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ABSTRACT: The interface between two immiscible electrolyte
solutions (ITIES) has become a very powerful analytical platform
for sensing a diverse range of chemicals (e.g., metal ions and
neurotransmitters) with the advantage of being able to detect non-
redox electroactive species. The ITIES is formed between organic
and aqueous phases. Organic solvent identity is crucial to the
detection characteristics of the ITIES [half-wave transfer potential
(E1/2), potential window range, limit of detection, transfer
coefficient (α), standard heterogeneous ion-transfer rate constant
(k0), etc.]. Here, we demonstrated, for the first time at the
nanoscale, the detection characteristics of the NPOE/water ITIES.
Linear detection of the diffusion-limited current at different
concentrations of acetylcholine (ACh) was demonstrated with
cyclic voltammetry (CV) and i−t amperometry. The E1/2 of ACh
transfer at the NPOE/water nanoITIES was −0.342 ± 0.009 V versus the E1/2 of tetrabutylammonium (TBA+). The limit of
detection of ACh at the NPOE/water nanoITIES was 37.1 ± 1.5 μM for an electrode with a radius of ∼127 nm. We also determined
the ion-transfer kinetics parameters, α and k0, of TBA+ at the NPOE/water nanoITIES by fitting theoretical cyclic voltammograms to
experimental voltammograms. This work lays the basis for future cellular studies using ACh detection at the nanoscale and for
studies to detect other analytes. The NPOE/water ITIES offers a potential window distinct from that of the 1,2-dichloroethane
(DCE)/water ITIES. This unique potential window would offer the ability to detect analytes that are not easily detected at the
DCE/water ITIES.

■ INTRODUCTION

The interface between two immiscible electrolyte solutions
(ITIES) has become a powerful analytical platform for sensing
a wide range of chemicals (e.g., metal ions, neurotransmitters,
and proteins), with an advantage being the ability to detect
non-redox electroactive analytes.1−26 An ITIES experimental
setup is commonly composed of two phases of low mutual
miscibility, where one phase is aqueous and the other phase is
a polar organic solvent with a moderate or high dielectric
permittivity.27 Marcus proposed an ion-transfer theory for the
ITIES based on the recognition that an ion undergoes initial
desolvation from the first phase that is accompanied by
concerted solvation into the second phase.28 The organic
solvent, as a part of the ITIES structure, plays a critical role in
electrochemical reactions at the ITIES.26,29 Therefore, optimal
conditions for detecting different species can be obtained by
varying the organic solvent. Additionally, developing new
systems at the nanoscale will enable new fundamental studies
and applications.
In recent years, the development of nanoscale ITIES

(nanoITIES) platforms has enabled chemical analysis with a

high spatial resolution. While different organic solvents have
been reported in nanoITIES studies, including ionic liquids,30

octanol,23 DCE,3,6,31,32 and true oils (i.e., avocado oil, coconut
oil, and walnut oil),29 NPOE has not been explored as the
organic solvent for nanoITIES studies. NPOE has been used
for the detection of ionic species at the macro- and
microscales.33−48 Here, we demonstrate the detection of an
analyte at the NPOE/water nanoITIES using the neuro-
transmitter acetylcholine (ACh) as one example.
ACh is of widespread interest because of its role in neuronal

function and disorders. ACh is involved in the chemical
transmission at synapses and performs functions such as
regulating other neurotransmitters, controlling the opening of
ligand-gated ion channels, and facilitating bursts of neuronal
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firing.49 Imbalances of ACh levels have been linked to
Alzheimer’s disease, myasthenia gravis, as well as behavioral,
learning, and sleep disorders.50−53 Enzymatic detection of ACh
has been achieved by the sequential use of acetylcholinesterase
and choline oxidase to generate hydrogen peroxide from
ACh.54−77 ACh quantification is then achieved by electro-
chemical or optical detection of the hydrogen peroxide,77,78

but other methods have also been used.79−82 ACh has also
been detected using a nickel anode electrode83 and electrodes
that were modified with only acetylcholinesterase.84−91 So far,
all of these have been carried out at micro- and macroscales.
Here, we report the first-ever analyte detection at NPOE/

water nanoITIES electrodes. We also performed a study of the
kinetics of the transfer of tetrabutylammonium (TBA+) across
the NPOE/water interface. Despite NPOE having high
viscosity, sigmoidal cyclic voltammograms from the detection
of ACh were observed.92 The NPOE/water nanoITIES offers a
unique potential window compared to other nanoITIES
systems. The rate constant of TBA+ transfer is sufficiently
fast despite the high viscosity of NPOE. Cyclic voltammetry
(CV) and i−t amperometry showed linear responses of the
diffusion-limited current as the concentration of ACh was
varied.

■ EXPERIMENTAL SECTION
Reagents. Sodium chloride (NaCl) was from EMD

Chemicals (Gibbstown, NJ). Potassium chloride (KCl) was
from VWR International (Radnor, PA). Magnesium chloride
hexahydrate (MgCl2·6H2O) was from Amresco (Solon, OH).
Magnesium sulfate (MgSO4) and 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid (HEPES) were from Fisher Scientific
(Pittsburgh, PA). Calcium chloride dihydrate (CaCl2·2H2O),
tetradodecylammonium chloride (TDDACl), tetrabutylammo-
nium chloride (TBACl), 1,2-dichloroethane (DCE), N,N-
dimethyltrimethylsilylamine, o-nitrophenyl octyl ether
(NPOE), tetrabutylammonium hexafluorophosphate
(TBAPF6), and acetylcholine chloride (AChCl, retroactively
estimated hydration level 7 wt. %) were obtained from Sigma-
A ld r i ch (S t . Lou i s , MO) . Po ta s s ium te t r ak i s -
(pentafluorophenyl) borate (TFAB) was from Boulder
Scientific Company (Mead, CO). All aqueous solutions were
prepared from 18.3 MΩ cm deionized water. The artificial
seawater (ASW) used was aqueous solution containing 460
mM NaCl, 10 mM KCl, 10 mM CaCl2, 22 mM MgCl2, 26 mM
MgSO4, and 10 mM HEPES (pH 7.8). The TFAB salt of
TDDA (TDDATFAB) was prepared by metathesis as
described elsewhere.93

NanoITIES Electrode Fabrication, Characterization,
and Electrochemical Measurements. NanoITIES electro-
des were fabricated using previously reported methods.3,4,6,31,94

Pipettes with orifices of ∼100−300 nm radii were prepared by
laser pulling quartz capillaries (Sutter Instruments Co. Novato
CA; 1 mm outer diameter, 0.7 mm inner diameter, 7.5 cm
length) into nanopipettes using a P-2000 Laser Puller (Sutter
Instruments, Novato, CA). The inner glass surface of these
nanopipettes was modified by a silanization reaction with N,N-
dimethyltrimethylsilylamine vapor to convert it from hydro-
philic to hydrophobic, ensuring that a flat, stable oil-water
interface was formed at each nanopipette orifice during
experiments. Due to the nature of the chemical vapor
silanization, the outer glass surface has likely been silanized
as well. For measuring the half-wave transfer potential (E1/2),
the nanopipette was backfilled with an oil solution of 0.1 M

TDDATFAB dissolved in NPOE using a 10 μL Hamilton
syringe. For kinetics measurements, a different filling solution
was used as detailed in the section “Determination of Ion
Transfer Kinetics Parameters.” The solution was forced to the
tip of the nanopipette using gentle vibrations. An etched Pt
wire was inserted into the filled pipette as reported in previous
works.3,4,6,16,29 The tip of the nanoITIES electrode was
inserted into ASW for chemical analysis. ASW was used as
the aqueous phase because it is the biological cellular medium
for a common neuronal model in our lab, Aplysia californica. By
studying ion transfer in this medium, future biological work
can be facilitated. Nanoelectrode radii were calculated using
the TBA+ transfer current from ASW (aqueous phase) into a
pipette (oil phase) and were confirmed using the ACh transfer
current from ASW into the pipette and the slope of ACh
calibration curves. A scanning electron microscope (FEI Helios
600i Dual Beam SEM/FIB, FEI Co., Hillsboro, OR) was also
used to visually confirm the radii of the silanized nanopipette
orifices. Pipettes were coated with Au−Pd using a sputter
coater (Emitech K575, Emitech Ltd., Ashford, Kent) using a
20 mA current for 40 s before SEM. Sputter coating increases
the resolution of the images that can be obtained from SEM by
limiting charging on the glass pipette surface to reduce the
blurring of the electron image.5 Pipettes were examined via
SEM under a 2 kV electron beam.
All electrochemical measurements were performed using a

CHI 760E potentiostat (CH Instruments, Austin, TX). CV
was used to measure the potential window and study the ion
transfer at the NPOE/water nanointerface. A two-electrode
configuration was used,3,4,6,16,29 where a potential was applied
between the Pt wire inside the nanopipette and the Ag/AgCl
quasi-reference electrode outside of the nanopipette. Negative
potential is for the positive ion transfer from water to oil, seen
as positive current, as commonly reported.3,4,6,10,16,29,30 We
standardized the E1/2 values for ACh detection with respect to
an internal standard, TBA+, by subtracting the half-wave
transfer potential of TBA+ (E1/2, TBA) from the E1/2 of ACh.

Determination of the Positive Direction Onset
Potential and the Negative Direction Onset Potential
for Potential Window Analysis. The potential window for
NPOE was defined as the region in which mainly the capacitive
current was measured. The potential window was calculated
from cyclic voltammograms of the ASW solution, which was
the background for our experiments.29 The variables used to
calculate the potential window (Epos, Eneg, ipos, ineg, ibase, and ic)
are all presented in Scheme 1. We define the potential window
as the difference between the onset potential of the
voltammogram in the positive direction (Epos) and the onset
potential of the voltammogram in the negative direction (Eneg).
Epos is defined as the potential in the lower capacitive trace that
corresponds to ipos, where ipos = ibase − 5|ic|. Similarly, Eneg is
defined as the potential in the upper capacitive trace that
corresponds to ineg, where ineg = ibase + 5|ic|. ibase, the baseline
current, is defined as the average of the current of the upper
and lower current traces in the capacitive current region. The
capacitive current, ic, is defined as half of the absolute
difference of the current gap between the upper and lower
current traces in the capacitive current region. The calculated
values of Epos and Eneg were standardized against E1/2, TBA to
give Epos vs TBA and Eneg vs TBA, respectively. The potential
window was calculated as the difference Epos vs TBA − Eneg vs TBA.

Determination of Half-Wave Transfer Potentials. E1/2
values were determined for the analyte (ACh) through
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concentration-dependent CV experiments. First, nanoITIES
electrodes were prepared as in the section “NanoITIES
Electrode Fabrication, Characterization, and Electrochemical
Measurements” and inserted into the ASW solution. Three
replicate cyclic voltammograms were then obtained within the
potential window for different concentrations of ACh (0
[background], 0.25, 0.5, 1, 2, and 3 mM ACh in ASW). The
increments of ACh were achieved by a series of additions of 0.4
M AChCl to the ASW solution. Each set of three replicates was
averaged. The average background voltammogram was
subtracted from each of the average voltammograms showing
the detection of ACh.
The diffusion-limited region of ACh detection at the

NPOE/water nanoITIES had a slight overlap with the ASW
background current, so a well-defined steady-state current was
not observed for ACh detection. The background-subtracted
voltammograms had a peak shape and the diffusion-limited
currents for each concentration of ACh were taken as the peak
current of the forward wave of each background-subtracted
voltammogram. Amperomograms were collected at the
potential corresponding to the diffusion-limited current. At
least three replicate amperomograms were collected and
averaged for each concentration of ACh. The averaging was
performed over the last 30 s of the amperomograms.
After voltammograms were obtained for all the ACh

concentrations, to standardize the results, 0.4 M TBACl was
added to the ASW solution to increase the concentration of
TBA+ to 1 mM. Again, three replicate voltammograms were
obtained, averaged, and had the ASW background subtracted
from them. We subtracted E1/2, TBA from the E1/2 for ACh to
report the E1/2 of ACh with respect to that of TBA+.
Determination of Ion-Transfer Kinetics Parameters.

The transfer coefficient (α) and the standard heterogeneous
ion-transfer rate constant (k0) were determined by fitting
theoretical voltammograms produced using eq 1 to exper-
imental voltammograms as reported previously.29,95 First, a
system was established according to Cell 1, with an electrode
prepared as described in the “NanoITIES Electrode
Fabrication, Characterization, and Electrochemical Measure-
ments” section except that it was filled with an NPOE solution
containing 0.1 M TDDATFAB and 5 mM TBAPF6. That
electrode was then inserted into a solution of ASW containing
2 mM TBACl.

Cell 1

Pt 0.1 M TDDATFAB 5 mM TBAPF6 NPOE
ASW 2 mM TBACl AgCl Ag
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In eq 1, i is the measured current, iing is the diffusion-limited
current of ingress into the nanopipette, ming is the mass transfer
coefficient of ingress, meg is the mass transfer coefficient of
egress, kf is the heterogeneous ion-transfer rate constant of
ingress, kb is the heterogeneous ion-transfer rate constant of
egress, cw is the concentration of TBA+ in the water (w) phase,
and cNPOE is the concentration of TBA+ in the oil phase. For a
nanopipette, iing can be expressed as

i xzFD c r4ing w w i= (2)

where z is the charge on TBA+, F is the Faraday constant, Dw is
the diffusion coefficient of TBA+ in w,96 ri is the inner radius of
the nanopipette, and x is a parameter that is a function of the

RG of the nanopipette (RG
r

r
g

i
= where rg is the outer radius of

the nanopipette).97 For the pipette used, RG = 1.4 (estimated
by dividing the capillary outer radius over inner radius) and x =
1.23. Similarly, ieg is described as

i f z c r4 ( ) FDeg NPOE NPOE iθ= (3)

In eq 3, DNPOE is the diffusion coefficient of TBA+ in NPOE
and f(θ) is a function of the tip taper angle, θ.98 The mass
transfer coefficients ming and meg are expressed as

m
xD
r

4
ing

w

iπ
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(4)

m
f D

r
4 ( )

eg
NPOE

i

θ
π

=
(5)

As an alternative to calculating the diffusion coefficient of
TBA+ in NPOE and f(θ), eq 3 can be rearranged and
f(θ)×DNPOE can be substituted into eq 5 to yield

m
i

zFc reg
eg

NPOE i
2π

=
(6)

Lastly, the heterogeneous ion-transfer rate constants kf and
kb are given by the Butler−Volmer model as27
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0 0α φ= − Δφ − Δ ′

(8)

where Δφ is the Galvani potential difference between NPOE
and water, R is the ideal gas constant, and Δφi

0′ is the formal
transfer potential of TBA+. The formal transfer potential of
TBA+ can be determined from the potential at which zero
current is measured, or the potential at which the transfer of
TBA+ across the NPOE/water nanointerface is at equilibrium,
Δφeq. Using Δφeq, Δφi

0′ can be described as

RT
zF

c
c

lni
0

eq
w

NPOE
φ φΔ = Δ −′

(9)

Scheme 1. Determination of the Onset Potential of the
Voltammogram in the Positive Direction (Epos) and the
Onset Potential of the Voltammogram in the Negative
Direction (Eneg) to Identify the Potential Window of the
NPOE/Water NanoITIESa

aDefinitions are shown for the baseline current (ibase), the capacitive
current (ic), the positive (ipos) and negative (ineg) onset currents, and
the positive (Epos) and negative (Eneg) onset potentials.
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The defined parameters used in the simulation are presented
in Table S1. With TBA+ in both phases of the nanoITIES as in
Cell 1, both iing and ieg can be measured from the cyclic
voltammogram. iing was measured as the current in the flat
region (diffusion limited) in the negative potential region of
the voltammogram. ieg was measured as the current in the flat
region (diffusion limited) in the positive potential region of the
voltammogram. The experimentally obtained voltammograms
are discussed further in the section “Kinetics Study of Ion
Transfer at the NPOE/Water NanoITIES.” To increase the
accuracy of measuring iing and ieg, the current deviation from
zero inherent to the potentiostat was evaluated by measuring
the current across a 100,000 MΩ resistor at 0 V and
subtracting that current from the collected current data. The
theoretical voltammogram was simulated using eq 1 where all
the parameters were determined based on eqs 2−9. α and k0

were determined with a detailed procedure in the Supporting
Information. The values that provided good fits were used to
determine the averages and standard deviations of α and k0.
Limit of Detection Determination. The limit of

detection (LOD) of ACh in ASW was calculated based on
the method described in the Quantitative Chemical Analysis
textbook, using the equation:99

s
o

LOD
3=

(10)

In eq 10, s equals the standard deviation of the current
measured from three replicate scans of the background ASW
solution at the potential corresponding to the diffusion-limited
current and o is the slope of the plot of the concentration of
ACh versus the diffusion-limited current.4

■ RESULTS AND DISCUSSION
Evaluation of the Potential Window at the NPOE/

Water NanoITIES. To the best of our knowledge, the
potential window at the NPOE/water nanointerface (Cell 2)
has not been quantitatively reported before. The potential
window and the associated values of Epos and Eneg are crucial
parameters to know because they provide information about
whether an analyte is likely to be detected by a given electrode.
We quantified this potential window using the process
described in the section “Determination of the Positive
Direction Onset Potential and the Negative Direction Onset
Potential for Potential Window Analysis” and illustrated in
Scheme 1 using the cyclic voltammograms in Figure 1A. Epos
and Eneg were standardized against the experimentally
measured half wave transfer potential of TBA (E1/2, TBA) to
give Epos vs TBA = 0.260 ± 0.036 V and Eneg vs TBA = −0.400 ±
0.020 V, respectively. The difference in Epos vs TBA and
Eneg vs TBA was reported as a potential window of 0.660 ±
0.035 V. The values of Epos vs TBA, Eneg vs TBA, and the potential
window are summarized in Table 1. These reported values
were obtained by averaging the calculated values of Epos vs TBA,
Eneg vs TBA, and the potential window from ASW background
cyclic voltammograms obtained using four different electrodes.
Direct comparison of Epos vs TBA, Eneg vs TBA, and the potential

window of the NPOE/water nanoITIES with other studies at
the NPOE/water liquid/liquid interface is difficult because
results in the literature have only reported NPOE/water
liquid/liquid interfaces on the macro- or microscale. In
addition, these studies used different supporting electrolytes
in their oil phases than the 0.1 M TDDATFAB we used and
had different ions in their aqueous phases than those present in

ASW.33,34,36−39,43−46,100,101 Thus, we compared the potential
window of the NPOE/water nanoITIES (Cell 2) to that of the
DCE/water nanoITIES (Cell 3), considering that the DCE/
water nanoITIES has been established as a powerful platform
for detecting cholinergic transmitters from living neurons.31

The results are presented in Figure 1A (NPOE/water) and 1B
(DCE/water). The same quantification as with the NPOE/
water interface was performed for the DCE/water interface,
yielding Epos vs TBA = 0.023 ± 0.049 V, Eneg vs TBA = −0.534 ±
0.068 V, and a potential window of 0.556 ± 0.055 V. The
NPOE/water nanoITIES appears to have a slightly larger
potential window (0.660 ± 0.035 V) compared to that of the
DCE/water nanoITIES (0.556 ± 0.055 V). In addition, the
Epos vs TBA and Eneg vs TBA at the NPOE/water nanoITIES were
more positive than the Epos vs TBA and Eneg vs TBA at the DCE/
water nanoITIES. This difference suggests that the NPOE/
water nanoITIES will be more advantageous than DCE for
detecting ions that transfer at more positive potentials.
Cell 2

Pt 0.1 M TDDATFAB (electrolyte) NPOE ASW AgCl

Ag

| + |

|

Cell 3

Pt 5 mM TDDATFAB (electrolyte) DCE ASW AgCl Ag| + || | |

Detection of Acetylcholine at the NPOE/Water
NanoITIES. Once the well-defined potential window was

Figure 1. Potential window determination at the NPOE/water
nanoITIES and the DCE/water nanoITIES. Cyclic voltammograms of
the ASW background before (black) and after (blue) the addition of
∼1 mM TBA+ at the (A) NPOE/water nanoITIES and (B) DCE/
water nanoITIES.

Table 1. Epos vs TBA, Eneg vs TBA, and the Potential Window for
the NPOE/Water NanoITIES (Cell 2)

Epos vs TBA/V Eneg vs TBA/V potential window/V

0.260 ± 0.036 (N = 4) −0.400 ± 0.020 (N = 4) 0.660 ± 0.035 (N = 4)
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observed, we demonstrated, for the first time at the nanoscale,
the detection of an analyte at the NPOE/water ITIES, using
ACh as an example. We used the setup shown in Figure 2, and

the procedures described in the section “Determination of
Half-Wave Transfer Potentials” for this detection. Concen-
tration-dependent detection of ACh was achieved at the
NPOE/water nanoITIES using both CV and i−t amperometry.
The cyclic voltammograms (Figure 3A) were observed to be
sigmoidal, as expected for nanoelectrodes.92 We determined

ACh to have an E1/2 of −0.342 ± 0.009 V versus E1/2, TBA at
the NPOE/water interface. Previously, ACh was determined to
have an E1/2 of −0.11 V for its transfer from ASW solution to
DCE relative to the E1/2 of tetraethylammonium.94

These voltammograms also showed an expected linear trend
of increasing current with increasing concentration of ACh. We
obtained the diffusion-limited currents from the voltammo-
grams as described in the section “Determination of Half-Wave
Transfer Potentials” and plotted them versus the concentration
of ACh in ASW (Figure S1A) to confirm that the increase in
current with increasing concentration of ACh was linear. The
resulting plot showed a strong linear relationship based on the
R2 value of 0.993, confirming the linear detection of ACh at the
NPOE/water nanoITIES. The LOD for ACh detection was
calculated to be 37.1 ± 1.5 μM at an electrode with a radius of
∼127 nm. Electrode radius was determined by averaging three
separate radii calculations using three different methods (1)
the TBA+ diffusion-limited current, (2) the slope of the
calibration curve constructed based on the diffusion-limited
current of ACh, and (3) the average of all the radii calculated
from the diffusion-limited current of each individual ACh
concentration.3−5,29

Because CV yielded a linear relationship between the current
and concentration of ACh, a similar linear relationship would
be expected to be obtained with i−t amperometry.
Amperometry data were collected as described in the section
“Determination of Half-Wave Transfer Potentials”, and the
amperomograms (Figure 3B), like the cyclic voltammograms,
showed the expected linear trend of increasing current with
increasing concentrations of ACh. To confirm the linearity of
the amperometric relationship between the current and
concentration of ACh, the average currents from the last 30
s of the amperomograms were plotted versus the ACh
concentration in ASW (Figure S1B). The resulting plot, as
with the plot obtained using CV data, showed a strong linear
relationship based on an R2 value of 0.996. Another important
observation from these amperomograms was that the current
at each concentration of ACh reached a stable state, showing
that amperometry data obtained at the NPOE/water nano-
ITIES could be used to quantify the concentration of ACh,
which is a crucial characteristic to applying the NPOE-based
nanoITIES platform to cellular studies.

Kinetics Study of Ion Transfer at the NPOE/Water
NanoITIES. We used CV to determine the kinetics of ion
transfer, specifically of TBA+, at the NPOE/water nanoITIES,
based on well-established methods by the Mirkin and
Amemiya groups.95,98,102 The detailed procedures were
described in the section “Determination of Ion Transfer
Kinetics Parameters.” Briefly, using eqs 1−9, theoretical
voltammograms were generated to fit the experimental data
by varying α and k0. Figure 4 contains three overlaid
experimental and theoretical voltammograms for the ingress
and egress of TBA+ transfer across the NPOE/water
nanoITIES. The experimental forward wave was plotted as
the solid red curve, and the theoretical forward wave curve
fitting was plotted as the dashed black curve. The determined
mean and standard deviation of α and k0 are included in each
plot. For an electrode with a radius of ∼215 nm (as
determined from CV), α was calculated to be 0.49 ± 0.02
and k0 was calculated to be 0.014 ± 0.002 cm/s.
Here, we compare the kinetics of TBA+ transfer between

NPOE/water nanoITIES and DCE/water nanoITIES electro-
des. According to the slow interfacial diffusion model (k0 = Di/

Figure 2. Experimental configuration for detection of acetylcholine at
the NPOE/water nanoITIES. Inset: SEM image of a nanopipette with
the approximate radius.

Figure 3. In vitro concentration-dependent acetylcholine (ACh)
detection using CV (A) and i−t amperometry (B) at the NPOE/
water nanoITIES. The concentrations of ACh were increased from 0
to 3 mM. i−t data were collected at diffusion-limited potentials of
−0.33 V (ASW background), −0.32 V (0.25 mM ACh), −0.32 V (0.5
mM ACh), −0.32 V (1 mM ACh), −0.34 V (2 mM ACh), and −0.38
V (3 mM ACh).
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Δx, where Di is the ion’s diffusion coefficient in the boundary
layer and Δx is the thickness of the boundary layer),103,104 the
k0 at the NPOE/water nanoITIES is expected to be smaller
than that at the DCE/water nanoITIES based on the proposed
decrease in k0 with increasing solvent viscosity (smaller
Di).

2,29,30 Matching this theoretical prediction, the exper-
imentally determined k0 value for TBA+ transfer at the NPOE/
water nanoITIES was smaller than the k0 at the DCE/water
nanoITIES,16,29 but the k0 value at the NPOE/water
nanoITIES was lower than predicted by the interfacial
diffusion model. However, other factors likely play a role in
explaining the smaller than expected k0 at the NPOE/water
nanoITIES. The radii of the nanoelectrodes in this study are
larger than those of the nanoelectrodes in the study using DCE
by a factor of ∼3.5−14.4;29 thus, the difference in kinetics
parameters cannot be solely attributed to solvent viscosity. As

shown by the equation m0 = Di/ri, where m0 is the mass-
transport coefficient and ri is the effective radius of the
nanoelectrode,105,106 the use of larger nanoelectrodes in this
study would decrease the mass-transport rate of TBA+ relative
to the study of the kinetics of TBA+ transfer at the DCE/water
nanoITIES supported by smaller nanopipettes. The kinetics
may also be altered by differences in the solvation energy of
TBA+ for the transfer from water to NPOE compared to
DCE.26,28,107 This difference would be an extension of the ion-
transfer theory proposed by Marcus suggesting that ion-
transfer reactions involve an initial desolvation from the first
liquid phase followed by concerted solvation into the second
liquid phase.28 Because the solubility of NPOE in water is
much smaller than the solubility of DCE in water,37,108−110 the
solvation energy would be different for the transfer of TBA+

from water to NPOE versus the transfer of TBA+ from water to
DCE.

■ CONCLUSIONS

We have developed NPOE/water nanoITIES electrodes for
the quantitative and qualitative detection of ACh, to the best of
our knowledge, for the first time. Sigmoidal cyclic voltammo-
grams were observed at the NPOE/water nanoITIES, and the
potential window was found to be slightly larger than that of
the DCE/water nanoITIES, by ∼0.104 ± 0.065 V. In addition,
the potential window at the NPOE/water nanoITIES is shifted
to a more positive potential by ∼0.186 ± 0.073 V versus the
potential window at the DCE/water nanoITIES, so the
NPOE/water nanoITIES can potentially detect analytes that
are difficult to detect at the DCE/water nanoITIES. Linear
detection of ACh was observed using both CV and i−t
amperometry. A kinetics study showed that ion transfer at the
NPOE/water nanoITIES is rather fast despite the high
viscosity of NPOE. Overall, this study lays the foundation
for future cellular studies and other applications of analytical
sensing with NPOE/water nanoITIES.
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