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Abstract: 17-βEstradiol (E2) and dopamine (DA) are biologically significant molecules, with E2 playing
critical roles in female sexual development and neuroprotection, and DA being essential for cognitive
processes and motor functions. The co-detection of these molecules is of particular interest due to their
potential interactions and combined effects on neurological health. Understanding the interactions between
E2 and DA is therefore essential to elucidate E2 neuromodulation, but current detection techniques are
limited. Fast-scan cyclic voltammetry (FSCV) is a simple and effective electrochemical method that
allows for real-time codetection of neurotransmitters and hormones. In this study, FSCV parameters
are optimized for the simultaneous electrochemical co-detection of E2 and DA, using carbon fiber
microelectrodes (CFMEs) for their high spatial resolution and biocompatibility. The results reveal that E2
exhibits unique electrochemical behavior which can be distinguished from DA through optimized FSCV
settings, allowing for their simultaneous detection. Redox interactions altering the DA measurements
are also suggested, possibly owing to the antioxidant properties of E2. This study not only enhances the
understanding of the electrochemical properties of E2 and DA but also demonstrates the potential of FSCV
in investigating their interactions and roles in neuroprotection and oxidative stress. Understanding the
chemical interactions between these two species is also critical to guarantee accurate FSCV measurements,
especially as FSCV is being increasingly considered to provide neurochemical feedback in AI-based,
closed-loop neuroelectronics.
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1. Introduction

17β -Estradiol (E2) is a steroid hormone belonging to the estrogen family. Being the most important
hormone in females, it has multiple biological roles, particularly in sexual development [1, 2]. An
abnormal concentration of E2 is usually associated with several health issues in children’s growth, in
the development of sexual characteristics, and in reproduction [2]. High levels of E2 are risk factors for
breast and ovarian cancers [3], lung cancer [4], uterus and prostate cancers [5], whereas E2 deficiency
promotes the development of heart diseases and is associated with the presence of menopausal symptoms
and osteoporosis [6, 7].

Estrogens are also involved in a wide range of brain functions, such as cognition, memory,
neurodevelopment, and neuroplasticity [8, 9]. Several studies have demonstrated that dysregulation of
E2, with abnormally low concentrations, is involved in the development of psychological disorders
such as schizophrenia, bipolar disorder, depression, autism, attention deficit hyperactivity disorder,
anxiety, eating disorders, and substance abuse [7–10]. E2 has been found to have neuroprotective effects,
possibly through its anti-inflammatory properties. The neuroprotective effects of E2 are mainly due to its
intrinsic antioxidant properties, whereby estrogens act independently of their own hormonal role [11–15].
Among steroid molecules, only estrogens can prevent neuronal cell death caused by significant oxidative
stress [12, 15, 16]. E2 itself acts as an antioxidant by scavenging free radicals primarily due to the free
phenolic hydroxyl function on the A-ring [12], and can be regenerated after scavenging free radicals [17].
Additionally, estrogens demonstrate metal redox chelation mechanisms: they can bind to a metal ion,
forming a stable complex [18].

Dopamine (DA) is one of the most important neurotransmitters in humans as it is involved
in numerous cognitive processes such as memory, learning, motor function, mood, sleep and
concentration [19–23]. Pathological concentrations of DA are involved in the development of many
neurological diseases such as schizophrenia, Parkinson’s and Alzheimer’s disease, senile dementia,
depression, stress, and hyperactivity, confirming the crucial role of this neurotransmitter in mental
health [24]. DA is also strongly implicated in addiction processes and is a key target for the activity of
cocaine or amphetamine [25].

E2 also acts as a neuromodulator on the serotonergic, glutamatergic, and dopaminergic systems [10].
Several studies have linked E2 and DA. Indeed, an increase in E2 promotes the presynaptic release of
dopamine (DA) in the dorsal striatum [26], thereby enhancing memory performance with the upregulation
of the catechol-O-methyltransferase gene, a gene that modulates basal prefrontal DA [27]. E2 also
increases DA synthesis and decreases its turnover in the nucleus accumbens, possibly regulates the
densities and functions of D1 and D2 DA receptors, and extends the duration of neurotransmission by
reducing the density of membranous DA transporters responsible for DA reuptake post-exocytosis in the
nucleus accumbens [9]. E2 modulates the mesolimbic DA system in female rats, and a high concentration
of E2 is associated with increased motivation for sexual activity and decreased motivation for food [28].
The numerous neurological correlations between DA and E2, and the neuromodulatory effect of E2 on
the dopaminergic system suggest a strong interaction between these two molecules.

However, and even though the neuromodulatory effects of E2 are now well-supported, the
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interactions between E2 and DA remain poorly understood, due to a scarcity of analytical methods to
codetect them with sufficient time resolution (100 ms to few s [29]). Therefore, there is a need for
E2 codetection with neurotransmitters such as DA to better understand their interplay and thus their
effects on mental health. In this context, electroanalytical techniques offer numerous advantages, such
as rapid response times, miniaturization capabilities, and simple use and maintenance [30]. Table S1 in
the Supplementary Information (SI) lists some techniques available for DA and E2 detection. These
techniques are based on a redox reaction, i.e. an exchange of electrons, between the molecule of interest
and an electrode inserted in the sample [31]. Compared to commonly used detection methods like
mass spectroscopy (MS) or immunoassays (enzyme-linked immunosorbent assay, chemiluminescence
immunoassay, radioimmunoassay), electrochemical methods provide comparable reliability, precision,
and detection limits without requiring complex and expensive equipment [32]. Additionally, they require
little or no sample preparation which minimizes the risk of errors and reduces the duration of the analysis.
Electrochemical techniques are often eco-friendly, as they use simpler equipment and materials to
produce and pose fewer health risks [33]. Biosensors are a promising novel method to detect E2, but
many of these devices remain proof-of-concept and are used only for the detection of E2 in water samples,
as they are rarely employed for the co-detection of multiple species, despite their improved sensitivity and
detection limits [34].

Compared to other analytical techniques, fast scan cyclic voltammetry (FSCV) allows real-time
measurement and identification of neurotransmitters and hormones in complex samples or in vivo [35].
During FSCV, the potential of the electrode is rapidly ramped (scan rate SR 100 to 1000 V · s−1) and
cycled typically 10 times per second. Each of these cycles (cyclic voltammograms or CV) provides a
description of the electrochemical properties of the sample as redox molecules are oxidised or reduced.
Compared to amperometry [36], FSCV has a lower temporal resolution (100 ms vs. 1 ms, respectively),
but it offers the possibility to simulatenously screen for different analytes, thus providing a unique
mapping of the chemical dynamics of the sample [37]. FSCV has a higher chemical selectivity than CV,
square wave voltammetry (SWV), or differential pulse voltammetry (DPV), with very rapid response
times that make it the most suitable technique for in vivo monitoring of neurotransmitters with fast
dynamics [37]. SWV and DPV scans also typically last one minute, which prevents them from detecting
the fast, sometimes sub-second events of the brain chemistry. Carbon fiber microelectrodes (CFMEs) that
have dimensions on the order of few µm are typically used with this technique, thus allowing for very fine
spatial resolution. Among its many advantages, carbon is also highly biocompatible, cost-effective, inert,
and particularly stable both chemically and electrochemically [38]. It exhibits good electrical conductivity,
has a low background current, and can be utilized over a wider potential range compared to metals [38].
Additionally, carbon surfaces facilitate the adsorption of several neurotransnmitters, such as DA, due to the
presence of functional groups [38]. FSCV has been extensively applied to and optimized for DA detection,
which has allowed understanding of numerous biological action mechanisms [39–43]. Additionally, DA
has been codetected with several molecules, such as serotonin (5-HT) and 3,4-dihydroxyphenylacetic
acid (DOPAC) [44] or ascorbic acid (AA) [35], which has enabled the understanding of chemical
interactions between DA and these molecules, and the resulting variations in measured CV. The real-time
description of the chemistry of the brain offered by FSCV is expected to be crucial in the development of
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neuroelectronic therapeutic solutions. For instance, it has been proposed that FSCV can help improve the
input parameters in deep brain stimulations (DBS) [45–48]. FSCV measurements in humans during DBS
showed the neurochemical alterations triggered by the technique [49]. Recently, FSCV was combined to
a neurostimulator and artificial intelligence (AI) in a closed-loop DBS system [50]. FSCV is therefore a
strong candidate to improve AI-based neuroelectronics. Potential chemical interactions should be fully
understood to guarantee the efficacy of the device.

Recently Weese et al. detected E2 with FSCV [51], and successfully codetected E2 with DA using
a modified ’shark fin’ waveform in FSCV [52]. As oxidation potentials of DA and E2 are close, and
because DA oxidation current is higher, the DA peak rapidly obscures the E2 one. By setting the SR
at 200 V · s−1 up to 0.7 V, and by increasing it to 1000 V · s−1, both peaks were successfully separated
and E2 electrochemistry was enhanced. This approach was validated in tissue matrix. However, despite
this successful demonstration, the E2 electrochemical response is still not well-understood in both FSCV
and CV, especially on CFMEs. The possibility to detect E2 on bare carbon fibers, i.e. without chemical
modifications granting specificity towards E2, is important as it allows for the codetection of different
analytes and thus to better understand the complex chemical interplays in the brain.

Here, the impact of the potential range used during voltammetric detection of E2, in the presence or
absence of DA, is studied. The novelty of this approach is to compare results obtained at both slow (CV)
and fast (FSCV) scan rates to identify the waveform parameters altering E2 detection and propose
new strategies for improving E2 FSCV. By investigating the influence of negative or positive potential
electrode control and/or conditioning on E2 electroanalysis, especially through adsorption behaviours,
new FSCV waveforms can be designed to improve E2 detection. Indeed, other modified waveforms
suggested in the literature [52] are highly specific and optimized for DA and E2 codetection. However, this
specificity may limit their applicability to the codetection of E2, DA and other compounds such as 5-HT
or other catecholamines. Identifying a potential waveform that would control the E2 redox behaviour
in FSCV without dramatically altering the shape of the input potential waveform would be beneficial
for multianalyte investigations of E2. Furthermore, the possibility of electrochemical interferences
between E2 and DA altering the signal was also investigated. Indeed, the increasing body of evidence
supporting the neuroprotective effect of E2 hints at a purely chemical role of E2 in the brain, beyond its
hormonal activity. The possibility of redox interactions and secondary reactions, especially in the context
of the antioxidant properties of E2, were to the best of our knowledge not investigated. The chemical
properties of E2—or antioxidant properties, namely free radical scavenging, regeneration, and metal
chelation [53]—that contribute to its neuroprotective effect are particularly interesting in the context of
electrochemical codetection with DA. Indeed, a potential toxicity pathway of DA is via oxidative stress, as
free oxidised DA can react with nearby thiol-containing molecules or the nucleophilic protein side chains,
thus potentially inactivating cellular machinery [54, 55]. Several neural proteins have been identified as
targets for this reaction and could be involved in neurodegeneration [55]. DA can undergo auto-oxidation
to form quinonic species, which could potentially interact with E2 or its oxidation products, leading
to changes in CV when the two molecules are codetected in FSCV. A redox interaction between DA
and E2, either through complex formation or redox mediation, as is the case between DA and ascorbic
acid (AA) [35], could shine a new light on the role of E2 in the brain.
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2. Methods

2.1. Chemical reagents

All the reactants were purchased from Millipore-Sigma (Canada), unless specified otherwise. Deionized
water (resistivity > 18MΩ · cm) was used for preparing solutions throughout the study. 1 mM stock
solutions of E2 were prepared in ethanol, stored at 4 °C and used within 30 days. Daily working solutions
were made from stock by dilution in phosphate-buffered saline solution (PBS 1X, pH = 7.4), containing
2 mM NaH2PO4, 10 mM Na2HPO4, 140 mM NaCl, and 3 mM KCl. All CV and FSCV measurements
were run at room temperature, and in 10 µM of E2 unless specified otherwise. 1% ethanol in PBS
was used for background measurement in FSCV. For the limit of detection (LoD) measurements, the
10 mM stock solution of E2 in ethanol was diluted in PBS daily to a working solution of 100 µM. Further
dilutions (500 nM, 1, 5, 10, and 50 µM) were then prepared with 1% ethanol in PBS. The DA solutions
were prepared by dilution in 1% ethanol in PBS.

2.2. Carbon fiber microelectrodes

CMFEs were fabricated as previously reported in the literature [41, 56, 57] . CFMEs were made using
7 µm-diameter T-650 carbon fibers. Carbon fibers were aspirated with a vacuum pump into glass capillary
tubes (1.1 mm inner diameter, 1.5 mm outer diameter PYREX-Corning, USA). The capillaries were
then pulled with a vertical Narishige PC-100 electrode puller (Tokyo, Japan). The carbon fibers were
sealed in place with fluid epoxy (EPOTEK-301-2, Epoxy technology, MA, USA) and cured for 3 hours at
80°C. The carbon fibers were cut under a microscope to 100–150 µm from the glass seal. CFMEs were
backfilled using 3 M NaCl before each measurement and connected with a platine wire. All the CFMEs
were tested in 1 mM of hexaammineruthenium (III) chloride (RuHex) in 1 M KCl before use (data not
shown). The redox potentials, redox currents, and capacitive current were analyzed with Shapiro test,
Q-Q plot, and finally ANOVA test to ensure the repeatability of the fabrication process, and the validity of
each CFME.

2.3. Cyclic voltammetry

All CVs were collected with a VMP-300 Potentiostat (BioLogic, France) at a scan rate of 100 mV · s−1,
from the negative vertex to the positive vertex, and back, over 4 cycles. The counter electrode was a
platinum wire and the reference electrode was Ag|AgCl (3M NaCl). All measurements were done in a
Faraday cage to limit the electromagnetic noise.

To investigate the influence of the vertices, CVs were collected in 10 µM E2 and in PBS with
1% ethanol. First, the negative vertex was varied from −0.3 to −1.1 V (−0.1 V decrements), and the
positive vertex was maintained at 1.3 V. In one set of experiments, E2 measurements were run in PBS,
without ethanol, to investigate the impact of the 1% ethanol on the CVs. Then, the positive vertex was
varied from 0.8 V to 1.4 V (0.1 V increments), and the negative vertex was maintained at −0.8 V.

To compare the cathodic and anodic treatments, CFMEs were pre-treated in PBS or in 10 µM E2 by
applying potentials of −1.1 V (cathodic) and 1.1 V (anodic) for 7 s. Before and after each treatment, a
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CV in 10 µM E2 (−0.3 V to 0.9 V and back) was collected, and a CV (−0.5 V to 0.2 V) in 1mM RuHex
in 1 M KCl was run to ensure the signal evolution was not due to variation in the electrode geometry. The
cathodic treatment was performed first, followed by the anodic one.

2.4. Fast-scan cyclic voltammetry

Each CFME was inserted into a microfluidic chip to form a home-built flow injection analysis system.
The microfluidic chip was made with polydimethylsiloxane (PDMS) using standard soft lithographic
methods [58, 59]. The cross-section of the sensing channel was 1 mm× 1 mm. Experiments were
conducted by delivering the analyte into the microfluidic chamber containing the electrode tip. A flow rate
of 1 mL/min was obtained with a Fusion 4000X Syringe Pump (Chemyx, USA). The reference and CFE
electrodes were connected to a home-made printed circuit board (PCB), adapted from Caux et al. [60]
with an gain resistance R = 10 kΩ. The excitation waveform application and the signal acquisition were
both performed using the WaveForms software and an Analog Discovery 2 oscilloscope (Diligent). The
excitation waveform was repeated at 10 Hz, and the signals were sampled at 10 kHz. The electrodes were
cleaned with isopropyl alcohol (IPA) for approximately 10 min, and then equilibrated in FSCV for 10 min
in PBS before use.

2.5. X-ray photoelectron spectroscopy (XPS) analysis

A VG ESCALAB 250Xi photoelectron spectrometer was used for the XPS analysis, in a vacuum chamber,
with charge compensation and a Mono Al Kα 1486.88 eV source. The C1s peak was fixed at 284.7 eV
for charge correction.

2.6. Electrochemical analysis

Cyclic Voltammetry: For the CV measurements, data were filtered using Python with a Savitzky-Golay
filter (polyorder = 1 and window = 20). The capacitance current ic was extracted at 0 V, and a 2nd-order
polynomial fit was used as a baseline for the estradiol peak analysis. Indeed, it was found that the peak
often occurred at rather positive potentials, and that the current baseline itself was rising in this area. A
2nd-order polynomial was found to be a good fit and predictor for this baseline (vs. a linear fit), and
was thus used to fit the CV and isolate the E2 peak. The oxidation potential Eox and current iox were
both measured. The reported ic, Eox and iox values are the mean of cycles 2 to 4. To analyze the vertex
influence, ic values were normalized with ic,−0.3V in when the negative vertex is changed, and with ic,0.9V

when the positive vertex is changed. The oxidation peak shift ∆Eox is calculated by subtracting Eox,−0.3V

or Eox,0.9V to each Eox values when the negative or postive vertex is changed, respectively. The data are
reported as the mean ± the standard deviation of the samples.

Fast-Scan Cyclic Voltammetry: For the FSCV measurements, data were filtered using a
forward-backward digital filter in Python (order = 2, fc = 1 kHz). The nonfaradaic current was removed
via background subtraction by averaging 10 CVs from 2 s to 5 s before the point of injection [38]. The
point of injection (i.e. the onset of the rise in Faradic current, when the analyte reach the electrode in the
microfluidic system) was calculated with the derivative of i vs. t curve at maximun current. Oxidation
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potential Eox and current iox were extracted at 2 s, 6–8 s and 15 s after injection, and the i vs. t curves
were normalized with the maximum iox to allow inter-electrodes comparison. The reported values of iox

and Eox are the mean over 3 to 10 independent measurements, ± the standard deviation of the samples.
Calibration and Limit of Detection: The literature on E2 electrochemistry, especially at carbon

surfaces, shows that the reaction is highly dependent on the quality of the electrode surface. This hints at a
surface-dependent reaction, probably facilitated by interactions with the electrode surface and adsorption.
A model inspired from a Langmuir isotherm Eq.1 was used to fit iox [40, 61, 62] as a function of [E2]:

iox =
β1[E2]

β2 +[E2]
(1)

where β1 and β2 are the fitting parameters. For low [E2], a linear approximation can be formulated from
the Langmuir isotherm theory [63]. To calculate the LoD of E2, a linear regression was computed over
the iox obtained for [E2] (0, 1, 5, 10, 50 and 100 µM). The LoD is the E2 concentration associated by the
calibration curve (obtained from the linear approximation) to 3 times the standard deviation of the noise
to define a 99.86% confidence interval [64].

2.7. Statistics

All data were proved to follow a gaussian distribution using Shapiro tests and Q-Q plots. All data reported
are presented as means ± standard deviation (SD) over n independent sample or electrodes. Statistical
analysis was conducted with a ANOVA single factor test, then completed with a post-hoc Tukey test with
a 95% confidence level.

3. Results

3.1. Impact of voltammetric vertices on E2 detection

To better understand the electrochemical behaviour of E2, the influence of the cathodic and anodic vertices,
Eneg and Epos respectively, were investigated with CV at low SR= 100 mV · s−1. Anodic potentials were
not tested beyond 1.4 V to avoid water oxidation [42]. As shown in Figure 1(a), different Eneg were
tested by fixing the positive vertex Epos at 1.3 V, and designing triangular CV waveforms for Eneg ranging
from −0.3 to −1.1 V. For testing the impact of Epos, the positive vertex was changed from 0.9 to 1.4 V,
while keeping Eneg at −0.8 V. For all the experiments, SR=100 mV · s−1. Figure 1(b) shows typical CVs
obtained for different Eneg.
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Figure 1. Negative vertex Eneg influence on E2 electrochemical response in CV. (a)
Potential waveform applied for different Eneg (SR = 100 mV · s−1, Epos = 1.3 V) and
(b) the corresponding CVs.

During these CVs, the E2 ketone moiety is oxidized irreversibly, resulting in an inactive reaction
product. The proposed reaction mechanism involves two steps, where the first electron transfer forms a
phenoxy radical, before oxidizing to a phenoxium ion and then forming a ketone (see Figure 2) [65]. The
reaction also involves the exchange of 2 protons. Hence, no peak appears during the reverse scan of the
CV, but a well-defined anodic signal is recorded [66]. E2 oxidation is adsorption- and diffusion-controlled,
as there is a strong interactions between E2 and the CFME via π-π and electrostatic interactions and via

hydrogen bonding [67–69].

Figure 2. Proposed reaction scheme for E2 oxidation [65].

However, clear alterations to the voltammograms are observed as Eneg becomes more negative. The
capacitive current increases while the peak potential becomes more negative. The anodic peak current
also appears to rise for more negative Eneg, but this largely due to an increase in the baseline current.

The capacitance current ic increased significantly for more negative Eneg (Figure 3(a), p < 0.001) and
for more positive Epos (Figure 3(b), p < 0.001). This suggests changes of the CFME or E2 adsorption
effects leading to a higher density of counter ions in the double layer, either via an increase of the surface
roughness or enhanced adsorption of E2 onto the electrode. Overall, ic was found to be in the 1 µA range,
and is 2CdlSR where Cdl is the double layer capacitance [31]. From the CV data, Cdl was evaluated as
∼36 µF cm−2, in good agreement with published values [70]. As a control, CVs were recorded, under
similar conditions, in the background medium only, i.e. PBS supplemented with 1% ethanol (Figure S1 in
the SI). It was found that the increase in capacitance is higher in presence of E2, possibly through local
changes in pH.
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Figure 3. Variations of the capacitive current ic with (a) Eneg and (b) Epos. Variations
of the anodic current iox,E2 for (c) Eneg and (d) Epos variations. Anodic peak potential
shifts ∆Eox,E2 for (e) Eneg and (f) Epos variations. Post-hoc Tukey 95%, *: p < 0.05,
**: p < 0.01, ***: p < 0.001 vs. the reference dataset indicated in the figures. n = 7.

Even though Figure 1(b) hints at an increase in iox,E2 with more negative Eneg, this parameter had no
clear statistical influence on the peak current over 7 electrodes (Figure 3(c)), largely due to data variability,
possibly because of E2 fouling [51]. Changes in Epos had no impact on the anodic current (Figure 3(d)).

Interestingly, the anodic peak potential Eox,E2 significantly shifted with Eneg (Figure 3(e), Table 1)
and Epos (Figure 3(f)). When Eneg is decreased, a linear dependence is observed from −0.5 to −1.1 V
group (compared to the −0.3 V dataset, p < 0.001, n = 7), as Eox,E2 is shifted negatively by ~400 mV as
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Table 1. E2 oxidation potential for different cathodic potential (100 mV · s−1,
Epos = 1.4 V)

Eneg / V −0.3 −0.5 −0.7 −0.9 −1.1

Eox,E2 / mV 589 ± 35 575 ± 39 468 ± 84 315 ± 53 173 ± 32

Eneg becomes more negative.
Overall, this experimental dataset indicates that E2 detection with CFME is heavily dependent

on the range of the potential waveform. This could be due to electrode surface alteration or E2
adsorption modulating E2 oxidation, in agreement with the literature on organic electrochemistry, for
E2 or neurotransmitters [51, 71, 72]. Importantly, shifting Eneg negatively led to more negative Eox,E2.
This drop in the overpotential required to drive E2 oxidation hints at a facilitated reaction. Combined
with the observation that the capacitive current is higher for this waveform, this could be explained by
pre-adsorption of E2 on the electrode surface during the more negative part of the potential waveform,
leading to enhanced oxidation kinetics. Local chemical variations in the vicinity of the electrode
(pH changes, water oxidation) could also contribute to the observed effect. Conversely, Epos led to
Eox,E2 shift to higher potentials, suggesting that anodic treatment makes E2 oxidation more difficult.

Accumulation time was not investigated as it appears to not influence E2 electrochemical
response [73]. E2 was diluted in PBS and pH was controlled at 7.4, but it seems that lower pH enhances
E2 oxidation as protons H+ control the reaction [66, 67].

3.2. Influence of cathodic vs. anodic holding potentials

To further investigate the influence on E2 detection of surface modifications, independently from E2
adsorption effets, a cathodic and an anodic CFME pretreaments were tested. CFMEs were pretreated both
in PBS and in 10 µM E2 during 7 s, applying −1.1 V and 1.1 V for cathodic and anodic pretreatments
respectively, as shown in Figure 4. The pretreatments were short (7s) to avoid dramatically etching
the electrode surface, which would be seen with changes in ic. This was supported by running CV in
RuHex before and after the treatments (data not shown). No variation in peak current, peak potential
and capacitance were observed for the RuHex tests before and after pre-treatment which hints that the
alterations observed for E2 are likely due to specific alterations in its interactions with the electrode
surface rather that non specific changes in electrode surface, roughness or shape.

Anodic treatments are expected to increase the oxygen content of carbon electrodes [72], as confirmed
by an XPS analysis of the CFME surface after cathodic and anodic treatments. The ratios between the
magnitudes of the C1s peak to the O1s were 2.2 for the post-cathodic sample and 1.96 for the post-anodic
sample, as shown in Figure 5(a), (c) and (b), (d) respectively. Thus, oxygen proportion is higher at the
anodically-treated CFME surface, thus confirming the chemical alterations of the CFME surface induced
by the different treatments.
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Figure 4. Schematic summarizing the sequence of cathodic and anodic pre-treaments
on CFMEs in PBS and in 10 µM E2.

The E2 oxidation current iox,E2 was normalized with ic to remove the surface dependency of the
results, as shown in Figure 5(e). As the surface is anodically treated, it produces a more oxygenated
surface, with a significant iox,E2 decrease of 56% ± 10% in PBS, and of 58% ± 9% in E2. Morevover, this
is in agreement with previous results that E2 oxidation is hindered while increasing the positive boundary
in CV (Figure 3 (f)). The presence of E2 in the pretreatment solution did not impact significantly the results.
This shows that the improved behaviour of the cathodic treatment is not due to E2 accumulation during
the application of the negative potential, but to intrinsinc changes in electrode surface characteristics. No
significant shift was observed on Eox,E2 suggesting that facilitated oxidation due to lower Eneg is mainly
related to the E2 adsorption processes, that rapidly vanish when potential is not applied anymore on the
CFME (Figure S2 in the SI).

Cathodic treatment thus improves the E2 electrochemical response. This confirms that decreasing the
negative potential beyond −0.7 V, as seen in the previous CV experiments, is beneficial for E2 detection
with CFMEs, possibly through surface changes of the electrode surface. Longer anodic treatments were
tested, but all electrodes were irreversibly damaged and E2 detection was not possible after treatment.
Indeed, extended anodic treatments were reported to oxidatively etch the surface of the CFME [74].
This can be a desirable effect, as the continuous etching of the surface actually cleans the electrode and
maintains its sensitivity during long measurements. Here, our tests were designed to limit that etching
effect, and focus only on the chemical alterations at the surface of the CFME.
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Figure 5. Cathodic and anodic treatments change the surface composition of the
CFME and influences E2 oxidation. C1s peak, (a) post-cathodic and (b) post-anodic
sample, and O1s peak, (c) post-cathodic and (d) post-anodic sample, obtained with
XPS. (e) E2 oxidation current is normalized with ic. The post-cathodic current is
divided by the pre-treatment current (blue boxes), and the post-anodic current is
divided by the post-cathodic current (red boxes). The E2 oxidation current increased
after a cathodic treatment, and significantly decreased after an anodic treatment. No
significant difference is observed in the presence or in the absence of E2 in the
treatment medium. Post-hoc Tukey 95%, *: p < 0.05, **: p < 0.01, ***: p < 0.001,
ns: not significant. n = 5.

3.3. Impact of the holding potential on E2 FSCV

To confirm that the results obtained above with low SR translate to FSCV, the impact of the negative
boundary of the FSCV waveform on E2 detection was considered. The holding potential Ehold was varied
from −0.3V to −0.6 V while maintaining the SR at 400 V · s−1 and without any discontinuity in the
potential trace, as shown in Figure 6(a). The period during which Ehold is applied varies from 91.25 ms to
89.75 ms while decreasing Ehold , which is possibly inducing a slight variation of about 3% in the duration
of the holding phase. In these very short timescales, this variation was considered negligeable, especially
with regards to the changes observed with the different experimental conditions (vide infra). A typical
FSCV trace for the injection of 10 µM of E2 in PBS with 1% ethanol is presented in Figure 6(b). As
the E2 enters the detection chamber, the rise of a clear anodic current (peak i. in Figure 6(b) and (c)),
corresponding to the irreversible oxidation of E2, appears on the forward scan at 0.85 V.

However, and in agreement with the CV data obtained for SR = 100 mV · s−1, changes in the negative
boundary of the potential waveform, here Ehold , had a direct influence on the position of the anodic peak.
For an excitation waveform going from −0.4 V to 1.45 V, the E2 oxidation potential is 954 ± 27 mV,
which is in accordance with previous results on E2 detection using FSCV [51]. As shown in Figure 6(c),

12



Neuroelectronics Article

a clear negative shift of the E2 peak is recorded as Ehold is decreased from −0.3 V to −0.6 V. The return
peak (peak ii. in Figure 6(b) and (c)), around 1.1 V on the reverse scan, has been previously described by
others for the FSCV detection of E2 [51]. It has been attributed to the oxidation of the hydroxyl present on
the pentyl ring of E2 to a ketone. This reverse peak was found to increase as Ehold decreases. As cathodic
pretreatments typically enhance the detection of aromatic molecules, such as DA [41], this indicates
that this reverse peak, likely arising from the oxidation of another E2 moiety, is surface-dependent and
facilitated by a cathodic preconditioning of the CFME.

Figure 6. FSCV detection of E2 for different holding potentials Ehold (a) Input
potential waveforms for different Ehold varied from −0.3 V to −0.6 V. During the
triangular part of the wave, SR is maintained at 400 V/s−1 . (b) Typical FSCV
colormap showing the detection of 10 µM of E2, as the analyte enters the detection
chamber at ~7 s (Ehold = −0.35 V). The arrow indicates the direction of the potential
scan. (c) Voltammograms recorded at the instant corresponding to the maximum
anodic E2 current, for different Ehold . The recorded current was normalized to its
maximum value. The labels i. and ii. identify the peaks observed in the voltammgram.

For a switching potential Eswitch of 1.45 V, Eox,E2 shifted significantly (p < 0.001) and almost
linearly towards more negative values as Ehold decreases (Figure 7(a)). A similar trend is observed
for Eswitch = 1.35 V, but the measured Eox,E2 are overall 80 mV higher than for Eswitch = 1.45 V
(Figure 7(b) and Table 2, n = 3, p < 0.01). Carbon surface etching has been reported for Eswitch above
1.3 V [74, 75]. In this process, the repeated over-oxidation of the graphite surface increases its hydroxyl
and carboxyl functionality content on the surface [76], enhancing its electroactivity towards, for instance,
catechol-containing molecules. This is also a destructive method, as others have reported that the outer
layer of the graphitic electrode is repeatedly etched [74]. As E2 fouls the electrode [51], its detection may
benefit from such surface regeneration and etching.

Despite an overall increase in current as Ehold becomes more negative, and for Eswitch = 1.45 V
vs. 1.3 V, no significant variation was observed on iox,E2, in agreement with previous results [51] (Figure
S3 in the SI).
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Figure 7. Impact of the holding potential Ehold on the position of the E2 anodic peak
Eox,E2 for a positive switching potential Eswitch of (a) 1.45 V and (b) 1.35 V. FSCV
recorded for 10 µM of E2 in PBS with 1% ethanol. Post-hoc Tukey 95%, *: p < 0.05,
**: p < 0.01, ***: p < 0.001 vs. the −0.3 V dataset, and #: p < 0.05, ##: p < 0.01
when comparing datasets for the same Ehold but different Eswitch. n = 3.

Table 2. Differences between the Eox,E2 recorded for Eswitch = 1.35 V and
Eswitch = 1.45 V, ∆Eox,1.35Vvs.1.45V for several Ehold .

Ehold / V −0.3 −0.4 −0.5 −0.6

∆Eox,1.35Vvs.1.45V / mV 83 ± 53 108 ± 15 99 ± 40 76 ± 24

3.4. FSCV co-detection of DA and E2

To analyse the codetection of DA and E2 and investigate the possibility of chemical redox interactions
between DA and E2, the impact of Ehold on the FSCV traces was studied on solutions of 1 µM of DA
and 5 µM of E2. As a reference, the typical waveform defined for the calibration curve (see the SI,
Eshi f t = 1.45 V, Ehold = −0.35 V) was used. Typical voltammetric traces for 1 µM DA, 5 µM E2 and
1 µM DA with 5 µM E2 are shown in Figure 8(a) at the time corresponding to the maximum current.
This corresponds to a delay of ~15 s after the moment when the analytes first reaches the electrode
(see Figure 10(a)), and depends on the microchannel geometry, the dead volume, and the flow rate. At
this stage, the concentrations in the chamber have reached their maximum concentration. A calibration
curve for DA can be found in Figure S4 in the SI. Similarly, FSCV for different neurochemically-relevant
molecules can be found in Figures S5 to S7. As previously described by Weese et al., the DA peak rapidly
obscures the E2 signal, making it difficult to codetect both molecules in FSCV using a standard excitation
waveform, see Figure 8(a) [52].
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Figure 8. Codetection of E2 and DA using FSCV. (a) E2 peak is barely discernable
when codetected with 1 µM DA (purple curve). (b) and (c) ~7 s after the injection
point, E2 is more visible as the DA oxidation current increases slower than the E2
one. Both peaks shifts to lower potentials with decreasing Ehold .

However, if the i vs. E traces are now taken ~7 s after electrode first detect changes in current, E2
and DA peaks are both clearly visible, making possible to extract both oxidation potential as shown
in Figure 8(b) and (c). To allow comparison over different Ehold , the current was normalized with the
maximum recorded current in the voltammogram. DA detection kinetics is specifically discussed in
the following section 3.5. Oxidation peak shift is still confirmed for E2, but also for DA as shown in
Figure 8(b) and (c).

To get a better description of these potential shifts, voltammograms were extracted ~7 s after the
onset of the rise in Faradic current and the position of the different peaks were measured for single and
codetection. For both molecules, it is observed that the anodic peaks shift towards negative potential as
Ehold decreases (Figure 9(a)–(c)). DA peak shifted significantly with Ehold variation (Figure 9(a)) as it
was observed for E2 (Figure 7(a) and (b)).

Figure 9. (a) In absence of E2, the Eox,DA shifted significantly when decreasing Ehold
from −0.3 to −0.6 V (n = 3, p < 0.001 vs. the reference dataset indicated in the
figure). (b) A significant decrease in Eox is observed when detecting E2 in presence
of DA (n = 5, p < 0.01). (c) No significant variation is observed for DA and E2 peak
separation (n = 5). Post-hoc Tukey 95%, *: p < 0.05, **: p < 0.01, ***: p < 0.001,
ns = not significant.
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More interestingly, Eox,DA shift seems to be mostly unaffected by the presence of E2 (i.e. detected
alone vs. codetected) as shown in Figure 9(b), with no significant difference bewteen these groups.
However, E2 peak significantly shifted negatively when codetected with DA as shown in Figure 9(b)
(p < 0.01, n = 5). The numerical values of Eox,E2, for several Ehold , are reported in Table 3, when detecting
5 µM of E2 without or with 1 µM DA. This observation hints that E2 oxidation is altered in the presence
of DA, which suggests a strong redox interaction between both molecules during FSCV codetection.

Table 3. Eox,E2 for several Ehold in absence of 1 µM DA vs. in presence of DA.

Ehold / V −0.3 −0.35 −0.4 −0.5 −0.6
Eox,E2 / mV without DA 1032 ± 20 1005 ± 25 954 ± 22 838 ± 19 819 ± 32

Eox,E2 / mV with DA 832 ± 59 * 784 ± 60 * 811 ± 60 * 758 ± 41 ** 697 ± 53 **

Post-hoc Tukey 95%, *: p < 0.05, **: p < 0.01, ***: p < 0.001. when comparing when comparing Eox,E2 datasets with vs.
without DA for the same Ehold . n = 3.

No significant variation in the distance between the DA and E2 peaks was found when Ehold varies
(Figure 9 (c)), thus, DA and E2 oxidation potential shifts are comparable as the experimental conditons
are changed. Overall, the DA and E2 peaks separation was calculated at ~7 s after the onset of the rise
in Faradic current and is 303 ± 71 mV, which is lower than Weese et al. [52] but sufficient to identify
both peaks.

3.5. Alterations of DA detection kinetics in the presence of E2

As previously mentioned, when extracting the voltammograms at ~7 s the onset of the rise in Faradic
current, E2 and DA peaks are more distinguishable. Figure 10 shows a typical FSCV colormap for the
codetection of 5 µM of E2 and 1 µM of DA, with the DA oxidation peak at 0.53 V and the E2 oxidation
peak at 0.81 V on the forward scan. Between ~7 s and ~15 s, it appears that the DA oxidation peak is
slightly shifted to higher potentials as shown in Figure 10(b).

The Eox,DA shift ∆Eox,DA,∆t between 7 and 15 s after the introduction of the analyte in the detection
chamber is calculated by subtracting Eox,DA,7s at 7 s from Eox,DA,15s at 15 s after the injection point.
Values of ∆Eox,DA,∆t are reported in Table 4 for several holding potentials and for DA detection with and
without the presence of E2.

Table 4. Values of ∆Eox,DA,∆t for several Ehold when detecting 1 µM DA without and
with 5 µM E2.

Ehold / V −0.3 −0.35 −0.4 −0.5 −0.6

∆Eox,DA,∆t / mV without E2 9 ± 7 −4 ± 6 −8 ± 7 8 ± 5 14 ± 22
∆Eox,DA,∆t / mV with E2 12 ± 10 15 ± 8 6 ± 4 22 ± 4 42 ± 2
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Figure 10. Codetection of E2 and DA using FSCV. (a) Typical FSCV colormap
showing the codetection of 5 µM of E2 and 1 µM of DA, as the solution enters the
detection chamber at ~6 s. (b) i vs. E is plotted at several time after analyte injection,
corresponding to the black dotted lines on (a). The DA peak (colored vertical lines)
grows more slowly than the E2 one (grey vertical line), making the latter more visible
during the ~7 s after the injection. The DA peak shifts to the right over time meaning
that oxidation potential is slightly more difficult.

In the absence of E2, the DA peak is not shifted during the course of the injection
(∆Eox,DA,∆t = 4 ± 15 mV), and no significant variation is observed while decreasing the holding
potential (Figure 11(a)). However, when codetecting E2 and DA , the peak of DA is pushed toward more
positive values during the course of the injection of the analyte. Furthermore, a significant increase in
∆Eox,DA,∆t was observed while decreasing Ehold . Indeed, from 7 s to 15 s after injection, Eox,DA is shifted
by 12 ± 10 mV for Ehold = −0.3 V, whereas Eox,DA increas shifted by 42 ± 2 mV for Ehold = −0.6 V.

The DA oxidation current iox,DA was extracted 15 s after the analyte injection point, for measurements
in the absence or presence of 5 µM of E2 (Figure 11(b)). As a reference, each dataset at different Ehold

was normalized with the dataset obtained with DA alone using Ehold = −0.3 V. No significant variation
was observed in iox,DA while decreasing Ehold when the DA was codetected with E2. A slight decrease in
current was however observed while decreasing Ehold in 1 µM of DA alone.

To better consider the variations of iox,DA as a function of Ehold , the current was fit linearly with
Ehold as iox,DA = α Ehold +β for each electrode, in the absence or presence of E2. It was found that α is
1.1 ± 0.36 nA v−1 in the absence of E2 and −0.24 ± 0.67 nA v−1 in the presence of E2 (n = 3, p < 0.05
for a one-tailed Student’s t-test). This further emphasizes that DA detection is altered by the presence of
E2. In particular, the impact of the more negative Ehold is completely abolished in the presence of E2.
A possible explanation could be competitive adsorption of the two molecules on the electrode surface
on the same adsorption sites. As the test solution is more concentrated in E2 than DA, DA adsorption
could be partially prevented by the E2 excess, thus limiting the impact of the cathodic treatment on the
surface-dependent DA oxidation.
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Figure 11. DA detection kinetics when detected with vs. without E2. (a) From 7 s
to 15 s, a shift of Eox,DA to higher potentials occurs both when DA is detected with
E2 and without the presence of E2. However, the shift increases significantly when
Ehold is decreased when DA is codetected with E2. (b) iox,DA,7s. Post-hoc Tukey
95%, *: p < 0.05, **: p < 0.01, ***: p < 0.001. n = 5 in codetection n = 3 in DA
detection alone.

To better describe the change of DA detection dynamics in the absence and presence of E2, the
variations of the DA anodic currents during the injection of the analyte were considered. The iox,DA vs. t

traces were extracted from 0 s to 15 s after the injection point for n = 3–5 measurements and normalized
with maximum iox,DA to allow interelectrode comparison. The mean and the standard deviation of
iox,DA vs. t curves (3 to 7 measurements, n = 3) are presented in Figure 12 for Ehold = −0.3 V (a),
Ehold = −0.4 V (b) and Ehold = −0.5 V (c).

Clear differences in DA current kinetics are observed depending on the absence or presence or E2.
In the presence of E2, the DA current rises slower to its maximum. To quantify this rate of increase, the
half-time t1/2, i.e. the time required for the current trace to rise from 0% to 50% of its maximum, was
considered for different Ehold , as shown in Table 5. Overall, and for all the Ehold considered, the t1/2

associated to DA, t1/2,DA, was 27% lower in the presence of E2 vs. for DA alone (p < 0.05). Furthermore,
and in the presence of E2, t1/2,DA decreased with Ehold and getting closer to the t1/2 collected for the E2
current during the codetection, t1/2,E2.

The results shown in the previous subsections indicate that lower Ehold facilitates E2 detection,
possibly through improved adsoprtion on the electrode surface, as hinted by the lower anodic potentials.
As the delay in FSCV current rises in hydrodynamic conditions are typically associated to sluggish
adsorption kinetics [40], this is supported by the lower t1/2,E2 measured for Ehold = −0.5 V.
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Figure 12. Dynamic response of the DA oxidative peak current for several
Ehold . iox,DA is plotted over time from the injection point to 15 s after injection.
The mean ± standard deviation of iox,DA vs. t curves (3 to 5 measurements, n = 3)
are plotted for (a) Ehold = −0.3 V, (b) Ehold = −0.4 V, and (c) Ehold = −0.5 V. The
currents are normalised over their maximum values.

Table 5. Rise time to the half-maximum t1/2 for the oxidation currents of DA and E2,
normalized to their maximum. Several Ehold were considered, for 1µM DA only, and
during codetection of 1 µM DA and 5 µM E2. In this case, the t1/2 of the currents
associated to DA and E2 are reported.

Ehold / V −0.3 −0.4 −0.5 All

1µM DA only t1/2,DA 5.54 5.64 5.34 5.50 ± 0.13

1µM DA and 5µM E2 t1/2,DA 4.43 4.23 3.42 4.02 ± 0.43*
t1/2,E2 3.12 2.21 2.21 2.52 ± 0.43***

Post-hoc Tukey 95%. *: p < 0.05, ***: p < 0.001. Comparing mean t1/2 over several Ehold vs. the DA only dataset, n = 3.

Combined with the fact that the DA current rises faster in the presence of E2, especially for lower
Ehold where E2 electrode surface adsorption is enhanced, thus possibly increasing E2 levels at the vicinity
of the electrode surface, this hints that E2 directly impacts DA detection kinetics during codetection. As
Ehold decreases, the difference between the t1/2 for DA and E2 currents is reduced, while no variation in
t1/2,DA is observed for DA alone. This indicates that the E2 concentration at the electrode vicinity directly
increases the DA signal. Considering the antioxidant properties of E2, it is likely that the higher local
levels of E2 at more negative Ehold reduce back the DA oxidised during the FSCV, thus regenerating it,
thus locally increasing its concentration and its signal, as observed for instance with ascorbic acid [35].
The fact that the DA current kinetics during the injection follows that of E2 could be evidence for an
EC’ mechanism, as the DA current would then be controlled by [E2] [31]. In this case, a higher DA
current would also be expected, which is not the case here. E2 is known to be a fouling species, and as
DA is strongly surface dependent, it is possible that E2 and DA compete for the same fouling/ adsorption
sites. Overall, these results hint that E2 modulates the DA signal via i—electrode fouling leading to lower
DA currents and ii—antioxidant regeneration of the oxidised DA leading to higher currents (canceled by
the fouling effect) and faster rise times. A limitation of the study is that the tests were run in a controlled,
in vitro setup. The pH was 7.4 to match the physiological environment and its impact on E2 detection
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was not considered. Several reports have detailed the mechanisms of FSCV detection in vitro or in fluidic
setups. These studies were for instance critical to better understand adsorption processes during FSCV
and optimize in vivo detection [40]. The application of FSCV in vivo has been extensively described,
thus opening the possibility of studying these phenomena in an animal model [77]. CFME are typically
well integrated in vivo, and the background subtraction approach allows for canceling the impact of the
chemistry of the biological environment. However, and beyond E2, other biomolecules, such as thiols
or AA, have been reported to interact with DA electrochemistry [54]. Considering the complexity of
biological samples (e.g. many spectator or electroactive molecules, rapid concentration changes) will be
critical to fully account for the impact of E2 on DA electrochemistry.

4. Conclusion

The detection of E2 with CFMEs was investigated at low and high SR (CV and FSCV). Importantly, the
impact of the negative boundaries of the input potential waveforms on the position of the E2 oxidation
peak were studied. Modulating the negative vertex (CV) of the holding potential (FSCV) all lowered the
oxidation overpotential, possibly hinting at enhanced E2 electrode surface adsorption. In a similar fashion,
cathodic pretreatment allowed for an enhancement of the anodic E2 current, over an anodic pretreatment,
likely because structural and chemical changes at the carbon surface of the CFME mediate this improved
voltammetric behaviour.

When E2 and DA were codetected, major changes in the redox behaviour of DA detection were
observed. The rise in DA current was found to be faster in the presence of E2, and occured at a lower
potential than in the absence of E2. Considering the neuroprotective and antioxidant properties of
steroids [12, 15, 16], and especially E2, this could be evidence of redox interactions between DA and E2
during electrochemcial detection. This is relevant for neurobiology, where the role of oxidative stress and
antioxidant is expected to be major factors in neurodegenerative diseases [78]. For instance, estrogens are
suspected to be a major protective factor in Parkinson’s disease [79]. This study hints at a possible direct
chemical mechanism in the neuroprotective action of E2.

Beyond the chemical results of this study, understanding these interactions is critical to elucidate DA
dynamics with FSCV, especially in the context of AI-based neuroelectronics, such as closed-loop DBS.
As neuroelectronic therapeutic systems are developing rapidly, inaccurate in vivo DA measurements due
to changes in E2 levels could lead to inadequate feedback and control in brain stimulations, and thus to
poor neuroelectronic management in female patients.

Supplementary data

A file of supplementary data is provided with this article.
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