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Abstract

This is the first report of conducting proof-of-concept study for amperometric acetyltransferase-based L-carnitine sensor
by employing the thiol/disulfide exchange reaction. The carnitine acetyltransferase (CrAT) catalyzes the reaction between
acetyl-CoA and L-carnitine to produce CoA which is difficult to detect directly by electrochemical methods owing to steric
hindrance and electrostatic effect of CoA. The thiol/disulfide exchange reaction between CoA and cystamine was mediated
in the enzymatic reaction to produce electrochemically detectable low molecular weight of cationic cysteamine. The sensor
exhibited high sensitivity and selectivity for L-carnitine in the concentration range 0.28-50 uM with a limit of detection of

0.28 uM. This is a promising strategy for L-carnitine sensing in point-of-care testing applications.
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Introduction

Carnitine, a quaternary ammonium antioxidant and anti-
inflammatory compound derived from amino acids [1, 2], is
mainly distributed in the digestive tract and liver. Carnitine
exists in the mitochondria in the cells and plays a role in con-
verting long-chain fatty acids such as visceral fat in the body
into physiological energy (adenosine tri-phosphate, ATP, for
example). In addition, carnitine reacts with acyl compounds,
which are a toxin in the body, to produce carnitine esters,
which can be excreted from the cells and out of the body in
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the urine [3]. About 75% of the carnitine in the body comes
from the diet, and the remaining 25% is produced as a by-
product of lysine and methionine synthesis in the liver and
kidneys. A decrease in the amount of carnitine in the body
causes the symptoms of carnitine deficiency, which can trig-
ger various diseases. For example, metabolic encephalopa-
thy, lipid storage myopathy, and cardiomyopathy are typical
medical conditions [4, 5]. Therefore, the measurement of
carnitine in human body fluids is important for the diagnosis
and treatment of various medical conditions.

One of the representative and quantitative analytical
methods for carnitine is the radioisotope determination
method (RI) [6, 7]. However, despite its high sensitiv-
ity and reliability, RI requires specialized knowledge and
a complicated analytical procedure. In addition, carnitine
measurement by RI is not covered by insurance. Another
analytical method for carnitine is colorimetric analysis
using Ellman’s reagent [8—10]. The measurement process is
simple, but desktop-size spectrometry is required for quan-
titative measurement of the change in carnitine-derived
absorbance. Recently, an ion-sensitive field-effect transistor
(ISFET)-based enzyme sensor has been developed for carni-
tine measurement [11]. Carnitine acetyltransferase (CrAT)
catalyzes the reversible reaction between acetyl co-enzyme
A (acetyl-CoA) and L-carnitine to produce acetyl-L-carnitine
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and free CoA [12-14]. CoA is a thiol compound that can
cause pH changes in the vicinity of enzymes immobilized
on the pH-sensitive gate electrode of ISFET. However, most
physiological solutions have a pH-buffering effect, which
decreases the sensitivity of pH-sensitive ISFETs.

Previously, our research group developed a CrAT-based
electrochemical biosensor using cathodic stripping voltam-
metry (CSV) for the highly sensitive and selective detec-
tion of carnitine [15]. High sensitivity was achieved by
pre-concentration of CoA, a product of the enzymatic reac-
tion between carnitine and acetyl-CoA, on a gold electrode
for detection by CSV. However, the measurement process
included a change in the measurement solution for pre-con-
centration of CoA to a basic KOH solution, which has the
optimum pH for CSV. Since the measurement processes of
these analytical methods are complicated with expensive Au
electrode needed, it is still challenging to develop a highly
sensitive carnitine sensor with a simple process.

In this study, we propose an amperometric CrAT-based
electrochemical carnitine sensor. In this sensor, CoA gener-
ated by the enzymatic reaction between carnitine and acetyl-
CoA is detected in real-time by simply applying a constant
voltage to the sensor electrode. The sensor electrode is a
carbon electrode modified with Prussian blue (PB, iron(III)
hexacyanoferrate(Il)), which is known as a candidate redox
mediator for the direct oxidation of thiol compounds at
relatively low potentials [16]. However, it has been sug-
gested that the sensitivity of thiol compounds such as CoA
is extremely low as a result of large steric hindrance and the
electrostatic repulsive force between hexacyanoferrate and
the negative charge of CoA [17]. In this study, we propose a
new reaction scheme in which CoA produced by the enzy-
matic reaction is converted into a low-molecular-weight thiol
by a thiol/disulfide exchange reaction [16—19]. Three kinds
of disulfide compounds were selected, based on their sizes
and charges, and the magnitudes of the current responses
were compared. Finally, the electrochemical characteristics
of amperometric carnitine sensing were evaluated using the
selected disulfide compounds. In our knowledge, this is the
first report to investigate the effect of disulfides on ampero-
metric detection of L-carnitine employing thiol/disulfide
exchange reaction.

Experimental

Reagents

2-Aminoethanethiol hydrochloride (cysteamine), acetyl co-
enzyme A trilithium salt, p-glucose, and creatine monohy-
drate were purchased from Fujifilm Wako Pure Chemicals.

2-Mercaptoethanol, cystamine dihydrochloride, and L-car-
nitine hydrochloride were purchased from Tokyo Chemical
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Industry Co., Ltd. 2-nitro-5-thiobenzoic acid (TNB) was
purchased from Biovision. 5,5'-Dithiobis(2-nitrobenzoic
acid) (DTNB) was purchased from Nacalai Tesque. Carni-
tine acetyltransferase from pigeon muscle (CrAT; <50 units/
mg) was purchased from Sigma-Aldrich. The buffer used in
all experiments was phosphate-buffered saline (PBS) solu-
tion with the composition of 1.5 mM KH,PO;, 2.7 mM KCl,
8.1 mM Na,HPO,, 136.9 mM NaCl (pH 7.4).

Fabrication of the PB-modified electrode

The electrode pattern, which was composed of an active area
(3 X 5 mm) connected to the lead pattern (1 mm width,
30 mm length), was fabricated by thermal deposition of
gold through a stencil mask on a polyethylene naphthalate
(PEN) film substrate (125 um in thickness, Teijin DuPont
Films). PB carbon paste (C2070424P2, SunChemical) was
painted on the active area, followed by baking for 30 min at
60 °C. A fluoropolymer (5 wt%, Teflon AF1600, DuPont)
was applied to the lead pattern and dried on a hot plate for
15 min at 30 °C.

Electrochemical measurements

All electrochemical measurements, cyclic voltammetry (CV)
and amperometry, were conducted in the PBS measurement
solution containing additives, using an electrochemical ana-
lyzer (ALS 612E, BAS Inc.). The PB-modified electrode, Pt-
coiled wire, and NaCl-saturated Ag/AgCl electrode (RE-1B,
BAS Inc.) were used as the working, counter, and reference
electrodes, respectively. For CV measurements, the scan
rate was set to 20 mV s~!. All amperometry measurements
were conducted by applying a constant potential of +0.2 V
at time =0 until the end of the measurement while stirring
the measurement solution at 300 rpm.

Results and discussion

Figure 1 shows the detection scheme of the enzyme-based
amperometric carnitine sensor. CrAT catalyzes the reaction
between L-carnitine and acetyl-CoA to produce CoA and
acetyl-L-carnitine. The CoA produced reduces PB immobi-
lized on the carbon electrode to form Prussian white (PW).
Finally, PW is electrochemically oxidized by a carbon-based
working electrode. These sequential reactions generate an
amperometric response at the working electrode, depend-
ing on the concentration of carnitine (Fig. 1a). On the other
hand, as described in “Introduction”, it is difficult to oxidize
CoA directly on the PB-modified electrode because of steric
hindrance and the electrostatic repulsive force caused by the
negative charge of CoA [17]. Therefore, we investigated the
use of a thiol/disulfide exchange reaction [16—19] to convert
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Fig. 1 Schematic view of the (a)
enzymatic reaction and elec-
trochemical detection CrAT on
the PB-modified electrode. a, b
Enzymatic and electrochemical
reaction without (a) and via the
thiol/disulfide exchange reaction
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Fig.2 Experimental setup and the electrochemical characterization
of the PB-modified electrode. a Structure of the PB-modified carbon
working electrode b Setup for CV and chronoamperometry using the
PB-modified electrode. ¢ CVs detected by the PB-modified electrode
before and after the addition of 10 mM cysteamine or 10 mM CoA.
d Chronoamperometric responses for the addition of three kinds of
thiols

CoA to a low molecular weight, neutral or cationic thiol
compound (Fig. 1b).

First, electrochemical detection of the three thiol com-
pounds was investigated using the PB-modified electrode
(Fig. 2a). Figure 2b shows the setup for cyclic voltammetry
(CV) and chronoamperometry. These electrochemical meas-
urements were conducted in a three-electrode configuration:
the PB-modified electrode, a Pt coil electrode, and a NaCl-
saturated Ag/AgCl electrode as the working, counter, and ref-
erence electrodes, respectively. The CVs for the PB-modified

electrode were detected in phosphate-buffered saline (PBS)
solution (pH 7.4) before and after adding a candidate thiol
compound. The candidate thiol compounds were cysteam-
ine, 2-mercaptoethanol, and 5-mercapto-2-nitrobenzoic acid
(TNB), all of which were chosen as low-molecular-weight and
highly reactive cationic thiols. Figure 2¢ shows the CVs for
the PB-modified electrode before (black line) and after the
addition of 10 mM CoA (blue line) or 10 mM cysteamine
(red line). High concentration of CoA and cysteamine were
added to the PBS to show clear difference among CVs. The
potential was scanned in the direction from —0.5 to+0.5 V
vs. Ag/AgCl. Before the addition of CoA or cysteamine, clear
redox peak currents were obtained at+0.15 and+0.05 V vs.
Ag/AgCl for the following electrochemical reaction [20-23]:

The CV for CoA in PBS was almost same as that of in
PBS, suggesting insensitivity of the PB-modified electrode
against CoA. On the other hand, in the CV for cysteamine
in PBS, the oxidation current increased while the reduction
current decreased. The chemical reaction between PB and
cysteamine is as follows:

PB + cysteamine — PW + cystamine

This chemical reaction increased the amount of PW,
resulting in an increase in the oxidation peak current for
PW. Decrease in the reduction current for PB indicted the
fast reproduction of PW by this chemical reaction, result-
ing in decreasing the amount of PB. Based on these results,
the oxidation potential for PW in chronoamperometry was
set to be +0.2 V. Figure 2d shows the chronoamperometric
responses for three types of thiols: cysteamine, 2-mercaptoe-
thanol, and TNB. A constant electric potential of +0.2 V was
applied at time =0 s, and the thiols were added at =300 s
to achieve a final concentration of 100 uM. The oxidation
currents sharply increased immediately after the addition
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of the thiols. The magnitude of the change in the oxidation
current increased in the order cysteamine > 2-mercaptoetha-
nol>TNB. The reason for this tendency is probably because
cysteamine is a small molecular size and positively charged
compound than the other thiols [16].

The thiol/disulfide exchange reaction between CoA and
the three-candidate disulfide compounds derived from the
thiols studied in Fig. 2 was then evaluated by chronoamper-
ometry, using the setup shown in Fig. 3a. CoA and the
disulfide were added to the measurement solution to final
concentrations of 100 uM at time =270 and 300 s, moni-
toring the amperometric current at+0.2 V. The following
reaction is considered to proceed in PBS:

CoA + R’SSR’ 2 CoASSR’ + R'SH

Following this reaction, the three-candidate disulfide
compounds, cystamine, bis(2-hydroxyethyl) disulfide,
and 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB), produce
cysteamine, 2-mercaptoethanol, and TNB, respectively.
R'SH reduces PB at the working electrode, resulting in an
increase in the oxidation current for PW. Figure 3b shows
the chronoamperometric responses of CoA-reacted cysta-
mine, bis(2-hydroxyethyl) disulfide, and DTNB. The current
response increased after the addition of CoA and cystamine.
In contrast, almost no current responses were obtained for
bis (2-hydroxyethyl) disulfide or DTNB. These results sug-
gest that cystamine, which can produce cysteamine via a
chemical reaction with CoA, is a suitable disulfide for the
thiol/disulfide exchange reaction-based electrochemical sen-
sor. In the following study, we used cystamine for the elec-
trochemical characterization of an enzyme-based carnitine
Sensor.
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Fig.3 Comparison of electrochemical responses against three kinds
of disulfide compounds. a Setup of the electrochemical detection of
the thiol/disulfide exchange reaction. b Chronoamperometric reac-
tions for the sequential addition of CoA and three kinds of disulfide
compounds
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The enzymatic reaction between L-carnitine and acetyl-
CoA using CrAT was electrochemically detected via a thiol/
disulfide exchange reaction using cystamine. Figure 4a
shows the setup for the electrochemical measurement of the
enzymatic reaction in the PBS measurement solution. Acetyl
CoA (100 uM), CrAT (0.1 units), and cystamine (100 uM)
were added to the PBS prior to L-carnitine injection. A con-
stant electric potential of + 0.2 V was applied at time t=0's,
and concentrated L-carnitine was added at 300 s to give final
concentrations of 10, 25, or 50 uM. Figure 4b shows the
chronoamperometric responses for these concentrations of
L-carnitine. The current responses increased in a concen-
tration-dependent manner after the addition of L-carnitine.
However, in the absence of cystamine, almost no current
response was observed. These results suggest that the thiol/
disulfide exchange reaction is effective in amplifying the
amperometric current response of the PB-modified enzy-
matic L-carnitine sensor.

Figure 5 shows the relationship between L-carnitine
concentration and current response. Two types of relation-
ships were compared: one is for the rate of current change
immediately after the addition of L-carnitine (Fig. 5a,
which we call the initial-rate method), and the other is for
the change in oxidation current 1500 s after the addition of
L-carnitine (Fig. 5b, which we call the endpoint method).
In both graphs, the response increased with an increase in
L-carnitine concentration up to 50 uM, where it reached a
maximum. This is thought to be due to a lack of substrate
because the final concentrations of CoA and disulfide were
set to 100 uM. Another reason for the decrease in current
response at 100 uM is that CrAT catalyzed the reverse reac-
tion of enzymatically produced acetyl-L-carnitine and free
CoA as follows:
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Fig.4 Electrochemical responses against different concentrations of
L-carnitine. a Setup for the electrochemical detection of an enzymatic
reaction in PBS containing 100 uM acetyl-CoA, 0.1 units of CrAT,
and 100 uM cystamine. b Chronoamperometric responses of the
PB-modified electrode for the addition of different concentrations of
L-carnitine in the absence (gray line*) and presence (colored lines) of
cystamine
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Fig.5 Calibration curves of the L-carnitine sensor. a, b Calibration
curve of the initial-rate method (a) and the endpoint method (b)

L-carnitine + Acetyl CoA 2 CoA + Acetyl-L-carnitine

As L-carnitine concentration increased, the concen-
tration of enzymatic reaction product (CoA and Acetyl-
L-carnitine) increased, followed by occurring the reverse
reaction to decrease the current response. The linear range
of the calibration curve in Fig. 5a extended from 3.21 to
50 uM, where the linear regression equation was y=0.019x
—0.045 (R*=0.98). The linear range of the calibration curve
in Fig. 5b was from 0.28 to 50 pM, and the linear regres-
sion equation was y=0.0088x+0.0071 (R*=0.96). The
limit of detection (LOD) was calculated using the formula
LOD=3.3 xSD/slope, where SD is the standard deviation of
the measurements [24], and found to be 3.2 uM from Fig. 5a
and 0.28 uM from Fig. 5b. Quantifying L-carnitine using the
initial-rate method has the advantage of rapid assay time,
but the sensitivity is relatively low, probably because the
chemical and enzymatic reactions had not proceeded suf-
ficiently at the initial stage. On the other hand, the endpoint
method showed a lower LOD than that of the initial-rate
method, probably because the chemical and enzymatic reac-
tions reached sufficient equilibrium, while sacrificing the
short assay time. It is necessary to select one of these two
calibration curves, depending on the application of the sen-
sor. Note that increasing the concentration of substrates for
CrAT (Acetyl CoA and cysteamine) may have possibility to
improve the sensitivity and linear range of the calibration
curve. Optimizing the concentration of these substrates will
be an important issue in the future study.

The selectivity of the L-carnitine sensor was evaluated
using the setup shown in Fig. 6a. Acetyl CoA (100 uM),
CrAT (0.1 units), and cystamine (100 uM) were added to
PBS. A constant electric potential of +0.2 V was applied
at time r=0 s, and the concentrated L-carnitine or four typi-
cal interferences in saliva as a model bodily fluid (p-glu-
cose, urea, creatinine, and uric acid, that have been used to
assess the selectivity of sensors for saliva [15]) were added
at r=300 s to a final concentration of 50 pM. Our previ-
ous study has shown that L-carnitine may have possibility
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Fig.6 Evaluation of the sensor selectivity against the typical inter-
ferences. a Experimental setup. b Chronoamperometric responses
against L-carnitine and interferences

to be a biomarker for screening oral cancer risk [25] and
therefore we designed this experiment. Previous reports have
shown that the concentrations of b-glucose, urea, creatine,
and uric acid contained in saliva are 110.17 +£101.84 uM,
7.56+3.93 uM, 11.45+11.16 pM, 199 +27 uM, respec-
tively [26—-29]. Almost no current response was obtained
for four interferences other than L-carnitine (Fig. 6b). This is
thought to reflect the high selectivity of the enzyme toward
L-carnitine.

Conclusions

In this study, we developed an amperometric enzyme-based
L-carnitine sensor employing a thiol/disulfide exchange
reaction. We found that the low-molecular-weight cationic
thiol cystamine was suitable for highly sensitive, thiol/
disulfide exchange reaction-based amperometric detection
of L-carnitine. The detection limit of the present carnitine
sensor using the endpoint method was 0.28 uM in the linear
range from 0.28 to 50 uM with the help of the thiol/disulfide
exchange reaction of cystamine. However, it is still challeng-
ing to improve the sensitivity without sacrificing the sensor
response speed for point-of-care-testing applications of the
present sensor. We believe that electrode surface modifica-
tion with CrAT enzyme will be a promising strategy for this
purpose in future studies.
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