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Abstract 

A novel amperometric biosensor for choline determination has been developed, exploiting the 

electrocatalytic properties of multiwalled carbon nanotubes (MWCNT) and gold 

nanoparticles (GNP). Chitosan (Chit), a natural biocompatible polymer, was used to disperse 

CNT, then Chit-MWCNT was dropped on the surface of a glassy carbon electrode (GCE), 

followed by GNP; finally, choline oxidase (ChOx) was immobilized by glutaraldehyde 

crosslinking. The ChOx/(GNP)4/MWCNT/GCE exhibited linear response to choline from 3 to 

120 µM, the sensitivity was 204 µA cm
-2

 mM
-1

 and the detection limit was 0.6 μM. The 

biosensor exhibited good intra and inter-electrode precision, and excellent selectivity and 

stability. Electrochemical impedance spectroscopy (EIS) was also used to measure choline at 

0.0 V and this is the first report on choline determination by EIS. Successful measurement in 

milk samples was performed. 
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1. Introduction 

Choline is a vital nutrient [1], required for many physiological purposes. It is a precursor of 

the neurotransmitter acetylcholine, which is involved in memory and muscle control [2], it is 

a major source of methyl groups via its metabolite, betaine [3], and it is important in the 

synthesis of some essential phospholipids that provide structure to cell membranes and 

facilitate transmembrane signalling [4]. Therefore, the quantitative determination of choline is 

important in clinical analysis, especially in the early diagnosis of brain disorders such as 

Alzheimer’s and Parkinson’s diseases [5]. Among the different methods available for choline 

Glassy Carbon Electrode
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detection, amperometric biosensors based on choline oxidase (ChOx) present advantages such 

as simplicity, reliability, rapid response, high sensitivity and low cost [6]. The physical and 

chemical properties of the materials used in the construction of biosensors have a significant 

influence on their performance. Different configurations have been used for choline 

biosensors including redox mediators [6-8], conducting polymers [1], carbon nanotubes [9-

11], graphene [12], nanoparticles [13], and their combinations [12,14-16]. In most of the cases 

the measurement is based on the amperometric detection of hydrogen peroxide (H2O2), a side 

product of the choline oxidase catalysed reaction; H2O2 reacts either directly with the redox 

mediator [6-8,10], or its reaction is catalysed by a second enzyme, horseradish peroxidase, in 

order to increase the signal [12,17]. Nevertheless, there are also reports of direct electronic 

communication between ChOx and electrodes [11,18]. 

The inclusion of carbon nanotubes, usually multiwalled carbon nanotubes (MWCNT) in 

enzyme-based biosensors has attracted the attention of many researchers due to their unique 

physical and chemical properties, which provide high surface area for enzyme loading and a 

compatible micro-environment; their ability to promote electron transfer between the 

biomolecules and the electrode surface has been extensively studied [19-21]. Gold 

nanoparticles (GNP) are one of the most extensively studied and used metal nanoparticles in 

amperometric biosensors, owing to their stable physical and chemical properties, catalytic 

activity, due to their small size [21-23]. A mixture of MWCNT and GNP has been shown to 

be an effective approach to enhance the properties of biosensors [19,24-26]. Only two 

configurations comprising both MWCNT and GNP together with ChOx were found in the 

literature [27,28], one of them additionally containing poly(diallyldimethylammonium 

chloride) (PDDA) [28]. 

Electrochemical impedance spectroscopy (EIS) is a rapidly developing technique for the 

study of sensing events at the surface of the electrodes and is widely used in different fields, 
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e.g. [29-31]. Faradaic impedimetric systems are based on measuring the charge transfer 

resistance of a redox probe at electrode interface. Impedance detection has been found to be 

sensitive, rapid and with low detection limit. Moreover, the measurement does not have any 

specific prerequisites (e.g., labels or electroactive moieties in the molecule) [31]. 

Impedimetric determination of acetylcholine has been performed [32]; however, choline 

determination by EIS has not been previously reported. 

The aim of this work was to develop a novel electrochemical biosensor for the quantitative 

detection of choline. For this purpose, a comprehensive investigation of choline oxidation at 

the enzyme-modified electrode was carried out by amperometric and impedimetric methods at 

different applied potentials. Experimental parameters were optimized and the amperometric 

performance compared with other choline biosensors. Different electrode architectures were 

investigated by fixed potential amperometry and EIS for choline determination. This study 

presents the first impedimetric electrochemical detection of choline with nanostructured 

enzyme modified electrodes and shows good response at 0.0 V vs Ag/AgCl. 

 

 

 

2. Experimental 

2.1 Reagents  

Choline oxidase (ChOx, from Alcaligenes sp., 14 U/mg), choline chloride, chitosan (Chit) of 

low molecular weight with a degree of deacetylation of 80 %, bovine serum albumin (BSA), 

glutaraldehyde (GA, 25% v/v in water) and gold (III) chloride hydrate were acquired from 

Sigma Aldrich. Multi-walled carbon nanotubes (MWCNT) with ~95% purity, 30±10 nm 

diameter and 1-5 µm length were from Nanolab, U.S.A. Sodium chloride (NaCl), sodium 

hydrogenphosphate and sodium dihydrogenphosphate (Na2HPO4 and NaH2PO4) were from 

Riedel-de-Haën and trisodium citrate, was obtained from Merck. Sodium phosphate buffer 
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saline (NaPBS) obtained by adding 0.05 M NaCl to 0.1 M phosphate buffer (0.1 M Na2HPO4/ 

NaH2PO4) was used in all studies. 

All solutions were prepared with Millipore MilliQ ultrapure water (resistivity > 18 MΩ cm) 

and experiments were performed at room temperature (25 ± 1 ºC). 

 

2.2. Apparatus and measurements 

The electrochemical amperometric experiments were performed using an Ivium CompactStat 

potentiostat (Ivium Technologies). EIS experiments were carried out with a 

potentiostat/galvanostat/ZRA (Gamry Instruments, Reference 600). A root mean square (rms) 

perturbation of 10 mV was applied over the frequency range 65 kHz – 0.1 Hz, with 10 

frequency values per frequency decade and ZView 2.4 software (Solartron Analytical, UK), 

was used to fit the spectra to equivalent electrical circuits.  

All electrochemical measurements were carried out at room temperature in a conventional 

three-electrode cell containing a bare or modified glassy carbon electrode (GCE) (EDAQ, 

ET074-3 Glassy Carbon Disk Electrode), with a diameter of 1 mm, as working electrode, a 

platinum wire as auxiliary electrode and a Ag/AgCl (3 M KCl) electrode (Metrohm-Autolab) 

as reference.  

Transmission electron microscopy (TEM) images were recorded using a JEOL JEM-1230.  

UV-Vis spectra were recorded using a SHIMADZU UV-VIS recording spectrophotometer 

(UV-2401PC). 

 

2.3. Preparation of carbon nanotubes (MWCNT) in chitosan solution 

The MWCNT were purified and functionalised as previously reported [33] by treating with 5 

M HNO3 for 24 h in order to introduce COOH groups at the end and side wall defects of the 

nanotube structure [34]. The solution was then filtered and washed with Milli-Q nanopure 
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water until neutral and finally dried in an oven overnight. A 0.2 % MWCNT solution was 

prepared by dispersing 1 mg of functionalised MWCNT in 500 µL of a 1 % chitosan solution, 

previously dissolved in a 1 % acetic acid aqueous solution, and then sonicated for 2 h to 

ensure complete dissolution and a homogeneous mixture. There is formation of bonds 

between the amino groups of chitosan and the carboxylic groups of the MWCNT, as 

described in [33]. 

 

2.4. Preparation of gold nanoparticles (GNP) 

GNP were prepared by modifying a previously described procedure [35]. A volume of 400 µL 

of 40 mM HAuCl4 solution was added to 50 mL of distilled water to prepare a 0.01% (w/v) 

solution. The solution was heated until boiling, then 2 mL of 1% (w/v) trisodium citrate was 

added rapidly under vigorous stirring. The colour changed from pale yellow to nearly red. The 

reaction solution was cooled at room temperature and stored at 4 
o
C. The concentration of the 

prepared stock solution of GNP was 63 mg L
-1

. 
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2.5. Preparation of the modified electrodes 

Before each modification, the GCE was polished with alumina slurry. The electrodes were 

then thoroughly rinsed with ultrapure water and allowed to dry at room temperature. The 

MWCNT/GCE were prepared by casting 1 µL of 0.2 % MWCNT in chitosan solution on the 

surface of the GCE and leaving to dry at room temperature. For GNP/MWCNT/GCE, 2 or 4 

drops of 1 µL of GNP were successively added on top of the MWCNT/GCE and allowed to 

dry after each drop, ca. 30 min. In this way, (GNP)2/MWCNT/GCE or 

(GNP)4/MWCNT/GCE were formed. Graphene-modified electrodes were also prepared by 

using 1 µL of either 1.0 % graphene oxide (GO) – GO/GCE or 1.0 % reduced graphene (RG) 

– RG/GCE. Finally, 1 µL of enzyme solution containing BSA and ChOx was dropped on the 

surface of the modified electrodes and immediately 1 µL of GA (2.5%) as cross-linking agent 

between enzyme and BSA, enzyme and chitosan or between two enzyme molecules [33], was 

added and left to react at room temperature. The schematic biosensor configuration is 

illustrated in Figure 1. In order to optimize the ChOx concentration, the enzyme solutions 

were prepared by dissolving different amounts from 10 to 50 mg/mL of ChOx in 0.1 M 

NaPBS, pH 8.5. For all modifications, the amount of BSA was maintained constant at 40 mg 

mL
−1

. The modified electrodes were immersed in 0.1 M NaPBS (pH=8.5) and stored at 4 
o
C 

overnight. 

 

 

3. Results and discussion 

3.1. TEM and UV characterization of nanostructures 

The nanostructured films formed on the GCE substrate were first characterized by 

transmission electron microscopy (TEM) and UV-Vis spectrophotometry, Figure 2. 
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TEM images of MWCNT, Fig.2a1, clearly show the characteristic bundles of these 

nanostructures with diameter 15-25 nm. In the case of GNP, spherical shapes were observed 

and the diameter was calculated as 13.9 ± 0.4 nm, Fig. 2a2. TEM was also able to show the 

distribution of GNP on the surface of the MWCNT. The image in Fig. 2a3 shows that GNP 

are attached to the ends or to the sidewalls of MWCNT; free nanoparticles are also observed. 

UV-Vis spectra, Fig. 2B, show two absorption peaks at 252 and 520 nm, which are 

characteristic of GNP. For MWCNT, a sharp peak at 218 nm and a shoulder at 296 nm 

appear. With the addition of GNP to MWCNT the absorption maxima for MWCNT are 

maintained, but the peak at 252 nm disappeared and the one at 520 nm decreased in intensity, 

reflecting the attachment of nanoparticles to the nanotubes. 

 

3.2. Optimization of the amperometric experimental conditions 

Different parameters were investigated in order to optimise the electrochemical response of 

the ChOx/(GNP)4/MWCNT/GCE biosensor to choline by fixed potential amperometry. These 

included applied potential, enzyme concentration and pH of the supporting electrolyte. 

3.2.1. Influence of potential 

The influence of operating potential on the performance of ChOx/(GNP)4/MWCNT/GCE was 

investigated in 0.1 M NaPBS, pH 8.5. The response to 33 µM choline was tested at different 

potentials between -0.6 and +0.4 V vs. Ag/AgCl, see Fig. 3A. The response increased from  

-0.6 to -0.5 V and then decreased for less negative potentials; between 0.0 and +0.4 V the 

response remained almost constant. As a compromise between the highest response and 

possible response to interferents, a value of -0.3 V was chosen as the working potential for 

further study. 
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3.2.2. Influence of ChOx concentration 

The enzyme concentration can greatly influence the biosensor response. In order to optimise 

the response to choline, ChOx/(GNP)4/MWCNT/GCE biosensors were prepared containing 

different ChOx loadings, from 10 to 50 mg mL
−1

, while the concentrations of GA and BSA 

were fixed at 2.5% (v/v) and 40 mg mL
-1

, respectively. The biosensor sensitivity was 

calculated from slope of the calibration curve, obtained from the amperometric response to 

choline. The dependence of the sensitivity on enzyme loading is shown in Fig. 3B. It can be 

clearly seen that the sensitivity of the biosensor improved as the amount of ChOx was 

increased up to 30 mg mL
−1

, when the highest response was obtained. Increasing enzyme 

loading above this concentration decreased the sensitivity, probably because of steric 

hindrance of the enzyme. 

3.2.3. Influence of pH 

The effect of the pH of the buffer solution on the amperometric response of the 

ChOx/(GNP)4/MWCNT/GCE biosensor to 20 µM choline was studied over the range from 

pH 6.0 to 9.0 in 0.1 M NaPBS. The response was studied at two different applied potentials:  

-0.3 and +0.4 V, Fig. 3C and the behaviour was similar. The current response increased with 

increasing pH from 6.0 to 8.5, where the highest amperometric response was obtained, then 

decreased at pH 9.0. The optimum pH value obtained here is in agreement with that specified 

by the supplier of the enzyme, and as was previously found for native and immobilised ChOx 

from Alcaligenes sp. in [36]. 

 

3.3. Analytical performance 

Different biosensor configurations were tested, including enzyme with nanotubes, 

nanoparticles, reduced graphene, graphene oxide and with combinations of nanotubes and 

nanoparticles and the response to choline investigated. Calibration curves are illustrated in 
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Fig. 4 for an applied potential of -0.3 V and the analytical parameters are presented in Table 

1. There was no response at the electrode modified with reduced graphene and the response at 

the graphene oxide based biosensor exhibited the lowest sensitivity, this electrode responding 

only for choline concentrations higher than 100 µM. The highest sensitivity and the lowest 

detection limit was achieved with the biosensor containing both nanotubes and nanoparticles, 

ChOx/(GNP)4/MWCNT/GCE. This biosensor exhibited a linear response to choline from 3-

120 µM with a sensitivity of 204 µA cm
-2

 mM
-1

 and the limit of detection (LoD) calculated as 

3xSD/slope was 0.6 µM. 

A comparison of the analytical parameters of the fabricated biosensor with other choline 

biosensors in the literature having similar configurations reported is presented in Table 2. 

There are only two biosensors with higher sensitivity [10,38]; however, in [38] a more 

negative potential of -0.5 V was applied, and in [10] the architecture is more complex. The 

proposed biosensor uses a less negative applied potential (-0.3 V) than other choline 

biosensors [11,18,38]. The detection limit is not as low as in [16,38], but compares well with 

others achieved by nanostructured biosensors [10,28,37] and is lower than in [11,35] and 

particularly 25-fold lower than that obtained with a similar architecture with gold 

nanoparticles and carbon nanotubes [27]. 

The relative standard deviation (RSD) for intra-electrode measurements was calculated by 

measuring the response to 20 µM choline using the same electrode 5 consecutive times, and 

the value was 1.2 %. The RSD for inter-electrode assays was also calculated, using 3 different 

electrodes prepared in the same way; and the value was 2.3 %. 

 

3.4. Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) has become increasingly used for 

characterisation of electrochemical sensors and biosensors, e.g. [30,31]. The small-amplitude 
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perturbation signal makes EIS an excellent tool for indicating changes in the electrical 

properties of the receptor layer and obtaining information about the ion transport mechanism 

and characteristics of the electrode interface [39,40]. EIS has been previously used to 

characterise different stages of electrode modification for choline biosensors [16,37]. 

However, to our knowledge, there is no report on choline determination by electrochemical 

impedance spectroscopy. 

Impedance spectra were recorded at all the electrode configurations developed, namely 

ChOx/GO/GCE, ChOx/RG/GCE, ChOx/GNP/GCE, ChOx/MWCNT/GCE and 

ChOx/GNP/MWCNT/GCE in 0.1 M NaPBS buffer, pH 8.5, at 0.0 V vs Ag/AgCl, Fig. 5A. 

The spectra obtained are similar, consisting in two semicircles, one in the high frequency 

region, due to the electrode-modifier film interface and the other for low frequencies, ascribed 

to the modifier layer-electrolyte interface. All spectra were modelled with the same electrical 

circuit, Fig. 5B, consisting in a cell resistance, RΩ, in series with 2 parallel combinations each 

consisting of a constant phase element, CPE, and a resistance, R. The CPE is modelled as a 

non-ideal capacitor according to the relation CPE = −1/(Ciω)
α
, where C is the capacitance 

(describing the charge separation at the interface), ω is the angular frequency and α is the 

CPE exponent (due to non-uniformity and roughness of the surface and interfaces).  

Values of the fitted equivalent circuit parameters are given in Table 3. The value of RΩ was 

always ~2.7 Ω cm
2 

for all modified electrodes. The values of the capacitances C1 and C2 are 

higher at the electrodes with MWCNT and with MWCNT and GNP, indicating higher charge 

accumulation and better conductivity at these electrodes. The values of the charge transfer 

resistance, R2, are the lowest at the same electrodes, showing that the electrons are more 

easily exchanged for these configurations. 
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On adding different choline concentrations, the electrodes with reduced graphene exhibited no 

changes, showing that EIS cannot be used for choline determination in this case; for the other 

electrodes changes were observed. Due to the fact that the biosensor containing nanotubes and 

nanoparticles exhibited the lowest impedance value, ChOx/(GNP)4/MWCNT/GCE, this 

modified electrode was used for evaluating the possibility of choline determination by EIS. 

Spectra were recorded at different potentials: -0.4, 0.0 and +0.4 V. However, the most 

significant changes were obtained at 0.0 V and these spectra are shown in Fig. 6A. The values 

of the parameters obtained are shown in Table 4. The only values with significant changes 

were those for the resistance from the low frequency region, R2 as would be expected since 

this represents the interface that interacts with the analyte directly. No linear dependence was 

obtained if plotting the values of R2 versus choline concentration or logarithm of 

concentration. However, a linear calibration plot could be constructed by plotting the values 

of Zʺ versus logarithm of choline concentration at fixed frequency, chosen as 0.1 Hz, between 

1.0 and 500 µM, see Fig. 6B.  

The results obtained here clearly indicate that EIS can be used for choline determination and 

has the advantage of using a potential of 0.0 V vs Ag/AgCl, rather than the -0.3 V for fixed 

potential amperometry. Nevertheless, the logarithmic nature of the calibration plot illustrates 

its limitation to use as for semi-quantitative determinations. 

3.5. Storage stability 

To investigate the biosensor performance after storage, the amperometric response of the 

modified electrodes to 10 µM choline was tested twice per week, for ChOx/MWCNT/GCE 

and ChOx/(GNP)4/MWCNT/GCE. After one month, a 35 % drop in the response was 

observed for the electrode having only nanotubes, while the addition of nanoparticles greatly 

improved the stability, there being only a 7 % decrease. The electrodes developed here 
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exhibited better stability than most of the choline biosensors reported before [9,10,12,15-

17,28] where responses vary between 75.7 % and 90 % after the same tested period. Only two 

biosensors showed slightly improved stability, 95 % [7] and 94.5 % [37]; however, in [37] 

two enzymes were used for biosensor preparation: choline oxidase and acetylcholine esterase. 

 

3.6. Selectivity 

A great drawback of many biosensors in the literature [1,4,5,27] is the high overpotential 

required for H2O2 detection, at which many other electroactive substances in real samples 

(i.e., ascorbic acid, uric acid, etc.) are electrochemically oxidized, resulting in interfering 

signals. In order to solve this problem, several approaches have been employed to lower the 

oxidation potential of H2O2, such as adding horseradish peroxidase [12,17] or redox mediators 

[6,10,12]. The selectivity of the proposed biosensor was evaluated in the presence of some 

potential interfering compounds including ascorbic acid, uric acid, dopamine and 

acetaminophen. For this purpose, the amperometric response of the 

ChOx/(GNP)4/MWCNT/GCE was investigated by successive injection of equal 

concentrations, 10 µM, of choline and interferents. At +0.4 V all these interferents exhibited a 

high response; however, at -0.3 V there was no change in response from the interfering 

compounds, demonstrating the high selectivity of the choline biosensor at this applied 

potential. 

3.7. Application 

To demonstrate its feasibility with natural samples, application of the biosensor to the 

amperometric determination of choline in 3 different milk samples was performed. Each 

sample was injected separately into phosphate buffer (pH=8.5) and the concentration was 

determined using the standard addition method The results obtained as the average of four 
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different measurements for each sample were 0.49±0.15, 1.39±0.02 and 1.59±0.34 mM, in 

agreement with those found in other studies [41]. 
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4. Conclusions 

A sensitive and selective electrochemical biosensor for the detection of choline has been 

developed. The synergistic effect of MWCNT and GNP greatly improve the electrode 

performance. The sensor has been used for the quantitative detection of choline using 

amperometry and a wide linear range, good intra and inter-electrode precision, and high 

stability were obtained. The biosensor exhibited a lower detection limit for choline compared 

with similar biosensors reported in the literature and was used for the determination of choline 

in milk samples. Electrochemical impedance spectroscopy was successfully used for the first 

time for semi-quantitative choline detection at an applied potential of 0.0 V. 
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Figure captions 

Figure 1. Schematic diagram illustrating possible links formed after enzyme immobilisation 

at the electrode modified with MWCNT, chitosan and GNP. 
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Figure 2. (A) Transmission electron microscopy of (a1) MWCNT, (a2) GNP, (a3) 

MWCNT/GNP; (B) UV-Vis spectra of (───) MWCNT, (─·─·─) GNP and (-----) 

MWCNT/GNP. 

Figure 3. Effect of: (A) applied potential on the response to 33 µM choline; (B) ChOx 

concentration on the biosensor sensitivity at −0.3 V; (C) pH value on the response to 20 µM 

choline at ChOx/(GNP)4/MWCNT/GCE. (A) and (B) in 0.1 M NaPBS, pH 8.5. 

Figure 4. Calibration plot for choline amperometric determination in 0.1 M NaPBS, pH 8.5  

at -0.3 V for different biosensor configurations. 

Figure 5. (A) Complex plane impedance spectra for: (▲) ChOx/GNP/GCE,  

(○) ChOx/GO/GCE, (●) ChOx/RG/GCE, (∆) ChOx/MWCNT/GCE,  

(■) ChOx/GNP/MWCNT/GCE, at 0.0 V vs Ag/AgCl in 0.1 M NaPBS pH 8.5; (B) Equivalent 

electrical circuit used to fit the spectra. 

Figure 6. (A) Complex plane impedance spectra at ChOx/(GNP)4/MWCNT/GCE in 0.1 M 

NaPBS pH 8.5, with different choline concentrations from 1 to 500 µM; (B) Calibration plot 

of -Z
ʺ
 vs. logarithm of choline concentration at frequency 0.1 Hz. 
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Figure 1. Schematic diagram illustrating possible links formed after enzyme immobilisation 

at the electrode modified with MWCNT, chitosan and GNP. 
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Figure 2. (A) Transmission electron microscopy of (a1) MWCNT, (a2) GNP, (a3) 

MWCNT/GNP; (B) UV-Vis spectra of (───) MWCNT, (─·─·─) GNP and  (-----) 

MWCNT/GNP. 
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Figure 3. Effect of (A) applied potential on the response to 33 µM choline; (B) ChOx 

concentration on the biosensor sensitivity at −0.3 V; (C) pH value on the response to 20 µM 

choline at ChOx/(GNP)4/MWCNT/GCE. (A) and (B) in 0.1 M NaPBS, pH 8.5. 

  

10 20 30 40 50

0.0

0.1

0.2

0.3

 

 

S
e

n
s
it
iv

it
y
 /
 

A
 c

m
-2
 

M
-1

[ChOx] / mg mL
-1

(B)

6.0 6.5 7.0 7.5 8.0 8.5 9.0

0

1

2

3

4

5

 

 


j 
/ 

A

 c
m

-2

pH

 -0.3 V

 +0.4 V

(C)

-0.6 -0.4 -0.2 0.0 0.2 0.4
0

5

10

15

20

25

 

 


j 
/ 

A

 c
m

-2

E / V vs Ag/AgCl

(A)



24 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Calibration plot for choline amperometric determination in 0.1 M NaPBS, pH 8.5  

at -0.3 V for different biosensor configurations. 
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Figure 5. (A) Complex plane impedance spectra for: (▲) ChOx/GNP/GCE,  

(○) ChOx/GO/GCE, (●) ChOx/RG/GCE, (∆) ChOx/MWCNT/GCE, 

(■) ChOx/(GNP)4/MWCNT/GCE at 0.0 V vs Ag/AgCl in 0.1 M NaPBS pH 8.5; (B) 

Equivalent electrical circuit used to fit the spectra. 
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Figure 6. (A) Complex plane impedance spectra at ChOx/(GNP)4/MWCNT/GCE in 0.1 M 

NaPBS pH 8.5, with different choline concentrations from 1 to 500 µM; (B) Calibration curve 

of -Z
ʺ
 vs. logarithm of choline concentration at frequency 0.1 Hz. 
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Tables 

 

 

Table 1. Electroanalytical performance of different choline biosensors by  fixed-potential 

amperometry at - 0.3 V vs Ag/AgCl. 

LoD 

/ µM 

Sensitivity 

/ µA cm
-2

 mM
-1 

Linear range 

/ µM 

Modified electrode  

41 1.79 133-480 ChOx/GO/GCE 

4.2 16.7 3-90 ChOx/(GNP)2/GCE 

2.2 150
 

3-90 ChOx/MWCNT/GCE 

3.3 172 3-150 ChOx/(GNP)2/MWCNT/GCE 

0.6 204 3-120 ChOx/(GNP)4/MWCNT/GCE 

 

 

Table 2. Comparison of electroanalytical parameters of the proposed biosensor with other 

reported choline biosensors. 

 

Biosensor Potential 

/ V 

Buffer 

pH  

Linear 

range 

/ µM 

Sensitivity 

/ µA cm
-2

 

mM
-1

 

LoD 

/ µM 

Ref. 

ChOx/PDDA/PB-FePO4/GCE -0.05 (SCE) 8.0 2-3200 75.2 0.4 6 

ChOx/PB/SPE -0.05 (Ag-

SPE) 

7.4 0.5-100 110 0.5 7 

ChOx/PB/PtE 0.0 

(Ag/AgCl) 

7.4 0.5-100 88.6 0.5 8 

ChOx/MWCNT/PtE +0.16 

(Ag/AgCl) 

7.4 5-100 133 0.1 9 

ChOx/Ni-PB/MWCNT-IL//GCE -0.05 

(Ag/AgCl) 

7.4 0.45–

100 

345.4 0.45 10 

ChOx/IL/MWCNT/GCE -0.395 

(Ag/AgCl) 

7.0 6.9-670 82.5 2.7 11 

ChOx/HRP/Fc-CRGO/GCE -0.1 (SCE) 7.4 1-400 * 0.35 12 

ChOx/(CNT/PANI)5/(PANI)3/GCE +0.4 (SCE) 6.98 1-2000 1.39 0.3 15 
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ChOx-

AChE/MWCNT/ZrO2NP/GCE 

+0.15 

(Ag/AgCl) 

7.4 0.05–1 * 0.01 16 

ChOx/HRP-PHZ-CPE 0.0 

(Ag/AgCl) 

7.4 0.5-70 11.73 0.1 17 

ChOx/IL/NH2-MWCNT/GCE -0.45 

(Ag/AgCl) 

7.0 5-800 125.8 3.85 18 

ChOx/GNP/MWCNT/PtE +0.6 

(Ag/AgCl) 

8.0 50-800 * 15 27 

ChOx-PDDA-GNP-MWCNT/PtE +0.35 

(Ag/AgCl) 

7.6 1-500 183 0.3 28 

PDDA/ChOx/ZnO/MWCNT/PGE +0.4 

(Ag/AgCl) 

7.8 1-800 178 0.3 37 

ChOx/PBBI-Gs/Au -0.5 

(Ag/AgCl) 

6.4 0.1-830 494 0.02 38 

ChOx/(GNP)4/MWCNT/GCE -0.3 

(Ag/AgCl) 

8.5 3.3–120 204 0.6 This 

work 

 

LoD - limit of detection, ChOx - choline oxidase, AChE - acetylcholine esterase, HRP - horseradish peroxidase, 

PB - Prussian blue, PANI - polyaniline, PDDA - poly(diallyldimethylammonium), PHZ - phenothiazine, PBBI - 

poly(N-butyl benzimidazole), ZrO2NP - ZrO2 nanoparticle, GNP - gold nanoparticles, Fc - ferrocene, CRGO - 

chemically reduced graphene oxide, Gs - graphene sheets, IL - ionic liquid, NH2-MWCNT - aminofunctionalised 

MWCNT, CPE - carbon paste electrode, SPE - screen printed electrode, PtE - platinum electrode, GCE - glassy 

carbon electrode, PGE - pyrolytic graphite electrode, * - no electrode area provided 

 

 

Table 3. Values of equivalent circuit parameters from fitting of the impedance spectra in Fig. 

5A, for different electrode configurations  in 0.1 M NaPBS, pH 8.5 at 0.0 V vs. Ag/AgCl. 

Value of RΩ  ~2.7 Ω cm
2
. 

 

 C1 /  

mF cm
-2

 s
α-1

 

α1 R1 /  

Ω cm
2
 

C2 /  

mF cm
-2

 s
α-1

 

α2 R2 /  

kΩ cm
2
 

ChOx/GO/GCE 0.028 0.96 150 0.043 0.78 58.4 

ChOx/RG/GCE 1.19 0.64 410 1.10 0.68 0.004 

ChOx/(GNP)2/GCE 0.032 0.83 1575 0.029 0.84 23.7 

ChOx/MWCNT/GCE 7.23 0.67 36.8 2.80 0.92 2.49 

ChOx/(GNP)4/MWCNT/GCE 5.30 0.73 62.5 5.30 0.96 2.04 
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Table 4. Values of equivalent circuit parameters from fitting of the impedance spectra in Fig. 

6A for ChOx/(GNP)4/MWCNT/GCE  

in 0.1 M NaPBS, pH 8.5 at 0.0 V vs. Ag/AgCl. Value of RΩ  ~2.7 Ω cm
2
. 

 

 C1 /  

mF cm
-2

 s
α-1

 

α1 R1 /  

Ω cm
2
 

C2 /  

mF cm
-2

 s
α-1

 

α2 R2 /  

kΩ cm
2
 

Buffer  5.30 0.73 62.5 5.30 0.96 2.04 

+ 1 µM Choline 5.32 0.73 60.9 5.15 0.95 2.55 

+ 2 µM Choline 5.31 0.73 59.4 5.07 0.94 2.81 

+ 5 µM Choline 5.32 0.73 58.8 5.02 0.94 2.91 

+ 10 µM Choline 5.31 0.73 58.7 5.00 0.94 3.09 

+ 50 µM Choline 5.33 0.73 57.8 4.95 0.94 3.38 

+100 µM Choline 5.31 0.73 57.4 4.93 0.94 3.50 

+ 200 µM Choline 5.30 0.73 58.0 4.92 0.94 3.63 

+ 500 µM Choline 5.28 0.73 57.8 4.87 0.94 4.02 

 

 

 

 

Highlights 

 Novel amperometric biosensor for choline determination using choline oxidase 

 Biosensor architecture incorporates carbon nanotubes and gold nanoparticles 

 Linear response range up to 120 µM and detection limit 0.6 μM 

 Electrochemical impedance spectroscopy also used to measure choline  

Successful measurement of choline in milk samples  




