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ABSTRACT: Dopamine (DA) and serotonin (S-HT) are neurotransmitters that
regulate a wide range of physiological and behavioral processes. Monitoring of both
neurotransmitters with real-time analysis offers important insight into the mechanisms
that shape animal behavior. However, bioelectronic tools to simultaneously monitor
DA and 5-HT interactive dynamics in freely moving animals are underdeveloped. This
is mainly due to the limited sensor sensitivity with miniaturized electronics. Here, we
present a semi-implantable electrochemical device achieved by integrating a multi- fﬁ,
surface-modified carbon fiber microelectrode with a miniaturized potentiostat module

to detect DA and 5-HT in vivo with high sensitivity and selectivity. Specifically, carbon

fiber microelectrodes were modified through electrochemical treatment and surface WS

coatings to improve sensitivity, selectivity, and antifouling properties. A customized,

lightweight potentiostat module was developed for untethered electrochemical

measurements. Integrated with the microelectrode, the microsystem is compact (2.8

X 2.3 X 2.1 cm) to minimize its impacts on animal behavior and achieved simultaneous detection of DA and S-HT with sensitivities
of 48.4 and 133.0 nA/uM, respectively, within submicromolar ranges. The system was attached to the crayfish dorsal carapace,
allowing electrode implantation into the heart of a crayfish to monitor DA and S-HT dynamics, followed by drug injections. The
semi-implantable biosensor system displayed a significant increase in oxidation peak currents after DA and 5-HT injections. The
device successfully demonstrated the application for in vivo simultaneous monitoring of DA and S-HT in the hemolymph (i.e.,
blood) of freely behaving crayfish underwater, yielding a valuable experimental tool to expand our understanding of the
comodulation of DA and S-HT.
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Monoamine neurotransmitters, such as dopamine (DA) and
serotonin (S-HT), have been implicated in a wide range of
physiological and behavioral processes in animals. DA is well-
known for regulation of reward and motivational action,' ™
while S-HT has diverse functions in modulating behavioral
states, spanning from locomotor activity to feeding, sleep and
arousal states, mood regulation, and higher order cognition.4
Multiple studies have demonstrated involvement of both DA
and 5-HT in regulating social behaviors in crustaceans and
other animals, more specifically, aggression, motivation to
engage in agonistic encounters, and social hierarchy formation
and maintenance.’”® Therefore, the codetection of DA and §-
HT in animals would help in understanding the mechanisms
underlying their combined effects in modulating social
behaviors.

Existing methods for quantifying neurochemical in vivo
include various approaches such as tethered microdialysis
probes,”'” optical fibers,'"'* and electrochemical sensors.'” ™"
These methods have been instrumental in advancing our
understanding of neurobiology, psychopharmacology, and
behavioral neuroscience, revealing new insights into phenom-
ena like the sleep—wake cycle'® and reward-related response.'®
Behavioral assays usually involve confining a single animal
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within a box or cylinder with an open top. During in vivo
experiments, guide cannulas, optical fibers, electrodes, and
other components are typically affixed to the animal’s skull,
allowing for direct connection of electrical cables and fluid
lines.'”~"” However, these wires are intrusive and often restrain
the animals. Freely behaving animals may coil or damage the
wires. Furthermore, wires limit the animals’ range and hinder
experiments exploring interactions between multiple animals.
Despite the strong desire to develop wirelessly operated
devices for detecting neurotransmitters in living animals, this
area of research remains a major challenge.

Crayfish present an ideal model system to investigate the
neurochemistry underlying neurobehavioral changes, as their
behaviors are well-characterized and quantifiable. In crayfish,
injections of S-HT into the circulatory system (hemolymph)
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Figure 1. (A) Schematic illustrations depict the electrochemical sensing device and its capabilities for wireless simultaneous detection of DA and 5-
HT. The CFME is implanted in the heart of a crayfish, while the drug is injected into the crayfish’s ventral sinus cavity. (B) Photograph showing
the integrated device hardware with a customized PCB, a 3D printed connector, and implantable electrodes. An SEM image of the CFME shows

the surface-modified EC/Nafion-CNT CFME.

. T . 20-23
can promote aggression and anxiety-like behavior.

However, injections of DA resulted in an opposing effect on
agonistic and phototactic behaviors as those seen with S-
HT.**** The underlying mechanisms remain poorly under-
stood and require further investigation. One reason for this
critical gap in knowledge is the lack of miniaturized technology
to achieve wireless monitoring of neurotransmitter dynamics
with real-time analysis in freely behaving animals.

Previously, we demonstrated surface-modified carbon fiber
microelectrodes (CFMEs) for S-HT sensing with improved
sensitivity, selectivity, and fouling resistance.”® The CFMEs
were coated with Nafion, a negatively charged, perfluorinated
ion-exchange film, showing improved selectivity for cationic
amines, such as 5-HT, over negatively charged interference
molecules like uric acid (UA), ascorbic acid (AA), S-HT
metabolite—S-hydroxyindoleacetic acid (5-HIAA)—and DA
metabolite—3,4-dihydroxyphenylacetic acid (DOPAC)—dur-
ing electrostatic interaction.”” > Electrochemical treatment,
which was achieved by applying repeated cyclic voltammetry
(CV) cycles, and carbon nanotube (CNT) coating have
demonstrated improved sensitivity and antifouling properties
due to induced nanostructure, functional groups, and increased
surface area.””®’ The developed microelectrode was also

applied for in vivo S-HT sensing with a wired connection in
crayfish.*>*

The prior work still bears the following challenges: (a)
limited microelectrode repeatability for in vivo measurement
due to its fragility and (b) restricted animal movement due to
wired connections. To address these limitations, the current
work reports on a wireless electrochemical sensing device with
novel surface modified CEME for simultaneous monitoring of
DA and 5-HT in freely moving crayfish. The untethered semi-
implantable system features a robust multifiber CFME
interfaced with a miniaturized potentiostat module for wireless
control and data acquisition via Bluetooth connection. Our
device enables simultaneous monitoring of DA and 5-HT
dynamics in vivo and underwater through CV measurements in
the hemolymph without affecting crayfish behavior during
operation. This work provides a potential engineering
approach to facilitate a better understanding of the impact of
dopaminergic and serotonergic modulation on animal
behaviors.

B RESULTS AND DISCUSSION

Overall Design of the System. The overall wireless
electrochemical DA and S-HT monitoring system consisted of
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Figure 2. Surface characterization of CFMEs. SEM images of (A) bare and (B) EC/Nafion-CNT CFMEs. (C) Nyquist plot for bare and EC/

Nafion-CNT CEMEs in 0.1 M KCl with 10 mM [Fe(CN)]*~

a scan rate of 100 mV/s.

/[Fe(CN)g]*
bare and EC/Nafion-CNT CEMEs in 0.1 M KCI with a 10 mM [Fe(CN)]*~/

~ solution, within a frequency range of 0.1 to 1 MHz. (D) CV curves of

[Fe(CN)4]* solution. The potential ranges from —0.1 to 0.6 V with

a customized three-electrode configuration, a flexible-rigid
printed circuit board (PCB) potentiostat module, and a 3D
printed package (Figure 1). The 3D printed package was
composed of two components: (i) an alignment connector
printed with clear resin using digital light processing (DLP)
(M5S0, CADWorks3D) to hold the electrodes and provide
electrical connections between the electrodes and the PCB
potentiostat and (ii) an enclosure printed with polylactic acid
(PLA) using fused filament fabrication (FFF) (MK3S+, Prusa)
to provide an interface with the crayfish. A small cutout (3 X 3
mm) on the enclosure allowed the sensor electrodes to access
the attached crayfish. The entire waterproof device was
powered by a single 3 V coin cell lithium battery (2L76,
Energizer, USA) and was capable of monitoring DA and S-HT
levels in freely behaving crayfish underwater while wirelessly
transmitting the data to a smartphone.

Fabrication and Characterization of Electrodes.
Previously, we have shown electrochemical treatment
effectively increased electrochemical active surface area than
nontreatment samples. Increased defect sites/edge plane sites
and increased oxygen element content in the treated carbon
fiber samples also contribute to improved electrochemical
performance and sensing capability toward 5-HT.*”*’ Here,
the surface morphology of the surface-modified CFME was
characterized by scanning electron microscopy (SEM). As
shown in Figure 2A,B, the bare carbon fibers exhibit a smooth
surface with striations, which is typical of carbon fibers
produced through the polyacrylonitrile (PAN) manufacturing
process. However, after undergoing surface modifications
including electrochemical treatment and Nafion-CNT coating,
the EC/Nafion-CNT surface becomes rougher with a dense
coating of carbon nanotubes (CNTs). The energy-dispersive
X-ray spectroscopy (EDS) analysis (Figure S2) confirms the

presence of fluorine on the surface, likely due to the Nafion
(C,;HF304S-C,F,) coating.

The effect of electrochemical treatment and surface coating
of the Nafion-CNT thin film was investigated using electro-
chemical impedance spectroscopy (EIS) and CV measure-
ments with a 10 mM [Fe(CN)s]*>"/[Fe(CN)4]*" solution
(Figure 2C,D. Figure 2C displays the EIS spectra of the
samples, confirming that the EC/Nafion-CNT electrode
exhibits a higher conductivity compared to the bare electrode.
This suggests that the treatment enhances the ionic transport
between the electrolyte and active material, thereby facilitating
greater electrochemical redox activity. This finding is
consistent with the CV result, where no visible peaks were
observed for the bare electrode, indicating that the electro-
chemical oxidation and reduction of ferricyanide and
ferrocyanide do not readily occur on the bare CFME (Figure
2D). In contrast, the CV curve for the EC/Nafion-CNT
electrode shows substantially larger current output, indicating
faster electron-transfer reactions.”* It should be noted that the
Nafion-CNT thin film has been reported to improve the
selectivity”® and possess fouling resistance.”’ In conclusion, the
electrochemically treated electrodes exhibit reduced electron
transfer resistance, leading to enhanced electrochemical redox
activity.

Analytical Performance of EC/Nafion-CNT CFMEs. The
surface-modified electrode for DA and S-HT sensing was
studied and is represented in Figure 3. The EC/Nafion-CNT
electrode exhibits oxidation peak potentials (Epas) of 0.23 V
for DA and 0.4 V for 5-HT, respectively. The oxidation peak
currents (Ipas) of these analytes increased linearly with
increasing concentrations. CV responses of the EC/Nafion-
CNT CFME to DA and S-HT are shown in Figure 3A—C,
with the calibration curved plotted in Figure 3D—F.
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Figure 3. Analytical performance of the EC/Nafion-CNT CFME for DA and S-HT detection. Background-subtracted voltammetric response of the
CFME with (A) DA concentrations ranging from 0.1 to 1.5 4uM in 1X PBS; (B) S-HT concentrations ranging from 0.1 to 1 4M in 1X PBS; and
(C) equimolar mixture of DA and S-HT concentrations ranging from 0.1 to 1 M in 1X PBS. Calibration curve of (D) DA concentrations ranging
from 0.1 to 1.5 uM in 1X PBS (R* = 0.9974); (E) 5S-HT concentrations ranging from 0.1 to 1 #uM in 1x PBS (R? = 0.9959); and (F) equimolar
mixture of DA (R? = 0.9947) and 5-HT (R* = 0.9977) concentrations ranging from 0.1 to 1 uM in 1X PBS. (G) Interference response of the EC/
Nafion-CNT for the detection of 1 uM DA in the presence of 20 uM UA, AA, S-HIAA, OCT, and ADN. The Ipas are normalized to 1 uM DA (n =
3). (H) Interference response of the EC/Nafion-CNT for the detection of 1 uM S-HT in the presence of 20 uM UA, AA, 5-HIAA, OCT, and
ADN. The Ipas are normalized to 1 uM S-HT (n = 3). (I) Ipas of the EC/Nafion-CNT recorded in 1 uM DA or 1 uM S-HT over 30 consecutive
measurements. The Ipas are normalized to the value for the initial cycle (n = 3).

The CV responses of EC/Nafion-CNT CFMEs to DA are
shown in Figure 3A. The calibration curve, plotted in Figure
3D, demonstrates that the CV currents of DA exhibit linear
relationships with the DA concentration ranging from 0.1 to
1.5 uM. The sensitivity is calculated to be 130 nA/uM with a
standard error (o) of 3.68 nA and a limit of detection (LOD)
of 85.1 nM. Figure 3B illustrates the voltammetric responses of
the sensor to S-HT concentrations in the range of 0.1 to 1 #M.
The sensor exhibits a linear response to 5-HT concentrations
in this range, with a sensitivity of 259 nA/uM and a LOD of
59.3 nM, with a 6 of 5.12 nA (Figure 3E). Furthermore, the
EC/Nafion-CNT electrode was also tested for simultaneous
detection of DA and S-HT (Figure 3C). Two well-defined
oxidation peaks were observed, and their Epas remained
unchanged. The Ipas of DA and S-HT increased linearly with
their concentrations in the range of 0.1 to 1 M. The
sensitivity of DA and 5-HT were calculated to be 68 and 200
nA/uM, respectively. The LOD of DA and S-HT were
calculated to be 26.4 (with 6 = 0.60 nA) and 40.0 nM (with ¢
= 2.66 nA), respectively (Figure 3F). It is evident that

simultaneous DA and 5-HT measurements were achieved on
the EC/Nafion-CNT with high sensitivity.

During the simultaneous detection of DA and S-HT, a
decrease was observed in both sensitivity and LOD compared
to the individual detection of DA and S5-HT. This
phenomenon is likely attributed to a competitive binding
scenario between DA and 5-HT for the finite binding sites on
the electrode surface.*>* Given the structural similarity of DA
and S-HT, characterized by their benzene ring structure, their
interactions vie for the same limited binding sites on the
electrode surface, thereby leading to a diminished signal
response.

To explore the selectivity of the sensor between DA, 5-HT,
and other potential interfering molecules in crayfish, CV
measurements of 1 M DA (Figure S3) and 1 uM S-HT
(Figure S4) were performed in the absence and presence of 20
uM UA, AA, S-HIAA, octopamine (OCT), and adenosine
(ADN). The results demonstrate that even at a 20-fold
concentration of UA, AA, 5-HIAA, OCT, and ADN, the
accurate detection of DA and S5-HT remained largely
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Figure 4. Analytical performance of the wireless neurotransmitter sensing device for DA and S-HT detection. (A) Image of the system.
Background-subtracted cyclic voltammogram comparing the benchtop potentiostat and the electrochemical sensing system in (B) 1 uM DA and
(C) 1 uM S-HT. Potential range: —0.1 to 0.6 V. Scan rate: 100 mV/s. Background-subtracted voltammetric response and calibration curve of the
sensing system with (D) DA concentrations of 0.1 to 1.2 uM in 1x PBS, (E) S-HT concentrations of 0.1 to 1 uM in 1x PBS, and (F) equimolar
mixture of DA and 5-HT concentrations of 0.1 to 1 zM in 1X PBS. Calibration curve of (G) DA with concentrations of 0.1 to 1.2 uM (R? =
0.9890), (H) 5-HT with concentrations of 0.1 to 1 uM (R* = 0.9943), and (I) equimolar mixture of DA (R* = 0.9804) and 5-HT (R* = 0.9853)

with concentrations of 0.1 to 1.0 uM.

unaffected (Figure 3G,H). The observed differences were
minimal, with less than a 10% variation compared with the
control measurements. These findings indicate that the
presence of higher concentrations of UA, AA, 5-HIAA,
OCT, and ADN did not significantly interfere with the
accurate detection and quantification of DA and 5-HT.

To assess the potential applicability of the developed
electrode in animal models other than crayfish, we examined
the selectivity between norepinephrine (NE) and DA (Figure
S3F) as well as between histamine (HA) and S-HT (Figure
S4F). Our findings revealed minimal interference between S-
HT and HA, with only a 52% increase observed with the
addition of 20 yuM HA to 1 uM S5-HT. However, NE did
interfere with DA detection, resulting in a 22.6% increase in
current response when an additional 20 uM NE was
introduced to 1 uM DA. These results underscore the
importance of carefully selecting the animal model and area
of interest for electrode implantation.

The stability of the CFME was assessed by recording the
response currents of the electrode in 1 uM DA or 5-HT for 30
continuous cycles at a rate of 1 cycle/min (Figure 3I). The
results indicated that after 30 cycles, the current responses for

DA and S-HT were 107 and 85% of the initial current
response, respectively.

Overall, the results demonstrate the promising potential of
the EC/Nafion-CNT CFME:s for continuous and simultaneous
detection of DA and S-HT, given their high sensitivity,
selectivity, and repeatability.

Analytical Performance of Integrated Electrochem-
ical Sensing System. The sensitivity of the fully integrated
electrochemical sensing system was characterized. The overall
system design was compact (Figure 4A) with dimensions of 28
X 23 X 21 mm, consisting of a customized three-electrode
system, a PCB potentiostat, and a battery. To evaluate its
electrochemical performance, the electrochemical system was
compared to a benchtop potentiostat with a standard RE/CE.
CV responses of the electrochemical device to DA and S-HT
in PBS were recorded on the phone application through BLE
wireless data transmission and plotted in MATLAB. Figure 4B
compares the cyclic voltammograms of 1 uM DA that were
recorded using a commercial benchtop potentiostat (VSP-300)
and our device (AD5941). The Epas for DA were observed to
be 0.24 V using VSP-300, compared to 0.15 V recorded by the
integrated system. The Ipas were measured to be 60 nA for

https://doi.org/10.1021/acssensors.3c02304
ACS Sens. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acssensors.3c02304/suppl_file/se3c02304_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.3c02304/suppl_file/se3c02304_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.3c02304/suppl_file/se3c02304_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.3c02304/suppl_file/se3c02304_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssensors.3c02304?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.3c02304?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.3c02304?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.3c02304?fig=fig4&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.3c02304?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors

pubs.acs.org/acssensors

(C )).5
= Baseline
= 5-HT Injection

[~

Current (1 A)

(A) (B)
= Baseline
— == DAInjection
<
2 0.5
L4
[
o
=
= 0
(&)
0.5

0

E(V) vs. Ag/AgCI

0.4 0.6 0 0.2 0.4 0.6
E(V) vs. Ag/AgCI

(0)3“DA (23v‘°"
’ ® S5.HT ’ ® S5HT
# PBS Injection
<02 <02 .
= 4 5
© © °
201 /& f /}3 201
e vty ;
TR Ve,

/f’\ DA&S-HT Injection

Mﬁm

waavd

—
M
S—
-

w— Baseline
DA&S- HTInjectlon

Current (1 A)

0.5

0 10 20 30 40 50 (]
Time (min)

Tlme (min)

30 50 0 0.2 0.4 0.6
E(V) vs. Ag/AgCI

Figure S. Simultaneous monitoring of DA and S-HT in crayfish hemolymph. (A) Photograph of crayfish with the integrated electrochemical
sensing device attached; (B) representative response currents before and after DA-only injection (0.5 mL of 3 mM); (C) representative response
currents before and after S-HT-only injection (0.5 mL of 3 mM); (D) background-subtracted Ipas after three PBS injections (0.5 mL each;
negative control); (E) background-subtracted Ipas after three DA&S-HT cocktail injections (300 #M; 0.5 mL each); (F) representative response
currents before and after DA&S-HT cocktail injection (0.5 mL of 300 uM).

both setups. Similarly, the cyclic voltammograms of 1 yM 5-
HT show that the Epa was 0.43 V from VSP-300 and 0.32 V
using our system (Figure 4C). The Ipas were measured as 122
and 118 nA for the benchtop and our system, respectively.
While the comparison demonstrates that our sensing device
had very similar Ipas, Epa was shifted to a lower potential. The
constant potential peak shift is likely due to the difference in
RE potentials between the commercial Ag/AgCl (3 M KCI)
RE and our customized Ag/AgCl RE, which is verified in
Figure SS.

CV responses of the electrochemical device to DA and 5-HT
are shown in Figure 4D—F, and the sensitivities are calculated
in Figure 4G—L In Figure 4D, the voltammetric response of
the device is shown for increasing DA concentration within the
linear range of 0.1 to 1.2 uM, exhibiting a sensitivity of 95 nA/
#M, with an LOD of 85.5 nM and a ¢ of 2.70 nA (Figure 4G).
Figure 4E shows the voltammetric response of the electro-
chemical device for S-HT detection, exhibiting a linear
relationship in the range of 0.1 to 1 M with a sensitivity of
159 nA/uM, with an LOD of 108.4 nM and a ¢ of 5.75 nA
(Figure 4H). The electrochemical system was also tested for
simultaneous detection of DA and 5-HT in the range of 0.1 to
1 uM, demonstrating a sensitivity of 48 nA/uM with an LOD
of 152.4 nM (o = 2.46 nA) for DA and a sensitivity of 133 nA/
uM with an LOD of 51.6 nM (6 = 2.29 nA) for 5-HT,
respectively (Figure 4F,I).

The physical characteristics and electrochemical perform-
ance of this wireless DA and S-HT sensing system, in
comparison with other reported devices, is summarized in
Table S1.””~* Balancing between physical dimensions and
electrochemical performance, our device utilizes CV techni-
ques and has demonstrated the capability of detecting multiple
neurotransmitters simultaneously with similar LODs compared
to previously reported works. For example, the Wireless
Instantaneous Neurotransmitter Concentration Sensing Sys-

tem (WINCS) was developed to monitor neurotransmitters in
animals. Although both WINCS and our system rely on CFME
as the transducer for detecting DA and 5-HT electrochemi-
cally, the WINCS system utilizes fast scan cyclic voltammetry
(FSCV), while our device applies CV. FSCV inherently offers
faster scan rates (>400 V/s) and can enhance antifouling
properties, thereby improving time resolution. However, the
limitation or disadvantage of FSCV is apparent: it is
challenging to minimize and requires the capability to process
large number data sets. As a result, the WINCS system, (130 X
84 X 47 mm)," is substantially larger in comparison to our
device (28 X 23 X 21 mm). A compact footprint is essential for
performing electrochemical measurements on freely moving
animals. In contrast, the WINCS system has only been utilized
in brain slices and anesthetized animals, not in live animals.
Approximately 80% of the total weight of our device is
attributed to the waterproof package and battery necessary for
BLE communication. The use of BLE communication offers
advantages over infrared (IR) communication; it does not
require direct line-of-sight between devices, has a longer
communication range, and can operate in more complex
environments. Overall, our system is unique in its relatively
small size, which is beneficial for monitoring both DA and 5-
HT simultaneously in small animals.

In Vivo DA and 5-HT Detection in Crayfish with
Integrated Electrochemical Sensing System. The per-
formance of the wireless electrochemical sensing system was
further verified through the simultaneous in vivo detection of
DA and S-HT in crayfish. The device was attached to the
crayfish carapace, with the electrodes implanted directly under
the dorsal carapace into the heart to continuously monitor the
response currents to DA and 5-HT in the crayfish hemolymph
(Figure SA). The total weight of the device was 7.8 g, which
was designed to be neutrally buoyant and waterproof to
minimize its impact on animal behavior in water.
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It is common to study the function of neurotransmitters
through injection for their roles of modulating different
behaviors (or behavioral states), particularly the propensity
for aggression during dyadic agonistic encounter as well as in
the investigation of anxiety-like responses. For example,
injection of 5-HT in socially subordinate crayfish hemolymph
with an estimated final concentration of 10 uM was used to
alter willingness of re-engage in further agonistic encounters
with a socially dominant crayfish.*' Similarly, 5 ug/g of 5-HT
(equivalent to 1.7 mM of 0.5 mL) was injected into crayfish
hemolymph to induce anxiety-like behaviors.*” However, these
work either did not monitor the dynamic of the injected
neurotransmitter(s), or they were quantified with HPLC off-
line.** Here, our device was the first to characterized “real-
time”, online internal detection of DA and/or 5-HT after single
injection of DA solution (0.5 mL of 3 mM) and S-HT solution
(0.5 mL of 3 mM). Representative cyclic voltammograms
before and after the DA injection event (Figure SB) and S-HT
injection event (Figure SC) clearly show oxidation peak for
DA (0.18 V) and S-HT (0.4 V), respectively.

To simulate an elevated concentration of DA and 5-HT near
the electrode implantation site, which might occur during
natural behaviors in crayfish, and to examine the device’s
capability for codetection in an in vivo environment, injections
of 1x PBS (0.5 mL, as a negative control) and a DA&S-HT
cocktail solution (0.5 mL of 300 yM) were administered,
respectively, through the ventral sinus cavity of the crayfish and
circulated through the heart.”! During each experiment, five
CV cycles were recorded, starting with the unaltered
hemolymph (baseline), followed by three injection events.
After each injection event, 10 cycles were continuously
recorded, with a 1 min holding time between cycles. The
monitoring results in crayfish are shown in Figure SD—F. No
change in Ipa was observed in the hemolymph measurements
prior to any injections, and the administration of PBS did not
result in an increase in Ipa at the DA or 5-HT potential (Figure
SD).

Representative cyclic voltammograms before and after a
DA&S-HT cocktail injection event is shown in Figure SF. No
peaks were observed in the unaltered hemolymph, while two
distinctive peaks were observed at 0.18 (DA) and 0.38 V (S-
HT) following the DA&S-HT cocktail injection, which was
consistent with the beaker-level characterization. Figure SE
summarizes the CV oxidation peaks resulting from the
continuous monitoring of crayfish hemolymph, depicting the
dynamics of DA and S-HT levels before and after injection
events. Immediately after the DA&S-HT cocktail injection, a
clear increase in Ipa was observed, and the maximum measured
Ipa reached 73.5 nA for DA and 181.1 nA for 5-HT 4 min after
the injection. The Ipas decreased over time until the next
injection event. A similar pattern was observed for the second
and third injection events. For the second injection, the
measured Ipa reached its maximum S min after injection, at
87.7 nA for DA and 177.3 nA for 5-HT. For the third injection,
the maximum Ipas were 87.9 nA for DA and 145.1 nA for $-
HT. Overall, the Ipas are higher for S-HT compared to DA,
which is likely due to higher electrode sensitivity toward 5-HT
than DA. The successive reduction in Ipas following the
injection potentially occurred due to a combination of
chemical metabolism,** dilution,>’ and possible fouling of
CEME fibers due to long cycling. These findings demonstrate
that the wireless neurotransmitter sensing system can

successfully monitor the in vivo dynamics of injected S-HT
and DA in the hemolymph of freely behaving crayfish.

B CONCLUSIONS

In conclusion, we have demonstrated a fully integrated
untethered wireless electrochemical sensing device for the
continuous monitoring of DA and 5-HT in hemolymph of
freely behaving crayfish. This device utilizes surface-modified
carbon fiber microelectrodes coupled with a miniaturized
potentiostat module for wireless operation and data acquis-
ition. The device exhibits high selectivity, sensitivity, and
stability while maintaining a small footprint to minimize its
impact on animal behavior. The integrated electrochemical
sensing system enables detection of DA and 5-HT with a
sensitivity of 48.4 and 133.0 nA/uM, respectively, within its
submicromolar linear range. Furthermore, the successful in vivo
measurements demonstrate the simultaneous monitoring of
DA and S-HT dynamics during injection events in freely
behaving crayfish. Quantifying the absolute concentration of
DA and S-HT in vivo in crayfish could be beneficial when
comparing between animals (e.g, during a dyadic agonistic
encounter), but this remains challenging due to variations in
the carapace curvature and the amount of hemolymph in the
pericardial space, resulting in differences in the exposed area of
the sensing region of the electrode tip to the circulating
hemolymph. To address this issue, a potential solution could
involve customizing the 3D package design to better suit the
size of the crayfish and allow for an adjustable electrode
implantation depth to ensure consistency.

Although this work has been focused on monitoring
experimentally manipulated neurotransmitter dynamics,
which can provide real-time analysis and information to
study their behavioral effects, it also shows the potential to
monitor endogenously released neurotransmitter dynamics
induced by the level of aggressiveness and in the process of
social status formation. Future work will focus on detecting
endogenously released DA and S-HT in the central nervous
system (CNS) of crayfish, which have been shown to
orchestrate a suite of social behaviors. This includes the
initiation of fights, the decision that leads to discrete social
status (i.e, dominance/subordinate), and the maintenance of
such outcomes.””****™* Due to the fast neurotransmitter
transmission in the CNS, which lasts several hundreds of
microseconds,*® a faster electrochemical technique such as
differential pulse voltammetry (DPV) can be implemented
with the developed system. A modified DPV technique has
been used to reduce the time of analysis to 1—2 s without
losing selectivity.”” Considering that DA and $-HT are
released locally in the CNS near dopaminergic neurons or
serotonergic neurons, the implanted electrode may face a large
concentration variation between DA and S-HT depending on
the implantation site, which may cause potential interferences.
The use of small step sizes in DPV produces narrower
voltammetric peaks, making it a preferred method for
distinguishing analytes with similar oxidation potentials.>’
Additionally, the DA concentration can be determined from its
reduction peak. A mathematical model can be built to estimate
its oxidation peak and separate it from the overlapped
oxidation peak to determine S-HT concentrations.

Collectively, we envision that these advanced strategies
provide a promising approach to tackle unresolved challenges
related to neurohormonal DA and S-HT associated with
agonistic and nonagonistic behaviors and enable chronic
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monitoring in crayfish and other aquatic (or terrestrial) animal
species, potentially in their natural habitats (e.g, in a burrow or
under a pond). This contribution could facilitate the
investigation of fundamental neuromodulation research
questions.

B MATERIALS AND METHODS

Electrode Fabrication and Modification. The three-electrode
electrochemical setup comprises a working electrode (WE) made of
carbon fiber with a modified surface, a reference electrode (RE)
consisting of Ag/AgCl, and a counter electrode (CE) made of Pt. The
working electrode, referred to as Nafion-CNT/EC CFME, was
constructed by utilizing T-650 carbon fibers from Solvay (Belgium)
and modifying them using a solution containing Nafion and CNT.
Additionally, electrochemical activation was employed to enhance the
electrode’s sensitivitzf. This procedure was slightly modified based on
previously reported.”® Before processing, multiple fibers were inserted
into a glass capillary with an inner diameter of 0.4 mm (A-M Systems,
WA). The carbon fiber was epoxied by dipping in 80 °C Epon 828
epoxy (Hexion, OH) and 14% m-phenylenediamine hardener (Sigma-
Aldrich, MO) for 30 s to seal the fiber with the glass capillary,
followed by dipping in acetone to remove excess epoxy on the tip
area. Copper wire (30 AWG) was inserted into the glass capillary
from the backside, providing electrical connections between the fiber
strand and the electronics. The CFME was trimmed to a S mm tip
and electrochemically treated via CV in phosphate buffered saline (1x
PBS, containing 8g/L NaCl, 0.2 g/L KCl, 1.44 g/L Na,HPO,, and
0.24 g/L NaH,PO,, pH 7.4, Research Product International, IL) by
applying a triangular wave from 0 to +2.5 V and 0 to —1.5 V at a scan
rate of 100 mV/s. The fibers were then dip-coated in 0.5 mg/mL of
single-walled CNT (P3-SWNT, Carbon Solutions, CA), dispersed in
a 2.5% Nafion solution, and air-dried for 30 min before use. The Ag/
AgCl RE was fabricated by electrodepositing AgCl onto a Ag wire (A-
M Systems, WA) in 3 M KCl solution. A constant current bias of 0.15
mA was applied until a uniform AgCl coating was observed. The Pt
wire CE was used as purchased (A-M Systems, WA).

Operation of Potentiostat Module. In our previous work,”'
custom miniaturized potentiostat module and PCB was developed to
perform wireless amperometric measurements. The flex-rigid PCB
was fabricated and assembled by Sierra Circuits (Sunnyvale, CA) and
comprises six layers, with components mounted onto two rigid
ceramic (FR-4) substrates and connected via an embedded flex
polyimide with 0.5 oz copper interconnects. The module combines an
electrochemical analog-front end (AFE) IC (ADS941, Analog
Devices, MA) and Bluetooth low energy microcontroller (BLE-
MCU, BGM13S, Silicon Laboratories, TX) to control the sensor
excitation voltages, capture and amplify the sensor signal, and transmit
the data to a paired smartphone (Figure S1). Here, the system
capabilities are extended to enable CV measurements of the Nafion-
CNT/EC CFME and optimized for wireless in vivo detection of DA
and S-HT. MATLAB (MathWorks, MA) was utilized for data
processing and visualization.

CV waveforms are generated based on user-defined measurement
parameters such as step size, step duration, number of data points,
ramp duration, and transimpedance amplifier (TIA) resistance. The
excitation voltage sweep is produced by the digital-to-analog converter
(DAC) in an iterative staircase-like manner closely resembling a linear
analog voltage sweep. In this study, the CV waveform was produced
with a potential range of —0.1 to +0.6 V, with other parameters
optimized to enhance measurement sensitivity for the detection of DA
and S5-HT. To accommodate hardware limitations, such as the
minimum step size and step duration, a scan rate of 100 mV/s was
used, resulting in a step size of 3.5 mV, a step duration of 35 ms, a
ramp duration of 14 s, and 400 total recorded data points. The
feedback resistance of the TIA was set to 512 kQ to maximize
measurement resolution, since the peak current was estimated to be
below 1 yA during measurements. The waveform generated by the
customized potentiostat module was verified using an oscilloscope
(Tektronix, OR).

S2

To extend the operational lifetime of the portable module, a
magnetic reed switch was placed between the battery and voltage
regulator such that when idle, the presence of a magnetic field would
power off the device. When powered, the BLE-MCU polls to establish
a connection and, once paired with a smartphone, via the EFR
Connect Mobile App (Silicon Laboratories, TX), enters low-power
mode and waits for a command. External commands are sent to the
BLE-MCU to control the device’s function. In this case, when the
MCU is prompted to initiate the CV function, the AFE generates a
triangular waveform for the microelectrode. The electrochemical
oxidation current related to S-HT concentration was converted to a
measurable analog voltage signal using the TIA, digitized by the
analog-to-digital converter (ADC), and stored in the AFE’s internal
memory until completing a full CV cycle. The MCU periodically
samples the AFE (rate: 100 ms) using SPI to determine when data are
available and then transmits the stored data via BLE to the external
smartphone.

Surface Verification of the CFME. All SEM images and EDS
analyses were acquired in the University of Maryland Nanocenter
AIMlab using a Tescan GAIA (Czech Republic).

The electrochemical characterization of the bare and EC/Nafion-
CNT CEME was conducted by EIS and CV measurements performed
by the VSP-300 benchtop potentiostat (BioLogic, France) in 0.1 M
KCl with 10 mM [Fe(CN)¢]>"/[Fe(CN)4]*" solution. The three-
electrode system was used with a CEME as the WE, Ag/AgCl as RE
(CH Instruments, TX), and Pt as CE (CH Instruments, TX). For the
EIS measurements, the potential was set to 0 V and a frequency of 0.1
to 1 MHz. For the CV measurement, the potential ranges from —0.1
to 0.6 V with a scan rate of 100 mV/s.

Electrochemical Measurements of DA and 5-HT. DA (Sigma-
Aldrich, MO) and S-HT (Alfa Aesar, MA) stock solutions were
diluted to different concentrations with 1X PBS for detection. The
electrochemical measurements were performed using either the
benchtop potentiostat VSP-300 with standard RE/CE or the PCB
potentiostat module with customized RE/CE. CVs were obtained in
the potential range from —0.2 to 0.6 V at a scan rate of 100 mV/s with
a 1 min holding time between each measurement.

Simultaneous In Vivo Detection of DA and 5-HT. In vivo
experimentation was carried out on wild-caught adult red swamp
crayfish (Procambarus clarkii) purchased from a commercial supplier
(Niles Biological, CA). Crayfish were housed in aquarium tanks in a
21 °C, 12 h/12 h light/dark cycle-controlled aquarium room and were
fed ad libitum (an average of 2 pellets per animal) with formula one
pellets (Ocean Nutrition, CA) twice a week. Crayfish with intact claws
and no sign of body injury were anesthetized on ice for at least 15 min
prior to surgery. Small incisions were then made through the dorsal
carapace of the crayfish to expose the pericardial cavity, allowing
direct implantation of electrodes into the heart. After the implant,
there was a 15 to 20 min recovery period to allow the crayfish to
“wake up” and allow the device to better adhere to crayfish’s dorsal
carapace of its thorax. Throughout CV cycling, the crayfish was fully
awake and moving freely underwater. By injecting a drug into the
ventral sinus cavity of crayfish, an animal with an open circulatory
system, the drug enters the hemolymplh, is being taken up by the heart
and pumped into arteries. This allows detection of the drugs by the
implanted electrode.

The device was glued onto the crayfish back above the surgery site,
and electrodes were implanted in the crayfish for CV measurements.
The potential ranged from —0.1 to 0.6 V with a scan rate of 100 mV/s
and 1 min accumulation time. To test the system performance in vivo,
the response currents of the crayfish hemolymph were initially
recorded as the baseline. Then, the internal DA and S5-HT
concentrations were changed by injecting the neurotransmitters into
the animals, and the variations in the response currents were
continuously recorded.
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