposition of the
conductive polymer. SEM was performed by using a Zeiss
GeminiSEM 500 instrument. Electrochemical surface area
(ECSA) characterization was performed in 1 M H,SO,
solution at a sweep rate of 100 mV s~

2.5. Sensing of Serotonin Using GC-PSS Electrodes.
Differential pulse voltammetry (DPV) was performed by using
the following parameters: Scan range of —0.7 to +0.7 V; AC
amplitude of 50 mV; pulse width of 0.5 s; sampling width of
0.0167 s; and pulse period of 0.5 s. Sensors were equilibrated
by running through at least five scans before performing
electrochemical measurements for either serotonin or con-
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Figure 1. (A) Schematic of fabricated sensor of GC rod electrode with attachment of PSS and serotonin interacting with the surface of PSS (B)
SEM image of GC-PSS sensor. (C) ECSA of GC-PSS sensor for various electrodeposition times (0,95,180, 360, and 720 s).

taminants in buffer (1X PBS), serum, or serum diluted in PBS.
A dwell time of 7 min was implemented to allow for serotonin
penetration of the polymer matrix after each addition before
DPV measurements were performed. Peak current height,
calculated as the difference in current between —0.6 V and the
maximum current around —0.2 V, was reported for sensor
response and sensitivity calculations.

3. RESULTS AND DISCUSSION

3.1. GC-PSS from the GC-PEDOT/PSS Concept.
Serotonin can be detected directly using metallized and
carbon-based electrodes.”*>° To improve the sensitivity of
these electrode materials, recognition elements, including
polymers and biopolymers, have been explored. Notably,
conductive polymers have commonly been used in the
literature for electrochemical neurotransmitter sensors. This
initially led us to investigate the commonly used material
PEDOT/PSS as a starting material for our studies; PEDOT/
PSS has been successfully implemented into electrochemical
sensors for a large range of analytes. Therefore, as a baseline,
we analyzed the performance of PEDOT/PSS for detecting
serotonin using DPV.

PEDOT/PSS was electrodeposited onto GC electrodes (see
Methods section). The electrodes were then interrogated using
DPYV in the presence of increasing concentrations of serotonin.
The GC-PEDOT/PSS sensor was able to detect concen-
trations as low as 200 nM at a potential of —0.188 V (Figure
S1). In comparison, no response was observed for GC alone at
the same potential (Figure S2). GC did have a unique
interaction (as observed by the presence of a peak) with

serotonin at + 0.32 V for concentrations of serotonin greater
than 200 nM. However, neither GC alone nor GC-PEDOT/
PSS could detect at low enough concentrations to detect the
full range of serotonin found in biofluids (urine, blood, and
saliva) despite their prevalence in the literature.

Previous literature shows that the presence of negatively
charged functional groups, such as carboxylates present in
graphene oxide and sulfonates in nafion and PSS, is common
among reported conductive polymers for sensing serotonin. All
of these negatively charged materials are likely to enrich
serotonin via charge—charge attraction with monoamine
present in serotonin. Additionally, aromatics found in
graphene, graphene oxide, and PSS were also common
among conductive polymers for detection of serotonin; this
would putatively support 7—7 stacking interactions and thus
have favorable binding energies for indole rings. Therefore,
PSS having the highest concentration of both negatively
charged and aromatic groups was further explored as a unique
polymeric recognition element.

3.2. GC-PSS Sensor Characterization. Figure 1A shows
the GC-PSS preparation scheme where a GC rod electrode was
used as the working electrode and a PSS coating was
electrodeposited onto the surface where serotonin is attracted
to the free SO;” side chains. Unlike other methods of
conductive polymer electrodeposition our technique involved
no wait times for sample preparation,3’8 a singular component
(polystyrene sulfonate) unlike other conductive polymer
procedures’” and a single-step rapid preparation method. To
further understand the surface morphology of the electro-
deposited PSS, SEM analysis was performed as shown in
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Figure 2. (A) DPV curves comparing unmodified GC sensor (red), GC-PEDOT/PSS sensor (blue), and GC-PSS sensor (green) in 0.1 M PBS
(pH = 7.4) buffer (dotted lines) and 1 uM Serotonin (solid lines) (B) DPV curves of GC (blue) and modified GC-PSS (red) electrodes comparing
PBS buffer (dotted lines) response and 6 M Serotonin (solid lines) to identify redox peaks (C) DPV analysis of GC-PSS sensor with increasing
concentrations of serotonin (10 nM—6 yM) in 0.1 M PBS (pH = 7.4), (D) the calibration curve of the GC-PSS within the concentration range of
0—1 uM serotonin, (E) DPV curves of the GC-PSS sensor showing real detection limit. (F) DPV peak current responses of serotonin between 0
and 1 uM for GC (red), GC-PEDOT/PSS (blue), and GC-PSS (green). (All error bars of st. dev. for n = 3).

Figure 1B. The high magnification image of the deposited PSS
(Figure S3A) shows a texturized surface and thus the presence
of the electrodeposited conductive polymer. Although
textured, the surface maintains a smoothness similar to that
of the deposited GC-PEDOT/PSS (Figure S3C,D) and the
unmodified GC (Figure S3E,F). The minimal change in
surface morphology suggests that changes in the functional
groups present within the conductive polymer, and not
changes in morphology, are responsible for the enhanced
sensing capabilities of the GC-PSS sensor.

16803

ECSA measurements (Figure 1C) performed by cyclic
voltammetry in H,SO, were used to determine the surface area
based on the reduction peak area. The peak area was converted
to electrode surface area using the reported Carbon monoxide
stripping charge parameter of 420 #C.cm™2*’ using the formula
outlined by Coyle et al.*! The real surface areas of 0, 95, 180,
360, and 720 s GC-PSS sensors were calculated to be 0.18,
137, 2.11, 3.21, and 10.6 cm’ respectively. An interesting
phenomenon was observed with increasing deposition time as
peak position shifted more negative. This can be explained via
more PSS deposition onto the surface. As the SO;™ is reacting

https://doi.org/10.1021/acsomega.4c01169
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Scheme 1. Proposed Mechanism of GC-PSS Interaction with Serotonin
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with the H" the less amount of SO;~ on the surface causes a
more rapid depletion off the electrode surface. The peaks
appear to all start at the same potential (—0.1 V) however, all
deplete at different potentials until you reach 360 s where it
reaches its equilibrium point (—0.53 V).

To ensure this newly developed sensor was in fact improved
upon compared to its PEDOT /PSS predecessor, we performed
a DPV analysis as can be seen in Figure 2A. The DPV curves
(after baseline correction) represent an unmodified GC, a GC-
PEDOT/PSS, a GC-PSS, and a GC-PSS electrode in a solution
of 1 uM Serotonin. The current response (peak height)
enhancement of the GC-PSS with a rapid electrodeposition
time of 95 s compared to the GC and GC-PEDOT/PSS is
15.2X and 9X, respectively, which is a significant enhancement
considering the slight modification made to the starting
materials. This supports that the PSS in PEDOT/PSS is key to
improving sensor performance with neurotransmitters.

3.3. Electrochemical Sensing of GC-PSS in PBS
Solutions. The GC-PSS electrodes and their interaction
with serotonin were studied via DPV as shown in Figure 2B.
Initially the sensor was equilibrated by running at least five
voltammograms in PBS solution until a stable voltammogram
was achieved (current change of <0.1% for all applied
voltages). For preliminary studies, 6 yM of serotonin was
then injected and allowed to stabilize for 30 min to allow full
binding/equilibration. The sensor was then interrogated using
DPV. The resulting voltammogram had two new peaks, one at
—0.188 V (previously unreported) and one at + 0.36 V (more
commonly reported). To verify that the interaction of
serotonin with PSS was resulting in the peak at —0.188 V, a
plain GC electrode was run side-by-side. The resulting scan
lacked the peak at —0.188 V, and only had a new peak emerge
at + 0.36 V. Comparing the two scans it is likely that the peak
forming at + 0.36 V is appearing due to the interaction of GC
and serotonin. While the amount of GC present for each
electrode is equivalent, the presence of the PSS on the
electrode surface for the GC-PSS electrode has clearly
enhanced the current response of the GC-serotonin peak at
+ 0.36 V. Additionally, a second peak now forms at —0.188 V;
this peak only appears when both PSS and serotonin are
present, indicating that a PSS—serotonin complex is forming.
Notably, this change in peak position is not observed with any
other serotonin sensor, including PEDOT/PSS, Nafion, or
graphene oxide serotonin sensors. We hypothesize that this
unique peak may be due to the PSS donating electrons to the
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serotonin and thus stabilizing the oxidized state of serotonin.
With the above-mentioned hypothesis, we would expect to
observe a separate serotonin oxidation peak at the inherent,
unmodified redox potential of serotonin (~+0.36 V), where
lower concentrations result in a peak only at —0.188 V and
higher concentrations result in a peak both for serotonin
bound to PSS (as observed by a peak at —0.188 V) as well as
free serotonin (as observed by a peak at + 0.36 V). Due to
these findings, we have deduced the resultant mechanism
(Scheme 1) between our GC-PSS sensor consists of a
reversible oxidation of serotonin converting the aromatic
hydroxyl functional group to a ketone.*” Protons formed
during serotonin oxidation are likely to protonate the sulfonate
and change the acidity at the surface of the conductive polymer
and thus electrochemical properties.*’

The voltammograms as a function of the serotonin
concentration for GC-PSS sensors were then acquired. The
sensor was exposed to increasing concentrations of serotonin
starting at 10 nM and terminating at 6 uM using the same
DPV parameters (Figure 2C). The peak at —0.188 V showed a
steady rise in current response with increasing concentrations
of serotonin where the peak at + 0.36 V increased as a function
of concentration but only appeared at micromolar concen-
trations. In comparison, the GC showed minimal current
change at —0.188 V in the presence as a function of serotonin
concentration with a small peak forming at + 0.36 V at higher
concentrations of serotonin. This is consistent with serotonin
complexed with GC-PSS having a redox potential at —0.188 V.

3.4. Effect of GC-PSS-Coating Formulation on
Serotonin Sensing. To determine the optimal GC-PSS
sensor for performance in serotonin, each modified sensor
grown at various times (95, 180, 360 and 720 s) were
interrogated using DPV. Voltammograms were obtained first
for the sensor in PBS buffer solution and then after an injection
of 6 uM serotonin and then analyzed as can be seen in Figure
S4. Absolute peak height as well as% increase in peak height at
—0.188 V versus buffer was reported (Figure SS) to compare
sensor sensitivity toward serotonin. The raw curves of each
sensor where the 95 and 180 s sensors can be seen to show a
dramatically sharp peak at —0.188 V compared to the buffer
peak. However, higher deposition times (360 and 720 s)
display higher raw current responses (~96 yA) in serotonin
compared to the buffer peak show less of an affinity toward
serotonin adsorption onto the sensor surface due to minimal
current change versus the buffer peak height. This is further

https://doi.org/10.1021/acsomega.4c01169
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Table 1. Comparison Table of PEDOT-Based Electrochemical Sensors for Serotonin Detection

sensor technique peak potential linear range (uM) detection limit (nM) refs
rGO-PEDOT/PSS amperometry/DPV +0.4 V vs Ag/AgCl - 100 28
GCE-PEDOT-RGO-Ag nanocomposite amperometry/DPV +0.28 V vs Ag/AgCl 0.1-500 100 44
NiO/CNT/PEDOT DpPV +0.33 V vs SCE 0.3—-20 63 45
AN-PEDOT/CNTs amperometry/DPV +0.4 V vs Ag/AgCl 1-100 S0 46
FTO-PEDOT: PSS/ 3IP-TPyP CV/EIS 1.7-138 230 29
PEDOT/Pt CV/LSV +0.4 V vs Ag/AgCl 20—100 71 47
GC-PSS DPV —0.188 V vs Ag/AgCl 0.01—-1 10 this work
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Figure 3. (A) DPV scans of the GC-PSS sensor in the presence of physiological contaminants with each contaminant injected into the system (B) a
bar-graph representation of peak height response of the GC-PSS sensor and physiological contaminant interaction at —0.188 V (C) Unknowns
analysis of GC-PSS in 0.1 M PBS (pH = 7.4) with added concentrations of serotonin with the concentration range of 10 nM and 1 zM (red dash
lines represent the range of variability for each addition and numbers represent a serotonin concentration highlighted in Table S2) and (D) DPV
curve of the GC-PSS sensor in 100% human serum with serotonin concentrations injected into the solution within a range of 10 nM—2 yM. Inset

image of calibration curve of peak current response at —0.224 V.

examined where current change versus the buffer is displayed.
The 95 s sensor outperforms all other sensors in the presence
of serotonin showing a 140% change in current compared to
the buffer in 6 yM serotonin while the 180 s deposition having
a marginally lower percent increase in peak height (120%).
Although the 360 and 720 s sensors clearly had much larger
overall (magnitude) current responses their normalized (%
current change) compared to the buffer were like that of an
unmodified GC sensor varying only by 20%; we hypothesize
that this is because the PSS acts as an ion conducting matrix,
and thus promotes background water and proton oxidation. As
a result of this analysis the 95 and 180 s PSS deposition GC-
PSS sensors were chosen to further provide the sensitivity as
calculated by the % change in current for 6 uM serotonin.

16805

Thinner coatings were not explored, as the potential gain in
sensitivity from this study appeared to be marginal.

3.5. Sensitivity, Linear Range, and LOD. Peak height
and peak area are both data outputs that are typically linked to
the analyte concentration for voltammogram measurements.
As described in the methods, this manuscript uses peak height
due to the simplicity of its calculation and the fact that it is less
sensitive to changes in its baseline. The sensitivity of the sensor
was determined using the peak height of the DPV results at
—0.188 V compared to baseline from the serotonin titration
experiments taken from Figure 2C. The resulting plot of peak
height versus concentration is reported on Figure 2D.

The titration curve demonstrated that the sensor has a linear
range between the concentrations of 10 nM and 1 uM (full
peak height range calibration curve shown in Figure S6); this is
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supported by an R* value of 0.98. The sensitivity, derived from
the slope, was calculated as 178.99 yA uM™' cm™ and a
detection limit of 10 nM visualized by Figure 2E; this change
in current at —0.188 V as a function of serotonin was
confirmed by the subsequent addition of 20 nM serotonin. In
comparison, the unmodified GC electrode had an overall
sensitivity of 4.9 uA yM™ cm™2 and an R* of 0.859 over the
entire titration curve with a detection limit of 200 nM. The
bare GC electrode had two separate linear ranges, the first
observed between 0 and 100 nM and the second observed
between 100 nM and 1 uM (Figure S7). Notably, when
comparing the GC electrode to the GC-PSS electrode, the GC-
PSS demonstrated an enhancement of sensitivity of 36X
compared to the flat GC electrode as well as an improved
linear range.

To validate that the conductive polymer alone was not
responsible for the improved performance, a titration curve
from a GC-PEDOT/PSS was analyzed. The sensitivity
calculated from the titration curve (Figure S8) was 59.9 pA
uM™! cm™? with reasonable linearity over the titration range
(R? value of 0.925). While some sensitivity was regained over
GC alone, the sensitivity remained 3X lower than the reported
GC-PSS electrode. Additionally, the linearity is poor across all
concentrations. The detection limit for the GC-PEDOT /PSS
was observed at 200 nM. To further validate the superiority of
the GC-PSS sensor compared to the unmodified GC and the
GC-PEDOT/PSS calibration curves have been placed along
the same axis in Figure 2F for a visualized comparison.

Thus, the GC-PSS sensor has both a larger linear range than
GC and GC-PEDOT/PSS, as well as greater sensitivity,
improving the confidence of measurements and reducing the
impact of noise, especially in complex biological samples. A
comparison to other literature sensors is provided in Table 1.

3.6. GC-PSS Serotonin Sensor—Impact of Interfering
Agents. To test the robustness and selectivity of our sensor,
we introduced common small biological molecules including
redox-active species. All interfering species were added at or
above the high end of physiological concentrations to validate
that the sensor could work even in the worst-case conditions;
concentrations of interferences tested are listed in Table SI.
We then performed the same DPV measurements used for the
detection of serotonin to identify any changes in the baseline
and/or new peaks indicative of redox-active interferents
(Figure 3A). The interference assay curve was organized as
follows. First, the neurotransmitters that are commonly
measured in addition to serotonin were added to the sensor
including the catecholamines (dopamine, norepinephrine, and
epinephrine) as well as the stress hormone cortisol. Addition of
these interferences showed no response and no new peaks
forming in the DPV curve. Then, the amino acid glutamine
and the sugars lactose and glucose were added; while the
sugars and amino acids groups do not have reversible redox
active functional groups, they are at high concentrations and
could still interfere via irreversible oxidation. As expected, no
change in the peak height at —0.188 V was observed as a
function of adding in these metabolites/sugars. To this
mixture, the redox active metabolite ascorbic acid was then
added and interrogated using DPV. The result was no
response. Finally, another redox active metabolite, uric acid
was added. A new peak was observed in DPV analysis.
However, the peak position (+0.25 V) is sufficiently distanced
from the serotonin peak to enable clear resolution. Addition-
ally, the peak stabilized almost instantly and did not change

after a three-minute stabilization period, indicating that the
PSS matrix was not concentrating uric acid to the electrode
surface.

Overall, no appreciable changes in the peak at —0.188 V
were observed (Figure 3B) upon the addition of interferences.
Serotonin was then introduced to validate that the sensor
could still detect the primary target even in the presence of
interfering agents, resulting in a current change of 7.82 uA after
spiking the solution with 1.2 uM of serotonin. This value was
lower than originally obtained in pure buffer (13.89 yA) as the
complex media unsurprisingly hinders the sensors response.
However, this can likely be accounted for in complex media.
More importantly, the data strongly suggest that none of the
potential interfering biochemicals would result in peaks
directly overlapping with the serotonin redox peak and thus
provide false positive results or confounding results.

3.7. Validation of GC-PSS Sensor Calibration Curve.
To determine the ability of the GC-PSS sensor to predict
concentration as a function of response, increasing concen-
trations of serotonin were titrated onto the sensor surface; the
serotonin concentrations added to the sensor differed from the
standard curve. Specifically, serotonin concentrations within
the sensing range of 10 nM and 1 yM were added to the
sensor, measured, and reported (Figure 3C).

The calibration curve from the sensitivity analysis (Section
3.5) was used to predict serotonin concentration from peak
height. The equation is as follows: y = 178.99x — 7.97. Table
S2 shows the actual and calculated concentrations for each
measurement. As expected, while some variance between
actual and calculated concentrations was observed, the
discrepancies were minor. The average response change (%)
between the real and calculated concentrations was under 10%.
Notably, concentrations between 300 nM and 1 uM showed a
variance between calculated and actual serotonin concentration
of ~ 5%; this is expected, as the greater peak height reduces
systemic error. Thus, the GC-PSS sensor can be used to
measure and quantify the unknown concentration of serotonin
in samples.

3.8. GC-PSS-Sensing Studies in 100% Human Serum.
To analyze the sensors capabilities in biological fluids, the
sensor was tested in various serum samples both in the
presence and absence of exogenous serotonin. Figure 3D
shows the DPV response curves of the GC-PSS sensor in 100%
serum with increasing concentrations of titrated serotonin (10
nM—2 uM). The serotonin peak has been slightly shifted to
the negative with the peak current potential now appearing at
—0.224 V (a shift of —0.036 V).

Further examining Figure 3D, three key areas of the DPV
voltammogram can be identified correlating to the addition of
serotonin; a peak corresponding to the serotonin interaction
with GC-PSS (peak at —0.224 V), a large peak at + 0.3 V
which from the interference studies we assume is from uric
acid or other serum interferants, and a slight peak at + 0.65 V
which is not due to any of the contaminants examined.
Notably, the observed peaks at + 0.3 and +0.65 V decrease as a
function of scan number and thus appear to be inherent to
redox active species in the serum. Fortunately, neither of those
peaks overlaps with the serotonin peak at —0.224 V.

To analyze the effectiveness of the GC-PSS in serum, we
used the peak heights taken from the DPV and produced a
linear regression curve which can be seen in the inset line curve
in Figure 3D. From this curve, we have a linear response in
serum between the concentrations of 100 nM and 2 yM and a
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sensitivity of 7.9 uA uM ™" cm™2 with an R? value of 0.99 and a
clear detection limit of SO nM. As expected, the sensitivity and
LOD decrease for the GC-PSS sensor in the presence of
serum. However, these results still show that not only is our
sensor viable in serum but is highly effective within the
physiological range of serotonin serum concentration ranges
(027-1.5 uM).

4. CONCLUSIONS

Here we have developed and demonstrated a highly sensitive
and selective serotonin sensor using an electrodeposited PSS
thin film. The sensor can be fabricated using a simple,
inexpensive one-step electrodeposition onto GC. The deposi-
tion of the semiselective polymeric matrix can be performed in
less than 2 min and used immediately without further
modification. Similarly, to other serotonin sensors that leverage
polymeric matrices, the GC-PSS sensor should be more inert
to biodegradation, changes in temperature, pH, and denaturant
concentrations, compared to traditional biorecognition ele-
ments. The uniqueness of this sensor is that in contrast to
other reported serotonin sensors, a significant change in the
electrostatic state and thus the redox potential of serotonin is
observed when the PSS capture element is present, resulting in
superlative observed sensor properties. Notably, the sensor
presented here has an excellent sensitivity of 179 uA uM™
cm™?; the linear detection range based on experimental data
was demonstrated to be 0.01—1 uM; this range is a 36X
enhancement of the LOD compared to the unmodified GC
electrode surface and a 3X enhancement compared to GC-
PEDOT/PSS. The sensor was also shown to be highly effective
in 100% human serum displaying a linear range between 100
nM and 2 uM with a sensitivity of 7.9 uA uM™" cm™? and a
detection limit of S0 nM. Therefore, the reported serotonin
sensor provides a robust sensor for near real-time analysis of
serotonin demonstrated both at physiological concentrations
and in physiological fluids that can be deployed in emerging
sensor platforms. Finally, this paper demonstrates the benefit
and utility of rational design and selection of polymeric
matrices to detect key analytes of interest.
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