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Abstract 

In order to determine trace choline in human urine, a flow injection analysis (FIA) 

system has been developed by coupling of an enzyme reactor with an 

electrochemiluminescence (ECL) detector. The enzyme reactor is prepared by 

covalently immobilizing of choline oxidase (ChOx) onto the aminopropyl-controlled 

pore glass beads, which are then carefully packed into a micro column. The enzyme 

reactor catalyzes the production of hydrogen peroxide that is in direct proportion to the 

concentration of choline. In this study, the enzymatically produced hydrogen peroxide 

was detected by an ECL detector positioned at the down stream of enzyme reactor based 

on the luminol/H2O2 ECL system. Under the optimized condition, the enzymatic 

FIA/ECL provided high sensitivity for the determination of choline with the detection 

limit as low as 0.05 M (absolute detection limit was at sub pmol level). The method 

was successfully applied in the determination of choline in the samples of human urine, 

and the analytical results were in good agreement with those obtained by using the 

microbore HPLC with immobilized enzyme reactor-electrochemical detection system. 
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1. Induction 

Choline is classified as a water soluble essential nutrient which plays a vital role in 

maintaining the central nervous system and numerous metabolic functions. For example, 

it is a precursor of membrane and lipoprotein phospholipids and the neurotransmitter 

acetylcholine; and thus is important for the integrity of cell membranes, lipid 

metabolism, and cholinergic nerve function [1, 2]. The development a sensitive and 

rapid method for the determination of choline in biological fluids, such as plasma and 

urine, has become an important subject in the fields of biochemistry because it would 

certainly aid in studying the metabolism of this physiologically important substance [3, 

4]. Till now, there has been rare paper concerned with the development of a suitable 

method for the determination of free choline in the human urine.  

Choline is neither UV-absorbing nor electroactive. However, via an enzymatic 

reaction with choline oxidase (ChOx), choline is oxidized to betaine with the 

simultaneous production of hydrogen peroxide (H2O2), which can be easily detected by 

amperometric and photometric methods [5-10]. In particular, choline in biochemical and 

clinical applications is determined by HPLC separation techniques in many clinical 

laboratories [11-14]. Although these techniques provide high sensitivity, they are 

tedious and time-consuming. Compared with the HPLC separation techniques, flow 

injection analysis (FIA) offers many significant advantages such as rapidity, higher 

precision along with the cost-effectiveness. Nevertheless, the common biosensors suffer 

from the problem of poor stability caused by loss of enzyme from the sensing layer of 

electrode especially when were used in flow analysis detection systems. To improve the 

stability as well as the sensitivity, an immobilized enzyme reactors coupled with 
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amperometric has been described for choline determination since the enzyme reactor 

offer the advantages of higher substrate conversion efficiency and long-lived activity 

[15]. H2O2 released from the reactor can be detected with to a suitable detector placed in 

the downstream. Because the detection potentials for H2O2 were usually high (+0.7 ~ 

+0.9 V vs. SCE) at a Pt electrode [16], many substances such as ascorbic acid or uric 

acid in biological fluids can interfere with the measurements without the separation 

procedures. In order to rejecting the electroactive interferences, an alternative approach 

was proposed by use of Pt electrode modified with the electrosynthesized polymeric 

membrane [15].     

Electrochemiluminescence or electrogenerated chemiluminescence (ECL) is a kind 

of luminescence produced during electrochemical reactions in solutions [17]. Since ECL 

of luminol can be initiated by applying an appropriate positive potential to the working 

electrode in the presence of H2O2, the biosensors constructed with H2O2 producing 

enzymes could be measured by ECL principle. In previous study, Blum et al. 

successfully developed a various ECL biosensors using screen-printed electrodes and 

multifunctional biosensing chip [18-20]. It was shown that ECL measurements enable 

the achievement of high sensitive methods, free of the matrix interference, for the 

detection of glucose, lactate, choline and glutamate. The present study describes the 

application of enzyme reactor coupled with an ECL detector for rapid and sensitive 

determination of choline in a FIA system. The enzyme reactor used in this study was 

made from the aminopropyl-controlled pore glass (ACPG) beads on which ChOx was 

bonded by covalent reaction. It is converted to betaine with simultaneous formation of 

H2O2 by enzyme catalyzed reaction in the reactor, and the produced H2O2 is 

subsequently detected in an ECL flow cell positioned at the downstream of the reactor. 
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The method was shown to be sufficiently sensitive to determine the trace choline in 

human urine, and the analytical results were in good agreement with the data by HPLC.  

2. Experimental 

2.1 Chemicals 

3-Aminophthaloylhydrazine (luminol), 50 % choline chloride solution, choline 

oxidase (ChOx) (from alcaligenes species) were purchased from Wako Pure Chemical 

Industries, Ltd (Osaka, Japan). All other chemicals used in the present study were of 

analytical grade. Sample solutions were prepared by diluting the required amount of 

stock solution with 0.1 M phosphate buffer (PBS) before use. The pH of PBS was 

adjusted to a desired pH value with sodium hydroxide. 

2.2  Preparation of the enzyme immobilized reactor 

ChOx was covalently immobilized on ACPG beads (Sigma) by crosslinking with 

glutaraldehyde according to the scheme in Fig.1a. First, the ACPG beads (200 mg) were 

gently stirred in 2 mL, 2.5 % glutaraldehyde solution for 90 minutes at room 

temperature. The glutaraldehyde-treated ACPG beads were washed with 0.1 M PBS (pH 

8.0), and then transferred into 2 mL 0.1 M PBS containing about 100 units of ChOx. 

After the reaction for 24 hour at 4 C, the enzyme-immobilized beads were rinsed with 

0.1 M PBS, and then carefully packed into a reactor-column, with 2-mm in diameter 

and 10-mm in length. The construction of the reactor to be used in this experiment is 

schematically shown in Fig. 1b. The reactor was stored at 4 C when it was not in use.  

 

 

Here Fig.1 
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2.3  Apparatus and procedures 

The flow injection apparatus of a Shimadzu LC-10-ATVT serial dual plunger 

pump, a six-port Rheodyne injector valve fitted with a 10-L sample loop, and an ECL 

flow cell. The ECL cell was reconstructed from a commercial electrochemical flow cell 

(BAS Japan) with three-electrode set up. The working electrode was 6-mm diameter 

glassy carbon electrode shrouded in a PEEK block. The stainless steel tube outlet and 

Ag/AgCl electrode (RE-3V, BAS Japan) were used as counter electrode and reference 

electrode, respectively. In the flow cell, an optic fiber with core size of 1 mm was 

installed opposite to the surface of working electrode, as is shown in Fig.2. The light 

emission from the electrode surface was captured through the optic fiber using a 

H7468-01 photomultiplier tube (PMT) module (Hamamatsu Photonics, Japan), which 

was controlled by a notebook computer using a laboratory-written software package via 

RS-232C interface. Cyclic voltammetry and the potential control in ECL were 

performed with a model 800 electrochemical workstation (CH Instruments, Austin, TX, 

USA). The enzyme reactor was connected prior to the ECL flow cell. 0.1 M PBS (pH 

8.5) containing 50 M luminol was used as a carrier solution. The ECL-potential curves 

were measured with a micro ECL cell as we previously reported [21]. A silver wire was 

employed as quasi-reference electrode (Ag QRE) in the measurement. HPLC 

determinations were conducted with a semi-micro LC system using a LC-50 pump 

(BAS) and a Sepstick
TM

 microbore column (150 x 1 mm, 5 µm C18; BAS). The ChOx 

immobilized reactor was connected to the outlet of the analytical column. The 

enzymatically produced H2O2 was amperometric detected by an electrochemical 

detector at a platinum electrode. A detection potential of +0.65 V vs. Ag/AgCl was used. 
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All measurements were conducted at room temperature (22 - 23 
0
C).  

 

 

2.4 Preparation of urine samples 

Human urine samples were obtained from healthy volunteers in the laboratory. The 

urine was first diluted 1:10 in PBS (pH=8.5), and was transferred into a centrifugal 

filtrating tube (0.22-m pore size micro porous membrane, Ultrafree-MC, Millipore). 

After being centrifuged for 5 min at 3000 g, the filtrate was further passed through a 

glass column with 80 mm in length and 6 mm in diameter in which the Dowex 1 

anion-exchange resin was packed, to remove the interference, such as ascorbic acid. The 

filtrate was injected into the FIA system. To determine the recovery, amount of choline 

was spiked into the same sample prior to dilution.   

3. Results and discussion 

The ECL behavior of the luminol/H2O2 system was evaluated by cyclic 

voltammetry at a GC electrode. Figure 3a shows the cyclic voltammograms of 50 M
 

luminol (dashed line) and 50 M
 
luminol + H2O2 (solid line) in 0.1 M PBS (pH=8.5), 

respectively. The corresponding ECL intensity (Iecl) - potential profiles during the 

potential scan are shown in Fig.3b. The light emission was observed when the potential 

was scanned from 0 to +0.8 V, being the maximum at ca. +0.6 V vs. Ag QRE. ECL of 

luminol has been studied intensively and the light emission was thought to result from 

the oxidation of luminol to a radical, which reacts with a superoxide radical to form 

3-aminophthalate in an excited state [21].  

Here Fig.2 
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The effect of pH on the ECL intensity of luminol/H2O2 system was investigated 

over the pH range from 7.0 to 11.0. As can be seen in Fig.4a, the strongest ECL signal 

was observed around pH 9-10. On the other hand, the luminol ECL background 

(Iecl,background) was also increased with increasing of the pH value, and Iecl,background 

became considerable large when the pH was above 11.0 (Fig.4b). Figure 4c shows a plot 

of the normalized ECL intensity (Iecl,N) as function of pH value. Here, Iecl,N is defined as 

the ECL intensity ratio of signal to background (Iecl,N = Iecl / Iecl,background). Since Iecl,N 

reached maximum value around pH 8-9, the pH range was suggested to be the optimum 

condition for H2O2 detection. At pH 8.5, Iecl was proportional to the concentration of 

H2O2 in a range from 0 to10.0 M with a correlation coefficient of 0.998. Determining 

of an optimum pH in enzymatic FIA system is important because pH for ECL detection 

should match with that for ChOx enzymatic reaction. It has been reported that ChOx 

works best in a pH range from 8 - 8.5 [22]. In this study, the effect of pH on the enzyme 

activity of the immobilized ChOx was examined by injection 10 M choline in FIA 

system using a ChOx reactor. The enzymatically produced H2O2 was amperometrically 

detected on a platinum electrode at +0.65 V vs. Ag/AgCl. The experiment results 

confirmed that the immobilized ChOx gave the best enzymatic activity around pH 8.5. 

Since the pH value was favorable to both ECL detection and the enzymatic reaction, it 

was thus chosen as carrier solution in the subsequent experiments.  

 

 

Here Fig.3 

Here Fig.4 
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As expected, a marked ECL signal was observed when choline sample was injected 

in the enzymatic FIA system. Choline was first catalytically oxidized by ChOx and 

immediately converted into betaine and H2O2 in the reactor. The produced H2O2 was 

then detected in the ECL flow cell according to the following reactions [22].  

 

Choline + O2 + H2O → betaine + 2H2O2  (enzyme reactor)   (1) 

Luminol + H2O2 → light (425nm) (ECL flow cell, E = +0.8 V)  (2) 

 

ECL intensity is directly proportional to H2O2 concentration, and therefore to 

choline concentration. The signal intensity was found to be dependent on the flow rate 

of carrier solution. It increased gradually from 0.2 to 1.0 mL/min,
 
and decreases slowly 

above 1.0 mL/min. The increased ECL signal was due to the increase of mass transport 

of luminol and H2O2 in electrode process. However, when the flow rate was increased 

greater than 1.0 ml/min, the ECL signal was decreased. This may be a consequence of 

decreasing of the enzymatic reaction time in the reactor, and the produced H2O2 became 

less accordingly. In this work, an optimum flow rate of 1.0 mL/ min was used.  

The concentrations of luminol in mobile phase also affected the ECL detection in 

FIA. The higher concentration of luminol would result higher ECL intensity, but it will 

accompany by an increase in the background signal level, and will affect the 

reproducibility of ECL analytical signal as well. The concentration of luminol was 

optimized to be 50 M, which achieved the best signal to noise (S/N) ratio in the 

detection of H2O2. The S/N ratio was also depended on the detection potential. It was 

ChOx 
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observed that the light intensity increased with increasing the potential from +0.4 to 

+1.0 V vs. Ag/AgCl, but the S/N ratio reached a maximum at a potential of +0.8 V vs. 

Ag/AgCl. Therefore, a detection potential of +0.8 V vs. Ag/AgCl was employed for all 

subsequent experiments.    

Figure 5 shows the typical FIA responses to various concentrations of choline at an 

applied potential of +0.8 V vs. Ag/AgCl in FIA system. A good operation range between 

0 to 2.0 M with the correlation coefficient being 0.998, was adjusted for this system. 

The relative standard deviations (n = 5) were about 2-3 %.  The detection limit of 0.05 

M (absolute detection limit: 0.5 pmol) was achieved as an estimated based on S/N > 3. 

This value is much lower than those obtained by the electrochemical biosensors as we 

previously reported [7]. Notably, the enzyme reactor exhibited much good stability than 

the enzyme immobilized biosensors. In general, the enzyme reactor maintained its 

activity over 3 months with the signal variation less than ± 8% if the reactor was 

preserved carefully to eliminate the growth of bacteria (known to be efficient 

scavengers of H2O2) and stored at 4 °C when not in use.  

 

 

Ascorbic acid and uric acid are usually present in biological fluids which interfere 

to electrochemical measurements especially in the amperometric detections [23, 24]. It 

was found that coexisted ascorbic acid or uric acid would suppress the ECL signal in 

certain level because these reducing species can act as a scavenger of superoxide radical, 

and quenched the light intensity in luminol / H2O2 ECL system [25]. Since choline is a 

cation while ascorbic acid is an anion at the employed pH condition, these interferences 

Here Fig.5 
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were easily eliminated by passing 1.0 mL of sample through an anion exchange column 

(a glass tube with 80 mm in length and 6 mm in diameter in which DOWEX 8-2X 

anion-exchange resin was packed). When a sample of 1.0 M choline was spiked with 

1000.0 M of ascorbic acid (or uric acid), the FIA analytical signal was confirmed to be 

consistent with the sample of ascorbic acid (or uric acid) free after the separation 

procedure, indicating that ascorbic acid could be effectively removed by the anion 

exchange procedure.  

Table 1 shows the results for the determination of choline in human urine by the 

proposed method. The urine samples were first diluted 1:10 with PBS (pH=8.5), and 

then passed through the anion exchange column. To determine the recovery of the 

method, amount of choline as internal standard was spiked into the samples before 

dilution. It can be seen that this method provided good recovery of choline in urine 

samples. The quantitative results were compared with the analytical data determined by 

microbore HPLC using immobilized enzyme reactor and electrochemical detection 

method [12], as recommended by Bioanalytical System Inc. Good agreement was 

achieved. The advantages of versatility, sensitivity, and simple instrumentation make 

this method to be possible in routine analysis of choline in biochemical samples.  

 

 

4. Conclusions 

In conclusion, flow injection analysis of trace choline in human urine with 

ChOx-immobilized enzyme reactor coupled to the ECL detection was developed in this 

study. The results demonstrated that ECL detection provided improved selectivity, 

Here Table 1 
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stability and detection limit in comparison with the conventional method. The method 

was successfully applied in the determination of trace choline in the samples of human 

urine with good recovery. The most important advantages of the proposed method over 

the HPLC for urinary choline are its high sensitivity, simplicity and speedy.   
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Figure Captions 

Fig. 1 (a) The scheme for covalently immobilization of ChOx onto the ACPG beads. (b) 

Schematic drawing of the enzyme reactor. 

Fig. 2 Construction of the ECL flow cell. A: glassy carbon electrode (6 mm), B: 

Ag/AgCl reference electrode, C: stainless steel tube, D: fiber optic (1 mm), E: quartz 

glass window, F: Teflon spacer (25 m). 

Fig. 3 (a) Cyclic voltammograms of 50 M luminol at GC electrode in the absence (1, 

dashed line) and presence of 50 M H2O2 (2, solid line) in 0.1 M PBS (pH 8.5) at scan 

rate of 50 mV / s. (b) The corresponding Iecl-potential profile recorded during the scan. 

Applied voltage to PMT: +600 V.  

Fig. 4 Effect of pH on Iecl. The electrolytes were (a) 50 M luminol and 50 M H2O2 

and (b) 50 M luminol (background), which were buffered at different pH values. Plot 

(c) is normalized ECL intensity (Iecl, N) which was the ratio of signal (a) to background 

(b). 

Fig. 5 FIA responses to trace choline with ECL detection. Sample volume: 10 L, 

detection potential: +0.8 V vs. Ag/AgCl; carrier solution: 0.1 M PBS containing 50 M 

luminol (pH 8.5); flow rate: 1.0 mL/min; voltage to PMT: +900 V.  
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Supporting Information Fig. 6 Chromatograms of (a) human urine and (b) 50.0 

mol/L of choline standard sample, respectively. The results were obtained with a 

microbore HPLC with immobilized enzyme reactor and amperometric detection system. 

The mobile phase was 0.05 mol L
-1

 PBS (pH 8.5) + 50 mol/L EDTA (pH 8.5), with a 

flow rate of 60 l/min. Sample volume: 10 L; working electrode: Pt; detection 

potential: +0.65 V vs. Ag/AgCl. 
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