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An electrochemical method for measuring acetylcholinesterase (AChE) activity was developed using
nortropine-N-oxyl (NNO), an organocatalyst. The increase in catalytic current as NNO oxidizes choline
allowed real-time monitoring of the AChE hydrolysis reaction. Compared to conventional H,O,-based
sensors, this method eliminates one reaction step, enabling more direct and real-time monitoring of
enzymatic activity. Amperometric measurements enable AChE activity determination over a range of 50—
2000 U L™ and the limit of detection and limit of quantification in the low concentration range were
calculated to be 14.1 U L™ and 46.9 U L™, respectively, with a correlation coefficient (R?) of 0.9989.
These results demonstrate that serum cholinesterase measurement using this method can be utilized for

various diagnoses, such as liver and heart diseases. Furthermore, given the relevance of AChE in
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neurotoxicity evaluation, diagnosis of neurological disorders such as Alzheimer's disease,

environmental toxicity monitoring, this method has diverse potential applications. Moreover, this

DOI: 10.1039/d5ra04585a approach can be extended to other enzymatic reactions, indicating its promise for various analytical and
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Introduction

Nitroxyl radical compounds, represented by 2,2,6,6-tetra-
methylpiperidine 1-oxyl (TEMPO), have been used widely in
various fields, including as oxidizing agents, battery materials,
radical labeling agents, and fluorescent probes.'™ In particular,
TEMPO has been utilized in the field of electrochemistry as
a catalyst for the electrochemical oxidation of organic
compounds.>® Since the observed oxidation current is propor-
tional to the concentration of the substrate, it has been
demonstrated that TEMPO can be used as an analytical probe
for electrochemical sensing of alcohols and other compounds
containing hydroxy groups.”® However, the application of
catalytic reactions using TEMPO is limited, nitroxyl radical
compounds more reactive than TEMPO have been explored.®**
We previously developed and reported the applicability of nor-
tropine-N-oxyl (NNO), a highly active nitroxyl radical
compound.’®*® NNO is capable of catalytically oxidizing mole-
cules containing hydroxy or amino groups under physiological
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conditions. By monitoring the resulting catalytic current,
compounds possessing these functional groups, such as
glucose and pharmaceuticals, can be sensed
electrochemically.’**® Although this was difficult to achieve
with TEMPO, it was made possible by two properties of NNO:
the steric effect of reduced steric hindrance around the active
site of the reaction provided by the bicyclo skeleton and the
electronic effect of the intramolecular electron-withdrawing
groups, which enable efficient alcohol oxidation.”**

While NNO has the versatility to catalytically oxidize various
compounds, its high reactivity makes it unsuitable for the
selective detection of specific targets. To overcome this limita-
tion, we combined an enzyme reaction with high substrate
specificity and NNO-mediated catalytic oxidation to achieve
selective quantification of target compounds.* Specifically, we
developed a highly sensitive and facile electrochemical detec-
tion method for triglycerides using only NNO and lipase as the
enzyme. Conventional triglyceride sensors typically require
three different enzymes; however, in this study, the reaction
proceeds with lipase alone, enabling reduced cost and simpli-
fied operation.

In recent years, electrochemical sensing methods for enzyme
activity measurement have been investigated.>*** However,
many of these methods rely on sensors that detect hydrogen
peroxide (H,O,) generated as a product of enzymatic reactions.
As aresult, they are not suitable for reaction systems that do not

© 2025 The Author(s). Published by the Royal Society of Chemistry
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produce H,O, and often require multiple reaction steps to
generate H,0,, which presents a significant limitation (see
below). In contrast, electrochemical approaches using NNO
allow the direct oxidation of substrates or products of enzymatic
reactions to produce a current signal. This strategy effectively
overcomes the limitations of conventional methods and
provides a more direct and versatile solution for enzyme activity
measurement.

In this study, we report the application of this method for the
measurement of acetylcholinesterase (AChE, EC 3.1.1.7)
activity. AChE is an essential enzyme that hydrolyzes the
neurotransmitter acetylcholine, thereby terminating nerve
signal transmission.”*** Therefore, the measurement of AChE
activity is crucial for understanding and assessing normal
neurological function. For example, in neurodegenerative
diseases such as Alzheimer's disease, therapeutic strategies aim
to inhibit the degradation of acetylcholine to slow the
progression of symptoms. Hence, the quantification of AChE
activity is indispensable for evaluating the efficacy of AChE
inhibitors and monitoring disease progression.**** In addition,
AChE is irreversibly inhibited by organophosphorus and
carbamate pesticides, as well as nerve agents such as sarin. As
such, AChE activity measurement is used in toxicity assessment
and diagnosis of poisoning.”® Furthermore, biosensors that
detect AChE inhibition have been developed for identifying
residual pesticides and neurotoxic substances in the environ-
ment, and are being applied to food and water safety assess-
ment.>””® AChE is also a target in pharmaceutical development,
and the measured activity is a fundamental and important
parameter for the screening of new AChE inhibitors for
dementia treatments or insecticides, as well as for structure—
activity relationship studies. Thus, AChE activity assays have
been actively investigated due to their significant relevance
across diverse fields such as neuroscience, drug development,
toxicology, and environmental analysis.***°

In conventional electrochemical methods for evaluating
AChE activity, the change in current is detected by the oxidation
or reduction of hydrogen peroxide generated through reactions
(1) and (2) at the electrode surface.***

Acetylcholine — (AChE) — choline + acetic acid (1)
Choline + O, — (ChOx) — betaine + H,O, (2)

However, conventional methods face the drawback of
requiring multiple enzymes that are expensive and unsuitable
for long-term storage. The method proposed in this study
addresses this issue. As shown in Fig. 1, acetylcholine is
hydrolyzed by AChE into choline and acetic acid. The resulting
choline is then non-enzymatically oxidized by NNO, and the
oxidation current generated in this process increases propor-
tionally to the choline concentration. This current response can
be used as an indicator of AChE activity. In other words, this
method enables a simpler and faster evaluation of AChE activity
than conventional techniques by using only AChE as the
enzyme and detecting the produced choline electrochemically
via the stable organic molecular catalyst NNO.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Principle of AChE activity measurement.

Experimental
Materials

NNO was synthesized in a single step from nortropine accord-
ing to a previously reported method.” Nortropine was
purchased from Tokyo Kasei, AChE (from Electrophorus elec-
tricus, Type VI-S, lyophilized powder, 200-1000 units per mg
protein) from Sigma-Aldrich, acetylcholine chloride (=98%)
from FUJIFILM Wako Chemicals, and choline chloride (=98%)
from Nacalai Tesque. All other reagents used for synthesis were
commercially available and used as received.

Apparatus and methods

Amperometric measurements were conducted using an
electrochemical analyzer (ALS model 440C, BAS, Tokyo, Japan).
The measurements were conducted at 37 °C with stirring in
a Water-Jacketed glass cell (20 mL, BAS, Tokyo, Japan) consist-
ing of a glassy carbon working electrode (diameter: 3 mm),
a platinum wire counter electrode, and an Ag/AgCl reference
electrode (3 mol L™ " NaCl). Amperometric measurements were
carried out in 10 mL phosphate buffer (100 mM, pH 7.4), and
the applied potential was set to +0.6 V vs. Ag/AgCl, based on the
standard redox potential of NNO (+0.53 V vs. Ag/AgCl), to ensure
sufficient electrochemical oxidation of NNO." The difference in
current (AJ) before and after the addition of substrate or enzyme
was used as the analytical parameter.

Calculation of LOD and LOQ

The limit of detection (LOD) and limit of quantification (LOQ)
were calculated using eqn (3) and (4), respectively.*

LoD = 3¢ 3)
m
LOQZIOXU (4)

m

The symbol ¢ represents the standard deviation of noise at
+0.6 V vs. Ag/AgCl in amperometry measurements, and m
denotes the slope of the calibration curve.
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Results and discussion

The effect of NNO concentration on the choline detection was
investigated using amperometry. The results of the comparison
of anodic current values for 0.1-100 mM choline chloride
solutions with 1, 5, and 10 mM NNO are shown in Fig. 2. As seen
in Fig. 2A, the anodic current increased stepwise with
increasing choline chloride concentration for all NNO concen-
trations. Upon addition of 100 mM choline chloride, the
measured current values were 191.2, 640.8, and 703.9 pA for 1,
5, and 10 mM NNO, respectively, indicating that the current
value increased with NNO concentration. Furthermore, as
shown in Fig. 2B, when the change in current from that for the
blank (AI) was used as the index of evaluation, the AJ values for
100 mM choline chloride were 165.4, 416.6, and 403.7 pA for 1,
5, and 10 mM NNO, respectively, demonstrating that the
response tended to saturate at NNO concentrations above
5 mM. (Note: since NNO itself is electrochemically oxidized at
the electrode, the blank current increases with NNO concen-
tration.) In contrast, using 1 mM NNO, even at low choline
chloride concentrations (1-10 mM), the Al values ranged from
12.9 to 63.6 pA, showing a sufficiently wide response range with
good reproducibility, with a standard deviation of less than 4.5
pA. From multiple measurements in the absence of choline, ¢ at
NNO concentrations of 1, 5, and 10 mM were calculated to be
5.82 x 1077, 3.90 x 107% and 5.51 x 10 ° A, respectively.
Similarly, the slope m were determined to be 7.58 x 107, 2.26
x 1072, and 1.85 x 10" > AM ', respectively (Fig. 2B). Therefore,
at NNO concentrations of 1, 5, and 10 mM, the LOD 0.23, 0.52,
and 0.89 mM, the LOQ 0.77, 1.73, and 2.98 mM were calculated,
respectively.

The progression of the enzymatic reaction was investigated
using amperometry. As shown in Fig. 3, measurements were
conducted in 100 mM phosphate buffer (pH 7.4) containing
1 mM NNO, and the following were added individually at 300 s:
(a) 10 mM choline chloride, (b) 10 mM acetylcholine chloride,
(c) 500 U L™ AChE, and (d) 10 mM acetylcholine chloride and
500 U L' AChE. Upon addition of choline chloride alone,
a sharp increase in current was observed (Al = 55.0 pA). As
shown in Fig. 2, this catalytic current is attributed to the
oxidation of the hydroxy group of choline by NNO, indicating

that this oxidation reaction proceeds rapidly under
A 100 B
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800 Concentration of 50 l 500 _f=6,gg7+22,53i R=0.9959
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Fig. 2 (A) Amperometric responses obtained using various concen-

trations of NNO (1 mM: black; 5 mM: blue; 10 mM: red) toward
sequential additions of choline chloride at +0.6 V vs. Ag/AgCl in
100 mM phosphate buffer (pH 7.4). (B) Plots of current increase (A/)
versus choline concentration (n = 3, mean + SD).
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Fig.3 Amperometric responses obtained upon the addition of various
analytes at 300 s into a 100 mM phosphate buffer (pH 7.4) containing
1 mM NNO. The applied potential was +0.6 V vs. Ag/AgCL. (a) Choline
chloride (10 mM), black; (b) acetylcholine chloride (10 mM), blue; (c)
AChE (500 U L™, green; (d) acetylcholine chloride (10 mM) and AChE
(500 U L™, red.

amperometric conditions. Therefore, this oxidation is not the
rate-limiting step in the enzymatic activity measurement per-
formed in this study. In contrast, when either acetylcholine
chloride or AChE was added individually, no significant change
in current was observed, confirming that no direct catalytic
oxidation by NNO occurs under these conditions. Furthermore,
when both acetylcholine chloride and AChE were added
simultaneously, the current gradually increased over time,
with a AI of 8.2 pA at 1 min after addition, reaching 31.2 pA
at 10 min. These results suggest that choline generated by
the hydrolysis of acetylcholine by AChE was rapidly oxidized
by NNO. Taken together, these findings demonstrate that
the increase in current observed under the condition
where acetylcholine chloride and AChE were added together
serves as a reliable indicator of the progress of the enzymatic
reaction.

Next, the optimal concentration of acetylcholine chloride for
enzyme activity measurement was investigated. Amperometric
measurements were performed using an electrolyte solution
containing 1 mM NNO and 1000 U L' AChE, and the change in
current was monitored following the addition of acetylcholine
chloride (0.1-10 mM) at 300 s (Fig. 4). When acetylcholine
chloride was added at concentrations of 3 mM or higher,
a sharp increase in current was observed immediately after
addition, and the initial response profile was similar across
these concentrations. This suggests that the enzyme was already
saturated with substrate at the early stage of the reaction, and
that the reaction proceeded near the maximum enzymatic rate
(Vimax)- In contrast, under lower substrate concentrations (e.g.,
0.1-0.5 mM), the current reached a plateau around 39.3 pA, and
the increase in current ceased within a short period. This is
likely due to the rapid consumption of the substrate by the
enzyme over time, preventing maintenance of a substrate
concentration sufficient to reach V;,,,. Based on these findings,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Amperometric responses obtained upon addition (at 300 s) of
varying concentrations of acetylcholine chloride (0.1-10 mM) to
a phosphate buffer (100 mM, pH 7.4) containing 1 mM NNO and 1000
U L~ AChE. The applied potential was +0.6 V vs. Ag/AgClL

to ensure an adequate substrate supply and stable measure-
ment of enzyme activity, the concentration of acetylcholine
chloride was set at 10 mM for subsequent experiments.

Based on the results obtained thus far, it was confirmed that
the progress of the enzymatic reaction can be evaluated from
current values using NNO-based amperometry. Therefore, the
measurement of AChE activity was performed using this system.
Fig. 5 shows the amperometric responses obtained after adding
10 mM acetylcholine chloride at 300 s to electrolyte solutions
containing 1 mM NNO and varying concentrations of AChE (30,
50, 100, 300, 500, 1000 and 2000 U L™ ). Following the addition
of acetylcholine, an increase in current was observed under all
conditions; however, both the rate of increase and the final
current value (after 1 hour) were dependent on AChE concen-
tration. For example, the final current values at 1000 U L™ and
500 U L™' AChE were 84.3 pA and 70.9 pA, respectively, indi-
cating that higher AChE concentrations resulted in a faster
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Fig. 5 Amperometric responses obtained after the addition of
acetylcholine chloride (10 mM) at 300 s to electrolyte solutions con-
taining 1 mM NNO and varying concentrations of AChE (30, 50, 100,
300, 500, 1000, and 2000 U L™Y. Measurements were performed at
+0.6 V vs. Ag/AgClin 100 mM phosphate buffer (pH 7.4).
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current rise and higher final values. In contrast, at lower AChE
concentrations (30-100 U L"), the current increase was rela-
tively small and often obscured by background noise from the
intrinsic oxidation of NNO, making it difficult to observe a clear
current response proportional to enzyme activity. When using
higher AChE concentrations (300 U L™* and above), sufficiently
distinguishable differences in current were observed, suggest-
ing that AChE activity can be reliably measured within this
range.

Although current changes dependent on enzyme activity
were observed, significant variations were not obtained in the
low activity range below 300 U L. Therefore, we thought that
reducing the concentration of NNO and decreasing its own
current value would allow for more distinct signal detection in
the low activity range. To test this, the same experiment was
conducted using 0.1 mM NNO (Fig. 6). As a result, clear differ-
ences in both the initial current rise and final current values
were observed in the AChE activity range of 50-300 U L™". At
60 min after acetylcholine addition, the current values for AChE
concentrations of 50, 100, and 300 U L™ were 4.6, 5.3, and
7.0 pA, respectively, showing a stepwise increase corresponding
to the increase in enzyme activity. A clear, activity-dependent
current response was successfully obtained. In particular,
significant increases in current were observed even under
low activity conditions such as 50 U L™ " and 100 U L™, indi-
cating that sufficient sensitivity and reproducibility were
maintained even at 0.1 mM NNO. These findings further
confirm that the oxidation of choline chloride by NNO is not
the rate-limiting step, and that the observed current reflects
the progress of the enzymatic reaction driven by AChE. This
method was demonstrated to be capable of quantitatively
tracking the enzymatic reaction even in the low-activity range
below 300 U L', suggesting its potential application for
monitoring in clinical diagnostics and pharmacological
evaluations.

By lowering the concentration of NNO, significant current
changes were obtained even in the AChE activity range below
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Fig. 6 Amperometric responses obtained after the addition of
acetylcholine chloride (10 mM) at 300 s to electrolyte solutions con-
taining 0.1 mM NNO and various concentrations of AChE (50, 100,
200, 300, 500, 1000, 1500, and 2000 U L™Y). Measurements were
performed at +0.6 V vs. Ag/AgClin 100 mM phosphate buffer (pH 7.4).
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300 U L ", Based on this, calibration curves for AChE activity
were constructed using the current values at 10 and 60 min after
acetylcholine addition from Fig. 6 (Fig. 7). When the current at
10 min after acetylcholine addition was used as the index,
a good linear relationship (R* = 0.9988) was observed within the
AChE activity range of 100-2000 U L' (Fig. 7A). In contrast,
when using the current at 60 min as the index, good linearity (R*
= 0.9982) was observed for AChE activity only below 200 U L™"
(Fig. 7B). At higher concentrations of AChE, the current tended
to plateau, and the linear relationship between current and
enzyme activity broke down. This is likely due to the rapid
hydrolysis of acetylcholine for high enzyme activity, which
caused the substrate concentration to drop below the level
required to maintain Vj,.x after a certain time. These results
demonstrate that by adjusting the measurement time according
to the target activity range, accurate quantification of AChE
activity over a wide dynamic range is possible. Specifically,
using the current at 10 min as the index resulted in excellent
linearity over a broad range of enzyme activity, while using the
60-min current value allowed precise measurement in the low-
activity region.

Similarly, another approach to plotting the initial slope (for
1 min after acetylcholine chloride addition) of the current versus
time curve (Fig. 6) was considered, and this method provided
a superior calibration curve for AChE concentration in the range
of 50-2000 U L ™" (Fig. 8). In this method, ¢ was calculated to be
7.23 x 10~% A and the slope m was determined to be 8.56 x
107" A s7' U L. Therefore, the LOD and the LOQ were
calculated to be 422.3 UL~ " and 1407.7 U L™}, respectively. This
method showed low sensitivity due to high noise caused by
stirring of the electrolyte. However, at levels below 300 U L™,
a linear increase in current values was observed even after
10 min following the addition of acetylcholine chloride. In
addition, a similar linear increase was observed up to 30 min
after the addition of acetylcholine at 50 U L™". Therefore, when
the slope was calculated based on the current values over
a period of 30 min, the LOD and the LOQ were calculated to be
14.1 U L' and 46.9 U L7, respectively. These results suffi-
ciently cover the range of serum cholinesterase activity
measurements for diagnosis of liver disease and assessment of
mortality risk due to COVID-19 pneumonia.***® Therefore, this
measurement method is considered a rapid and simple
approach for evaluating AChE activity.

B
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Fig. 7 Calibration curves plotting the current increase (Al) versus
AChE activity at (A) 10 min and (B) 60 min after the addition of 10 mM
acetylcholine chloride, other conditions as in Fig. 6 (n = 3, mean + SD).
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Fig. 8 Calibration curves plotting the initial slope (for 1 min after
acetylcholine chloride addition) of the current versus time curve in
Fig. 6 versus AChE activity, other conditions as in Fig. 6 (n = 3, mean +
SD).

Conclusions

In this study, the activity of acetylcholinesterase (AChE) was
measured using an amperometric method based on the use of
nortropine-N-oxyl (NNO) as an organocatalyst, and the utility of
this approach was evaluated. First, it was confirmed that NNO
promotes the electrochemical oxidation of choline chloride,
and based on this property, it was demonstrated that the
hydrolysis of acetylcholine by AChE could be monitored in real
time. Measurements performed at varying AChE concentrations
showed that the current value increased in proportion to
enzyme activity, yielding a good linear relationship. These
results suggest that this method is suitable for quantifying
a broad range of AChE activities. While traditional methods for
measuring AChE activity mainly rely on colorimetric or fluoro-
metric techniques, the present method offers the advantages of
rapid and simple evaluation through electrochemical
measurement. Moreover, this approach is applicable to a variety
of enzymatic reactions involving the formation or loss of
hydroxy and amino groups, and is expected to be developed in
the future.
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