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Abstract

A nanoscale interface between two immiscible electrolyte solutions (ITIES) provides a unique
analytical platform for the detection of ionic species of biological interest such as
neurotransmitters and neuromodulators, especially those that are otherwise difficult to detect
directly on a carbon electrode without electrode modification. We report the detection of
acetylcholine, serotonin, and tryptamine on nanopipet electrode probes with sizes ranging from a
radius of ~7 to 35 nm. The transfer of these analytes across a 1,2-dichloroethane/water interface
was studied by cyclic voltammetry and amperometry. Well-defined sigmoidal voltammograms
were observed on the nanopipet electrodes within the potential window of artificial seawater for
acetylcholine and tryptamine. The half wave transfer potential, E4/,, of acetylcholine, tryptamine,
and serotonin were found to be -0.11, -0.25, and -0.47 V vs E1 e (term is defined later in
experimental), respectively. The detection was linear in the range of 0.25-6 mM for acetylcholine
and of 0.5-10 mM for tryptamine in artificial seawater. Transfer of serotonin was linear in the
range of 0.15-8 mM in LiCl solution. The limit of detection for serotonin in LiCl on a radius ~21
nm nanopipet electrode was 77 uM, for acetylcholine on a radius ~7 nm nanopipet electrode was
205 pM, and for tryptamine on a radius ~19 nm nanopipet electrode was 86 pM. Nanopipet-
supported ITIES probes have great potential to be used in nanometer spatial resolution
measurements for the detection of neurotransmitters.
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Neurotransmitters, acting as chemical messengers, play an important role in
neurotransmission, which governs many functional aspects of nervous system activity,
including behaviors, emotional responses, learning, and memory. Specifically, acetylcholine
(ACh) is a key regulator in sleep and wakefulness,12 as well as consciousness,3 and
promotes sustained attention.# Similarly, disruptions in the serotonergic system have been
shown to be involved in disorders such as anxiety and depression,>’ and the
neuromodulator tryptamine (T) has been shown to enhance serotonin (5-HT) release.®

Electrochemical measurements of neurotransmitters®-22 have been successful in providing
insights concerning neuronal function and processes such as exocytosis. Current
electrochemical detection of neurotransmitters is based on Faradaic electron transfer on a
carbon electrode; thus, mainly redox-active neurotransmitters are detected, e.g., dopamine
and serotonin. Electrochemical detection of nonredox active neurotransmitters (e.g., ACh) is
achieved indirectly using an electrode modified with enzyme, where a combination of
acetylcholine esterase and choline oxidase is needed and the kinetics of the enzyme reaction
can limit the electrode response.24-27 Methods for direct detection of nonredox active
neurotransmitters (e.g., without electrode modification) need to be developed.

The use of pipet electrodes based on ionic transfer across an interface between two
immiscible electrolyte solutions (ITIES)28-4! has been an important method to detect ionic
analytes. lonic transfer of neurotransmitters across ITIES, mainly micro- and
macrointerfaces has been reported.#2-44 Nanol TIES-based sensor probes have significantly
improved spatial resolution compared to microelectrodes and have been proven to be useful
for imaging a single nanopore.*> A typical nanol TIES sensor probe consists of a laser-pulled
pipet with a pore radius in the nanometer scale that can be filled with an organic solution
and immersed into biologically relevant fluids. Upon polarization, charged neurotransmitters
of interest can be transferred from one phase to another, which is the basis for ionic species
sensing. Because these sensors rely on ion transfer, as opposed to faradaic electron transfer,
nonelectroactive transmitters can be identified and quantitatively measured.
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To the best of our knowledge, the ionic transfer of neurotransmitters across a nanointerface
has not been reported. Herein we describe the direct quantitative and qualitative detection of
both electrochemically nonredox-active (ACh) and redox-active neurotransmitters (T and 5-
HT) with nanol TIES- based pipet sensor probes. Such an approach has the advantage of
being able to detect both electrochemically nonredox-active neurotransmitters (e.g., ACh)
and redox-active neurotransmitters (e.g., T and 5-HT) (Scheme 1).

EXPERIMENTAL SECTION

Reagents

Potassium tetrakis(pentafluorophenyl)borate (TFAB) was obtained from Boulder Scientific
Company (Mead, CO). Tetradodecylammonium (TDDA) chloride, tetraethylammonium
chloride (TEACI), 1,2-dichloroethane (1,2-DCE), and chlorotrimethylsilane were purchased
from Sigma-Aldrich (St. Louis, MO). The TFAB salt of TDDA (TDDATFAB) was prepared
by metathesis. Potassium chloride (KCI) was from VWR (Radnor, PA), calcium chloride
(CaCly) was from Sigma-Aldrich (St. Louis, MO), and magnesium chloride (MgCl,) was
from Amresco (Solon, OH). Magnesium sulfate (MgSO,4), HEPES, and lithium chloride
(LiClI) were from Fisher Scientific (Pittsburgh, PA). Artificial seawater (ASW) contained (in
mM) the following: 460 NaCl, 10 KCI, 10 CaCl,, 22 MgCl,, 26 MgSQy, and 10 HEPES
(pH 7.8). Acetylcholine (ACh) chloride and tryptamine (T) hydrochloride were from Sigma-
Aldrich (St. Louis, MQ), and serotonin (5-HT) hydrochloride was purchased from Alfa
Aesar (Ward Hill, MA). All reagents were used as received, and solutions were prepared
using 18.3 MQ cm deionized water (ELGA, Woodridge, IL). The prepared solutions were
passed through a 0.2 um filter (Thermo Scientific, Waltham, MA) before use.

Nanopipet Electrode Preparation and Characterization

Nanometer-scale pipet probes were fabricated by laser pulling of quartz capillaries (O.D. =
1.0 mm, 1.D. = 0.7 mm, length = 10 cm, Sutter Instrument, Novato, CA) using a P-2000
capillary puller (Sutter Instrument) using the parameters listed in Table S1 in Supporting
Information. To make sure a stable interface was formed at the orifice of the nanopipet, we
applied a surface treatment through a chemical vapor silanization process via
chlorotrimethylsilane to the pulled nanopipet. For the surface treatment, the pulled
nanopipets were placed on a Petri-dish that was put into a plastic desiccator, where a
vacuum was created, and chlorotrimethylsilane was introduced immediately after the
vacuum with a three-way valve. Nanopipets were backfilled using a Hamilton syringe, and
the interface was pushed to the tip of the pipet by creating a gentle vibration using an
alligator clip. Pipets were characterized using scanning electron microscopy (SEM) and ion-
transfer voltammetry. For SEM imaging, the nanopipets were coated with a thin Au/Pd film
by a high-resolution sputter coater (Quorum Technologies LTD, Kent, UK), and the orifices
were observed by high resolution field emission SEM (FEI dual-beam 235, FEI Co.,
Hillsboro OR) under a 20 kV electron beam. Figure 1A shows one nanopipet probe with a
radius ~15 nm, and Figure 1B shows an SEM image of the orifice of the pipet tip. The
prepared nanopipets were filled with a 1,2-DCE solution of organic supporting electrolytes
and immersed in an aqueous solution of either ACh, T, or 5-HT.
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Electrochemical Experiments

The transfer of protonated ACh, T, and 5-HT across the 1,2-DCE/water interface was
studied by cyclic voltammetry and amperometry. All electrochemical measurements were
recorded using a CHI1205B Electrochemical Analyzer (CH Instruments, Austin, TX). A
nanopipet was filled with 5 mM TDDATFAB in 1,2-DCE and immersed into an aqueous
solution for the detection of neurotransmitters (NT). NTs were detected in an aqueous
solution of ASW. ASW was used, as it is a relevant biological media for our commonly used
neuronal model, Aplysia californica;*6:47 by optimizing our detection in this media, future
biological experiments will be facilitated. When NT cannot be transferred within the
potential window of ASW, an aqueous media with a potential window larger than that of
ASW was used, i.e., LiCl. A Pt wire (diameter = 50 um) was inserted inside the pipet, and
either a Ag wire (diameter =250 pm) coated with AgCI or a Au wire (diameter =50um)
coated with polypyrrole (Ppy) was placed outside the pipet used as an external reference
electrode; the voltage was applied between the platinum wire and the external reference
electrode. The Pt wire was electrochemically etched until the end was small enough to be
placed approximately 200 um away from the pipet tip. cell 1, cell 2, and cell 3 represent the
electrochemical cells for different aqueous background solutions and reference electrodes
used in this study. At the end of each experiment, TEACI was added as an internal standard
to determine the transfer potentials of each analyte.

cell 1:Pt|5 mM TDDATFAB+1,2—DCE||ASW+2mM NT|Ppy|Au

cell 2:Pt|5 mM TDDATFAB+1,2—DCE|10 mM LiCl+z mM NT|AgCl|Ag

cell 3:Pt|5 mM TDDATFAB+1,2—DCE|ASW-+2 mM NT|AgCl|Ag

The diffusion coefficients of ACh, T (in ASW), and 5-HT (in LiCl) were calculated using
pipets with radii on the scale of hundreds of nanometers, which were easily verified via
SEM. Several pipets of this size were used to measure the steady-state current response for
each analyte at 1 mM concentration (Figures S1, S2, and S3 in Supporting Information show
the cyclic voltammogram for one of the pipets used, e.g., radius = 360, 450, and 340 nm for
ACh, T, and 5-HT, respectively). Diffusion coefficients could then be calculated using the
expression®

i1=4xnFDca (1)

where i is the steady-state limiting current, x is a function of the quantity RG = rg/a (rg and a
are outer and inner tip radii, respectively)4°, n is the number of transferred charges in the tip
reaction, F is Faraday’s constant, a is the radius of the pipet, D is the diffusion coefficient of
the neurotransmitter measured, and c is the concentration of analyte in solution. A proposed
disk geometry for the nanopipet tip was used for the calculation. The diffusion coefficients
of ACh and T in ASW were found to be 7.5 = 1.2 x 1076 cm?/s and 6.1 + 0.4 x 1075 cm?/s
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at 24 °C, respectively, in ASW. The diffusion coefficient for 5-HT in 10 mM LiCl was
found to be 6.3 + 0.8 x 1076 cm?/s at 24 °C. The same relationship was then used in
determining the radius of each of the smaller scale pipets used for the detection of
neurotransmitters.

Limits of detection (LODs) were calculated by 3s/m,%0 where s is equal to the standard
deviation of background solution without neurotransmitters present and m is equal to the
slope of the calibration curve. In the case of cyclic voltammetry, s was determined by the
standard deviation of the average current at a potential on the limiting current from three
replicate cyclic voltammograms of background solution. In the case of amperometry, s was
determined by the standard deviation of the average current obtained over a 50 s
amperometric i—t curve of background solution.

RESULTS AND DISCUSSION

Cyclic voltammetry was used to determine the half-wave transfer potentials (E12) of
acetylcholine (ACh), tryptamine (T), and serotonin (5-HT). Upon applying a potential, the
neurotransmitters were transferred voltammetrically across the nanopipet-supported ITIES
tip, and their cyclic voltammograms are shown in Figure 2; the transfer of all three
neurotransmitters investigated produced sigmoidal voltammograms, with E4/, as —0.11,
—0.25, and —-0.47 vs Eqp Tea for ACh, T, and 5-HT, respectively. As shown in Figure 2, the
transfer of ACh and T (Figure 2a) occurred well before the background, while 5-HT is much
more difficult to be transferrred, and its transfer has slight overlap with background. For this
reason, background subtraction is used to increase the accuracy of measurements.

Because ACh transfers early within the potential window of ASW, it can achieve a steady-
state current for up to 200 mV before background interference from ASW occurs. Some
capacitance is seen in the cyclic voltammogram of ACh, due the small pipet radius of 7 nm
and the fact that it was scanned at a rate of 50 mV/s rather than 20 mV/s (Figure 2a). T has a
moderate Eq/, and was also able to achieve a steady state in ASW (Figure 2b). It is worth
noting that the observed difference in the transfer potentials between T and 5-HT
corresponds well with that reported in the literature at a much larger nitrobenzene/water
interface.** Because 5-HT requires a much larger overpotential for its transfer, ASW
background interference proves to be an issue for the detection of low concentrations of 5-
HT. A 2 mM addition of 5-HT has only a small response relative to ASW, because the two
transfer at similar potentials (Figure S4, Supporting Information). Steady-state transfer of
lower concentrations of 5-HT was achieved when a background solution of 10 mM LiCl was
used in place of ASW, due to the larger potential window of LiCl (Figure 2c).

The different transfer potentials of these protonated analytes on the nano-ITIES probes
provide the basis for their qualitative detection. Additionally, the ITIES probes presented
here are selective toward the detection of ACh, T, and 5-HT compared to other
neurotransmitters that could coexist in vivo, such as dopamine, y-aminobutyric acid
(GABA), and ascorbic acid, a redox-active compound present at high levels in many
neuronal systems. The response of these nanopipet probes to these possible interferents are
shown in Figures S5 and S6, Supporting Information. The tests were performed both in
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ASW and LiCl, background solutions used in this study. It can be seen from Figures S5 and
S6 that no change occurred in the shape of the cyclic voltammograms of ASW and LiCl
within the relevant potential window when 5 mM DA, 5 mM GABA, or 100 mM AA were
added. TEA was added at the end of these interferent tests to verify that each nanopipet
electrode was working properly, ensuring that the lack of interferent signal was due to the
fact that it does not transfer. Overall, at the ITIES of nanopipet electrode presented here,
ascorbic acid, dopamine, and GABA cannot be transferred within the potential window and
thus are not detected. In contrast, surface modifications on the traditionally used carbon
electrode are often needed to enhance NTs detection selectivity against ascorbic acid, e.g.,
carbon electrodes modified with Nafion were used for 5-HT detection in the presence of
ascorbic acid.>1-54

Figure 3 shows the quantitative detection of ACh (Figure 3a and 3b) and T (Figure 3c and
3d) on nanopipet-supported ITIES probes. As shown in Figure 3a, even with such a small
interface radius of ~7 nm, we were able to use cyclic voltammetry to detect ACh
quantitatively in the range of 0.25-6 mM, resulting in a steady-state current that was linearly
proportional to concentration (Figure S7, R = 0.994, Supporting Information). T also
showed linear detection using cyclic voltammetry (Figure 3c), in the range of 0.5-10 mM at
a ~ 19 nm radius interface, with a steady-state current linearly proportional to the
concentration (Figure S8, R2 = 0.989, Supporting Information).

Amperometry was also used for the quantification of ACh and T, as shown in Figures 3b
and 3d, respectively. Using this technique, probes were held at a potential at which a steady-
state current occurred for ACh and T. The resulting average current over a period of 50 s
was linearly proportional to ACh concentration from 0.25 to 6 mM (Figure S9, R? = 0.995,
Supporting Information) and linearly proportional to T concentration from 0.5 to 10 mM
(Figure S10, RZ = 0.992, Supporting Information). The LODs for ACh and T were
calculated to be 205 uM and 86 uM, respectively, based on i-t curves.

The quantitative detection of 5-HT in LiCl with both cyclic voltammetry and amperometry
are shown in Figure 4a and 4b, respectively. The response is linear over the concentration
range of 0.15-8 mM for 5-HT. On the basis of results shown in Figure 4a, limiting current
corresponding to detection of 5-HT at —0.51 V is changing linearly with its concentration in
the range of 0.15-8 mM (Figure S11, R2 = 0.995, Supporting Information). Similarly, linear
calibration curve (Figure S12, R2 = 0.999, Supporting Information) for this concentration
range was obtained using amperometry on a radius of ~21 nm nanopipet electrode by
holding the probe at —0.52 V vs Ej/» TEa (Figure 4b), with an LOD of 77 uM. In order for 5-
HT to be detected in the potential window of biological media, e.g., ASW, an ionophore can
be used to facilitate the transfer of 5-HT; thus, the transfer potential of 5-HT can be shifted
to be within the potential window of biological media, namely with the mechanism of
facilitated ion transfer. Work is currently in progress to facilitate earlier transfer of 5-HT so
that it can be detected in biological media.
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CONCLUSIONS

Acetylcholine (ACh), tryptamine (T), and serotonin (5-HT) have been successfully detected
quantitatively and qualitatively at a nanopipet-supported interface between 1,2-DCE and
aqueous solutions via ionic transfer. Transfer potentials at E4, were compared between
ACh, T, and 5-HT, with the following transfer potential order: ACh < T < 5-HT, with ACh
being transferred at the least negative potential. A lower detection limit for the detection of
5-HT was observed using a 1,2-DCE/LiCl interface compared to a 1,2-DCE/ASW interface,
because transfer of serotonin occurs at a similar potential as ASW background. The local
concentrations of ACh and 5-HT from an exocytotic event are well above the LODs of these
probes.55:56 Nanoelectrodes coupled with scanning electrochemical microscopy®” have
successfully provided nanometer spatial resolution imaging of single nanopore®® and single
nanoparticles.>8 The nanopipet electrodes presented here have great potential to be used in
detecting neurotransmitters for nanometer scale biological structures, such as synapses and
in single vesicles. Overall, as shown in our work, nanopipet-supported ITIES probes can be
used as multifunctional sensors to detect both electrochemically nonredox-active and redox-
active neurotransmitters in both a qualitative and quantitative manner. The nano-ITIES
electrodes presented here are selective toward the detection of ACh, T, and 5-HT against
other neurotransmitters that could coexist in vivo, such as dopamine, y-aminobutyric acid
(GABA), and ascorbic acid. Work is currently in progress to use these nano-ITIES probes to
image the neurotransmission process using scanning electrochemical microscopy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Photograph (A) and SEM image (B) of a nanopipet prepared in the lab. The pipet was

prepared by laser pulling a quartz capillary.
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Figure2.

Cyclic voltammograms of acetylcholine (ACh), tryptamine (T), and serotonin (5-HT) on a
nanopipet electrode. (a) 2 mM acetylcholine transfer across a radius ~7 nm interface in cell
1; scan rate = 0.05 V/s. (b) 2 mM tryptamine transfer across a radius ~19 nm interface in
cell 1; scan rate = 0.02 V/s. (c) 2 mM serotonin transfer across a radius ~35 nm interface in
cell 2; scan rate = 0.05 V/s. For comparison, the cyclic voltammogram of
tetraethylammonium is shown in each overlay.

Anal Chem. Author manuscript; available in PMC 2015 June 27.




1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Colombo et al.

Page 12
=@ ®) .
O - R Jy & mM
<L o I i
- o S 12 Frmtmovtmtranmertmy
= E 10 E gl
5 ¢ %
= 2 =
o6 ¢ O 4
Q 0 -+ e : <t Tl WY RO 0
< 01 00 -01 -02 -03 -04 -05
Potential vs. E,, .., (V) Time (s)
~ (©) 6o (d) g
- - 50 z 50 d
_"_:’ é 40 & 4F "
% 5 30 5 30f
a (-‘:"; 20 : g 20
S - 10} 10F )
= 0 . f 0 = I ASW
00 -01 02 03 -04 0 10 20 30 40 50
Potential vs. E,, ., (V) Time (s)

Figure3.
(a) Cyclic voltammograms and (b) amperometric i-t curves for 0.25-6 mM acetylcholine

(ACh) using a nanopipet probe with a radius of 7 nm in cell 1; applied potential E = -0.25 V
vs Eqp2 TEA fOr i-t curves. (c) Cyclic voltammograms and (d) amperometric it curves for
0.5-10 mM tryptamine (T) using a nanopipet probe with a radius of 19 nm in cell 1; applied
potential E = -0.32 V vs Ey/» Tea for i-t curves.
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Figure4.

(a) Cyclic voltammograms of 0.15-8 mM serotonin (5-HT) on a nanopipet electrode with a
radius of 35 nm in cell 2. (b) Amperometric i-t curves for 0.15-8 mM 5-HT using a
nanopipet probe with a radius of 21 nm in cell 2; applied potential E = -0.52 V vs E1p Tea.
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Scheme 1.
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Molecular Structure of Protonated (a) Acetylcholine (ACh), (b) Tryptamine (T), and (c)

Serotonin (5-HT)
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