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ABSTRACT

Serum total bile acids (TBA) level isused as a sensitive and reliable index for
hepatobiliary diseases in clinics. Herein, a novel electrochemical biosensor was
fabricated using enzymatic reaction coupling with the double oxidation circular
amplification strategy for the detection of human serum TBA. With the catalysis of
3a-hydroxysteroid dehydrogenase (3a-HSD), 3a-bile acids reacted specifically with
nicotinamide adenine dinucleotide (NAD"). And then, the reduced nicotinamide
adenine dinucleotide (NADH) was produced. After that, the NADH reacted with the
electron mediator of tris(2,2"-bipyridine) ruthenium(IIl) (Ru(bpy)s®), which was then
transformed to Ru(bpy)s**. Ultimately, Ru(bpy)s** was further oxidized to Ru(bpy)s®*
under a certain voltage, which was detected by the chronoamperometry assay. The
detection was performed using a disposable unmodified screen-printed carbon
electrode (SPCE) without sample preparation. The proposed biosensor showed high
sensitivity and accuracy with the linear range from 5.0 to 150.0 pmol/L in 10°-fold
dilution serum. The established method had a good correlation with the enzymatic
cycling method (r = 0.9372, P < 0.001, n = 72) commonly used in clinic. The
electrochemical biosensor is simple, ultrasensitive and without sample pretreatment,
showing great potential for point-of-care testing (POCT) of serum TBA in clinical
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samples. In addition, the biosensor is cost-effective with a small volume of samples,
especially suitable for those who have difficulties in blood collection, such as infants,
children and some small animals.

Keywords: Bile acid; Reduced nicotinamide adenine  dinucleotide;
Tris(bipyridine)-ruthenium (I1); Screen printed carbon electrode; Serum.

1. Introduction

Bile acids are synthesized from cholesterol in the liver and secret through the
biliary tract into the small intestine, where they help lipid and fat-soluble vitamins
absorption (Fiorucci and Distrutti 2015; Setchell et al. 2013). In humans, bile acids
mainly include cholic acid (CA), chenodexycholic acid (CDCA), deoxycholic acid
(DCA) and lithocholic acid (LCA), existing in free or glycine-/taurine- conjugated
forms (Chiang 2009). As more than 95% of bile acids are reabsorbed in the
enterohepatic circulation, the concentration is very low in the peripheral blood
(Danielsson and Sjovall 1975; Goto et al. 2007; Slijepcevic et al. 2017). However,
elevated serum bile acids level was found in patients with hepatobiliary (Belgaumkar
et al. 2016; Chen et al. 2013; Sugita et al. 2015; Ye et al. 2007) and other diseases,
such as colon cancer (Costarelli et al. 2002; Farhana et al. 2016) and diabetes (Gao et
al. 2016; Sonne et al. 2016). Compared with other laboratory parameters, serum total
bile acids (TBA) level is a more sensitive and reliable indicator for the diagnosis of
primary biliary cirrhosis and nonalcoholic steatohepatitis (Puri et al. 2017; Tang et al.
2015). Currently, serum TBA level is used as an index for the diagnosis of
intrahepatic cholestasis of pregnancy (ICP) by excluding other causes of cholestasis
(Reyes 2016; Walker et al. 2002).

The following methods are usually used for the detection of serum bile acids,
including radioimmunoassay (Wildgrube et al. 1983), high-performance liquid
chromatography (HPLC) (Okuda et al. 1984a, 1984b), and enzymatic methods (Zhang
et al. 2004). The radioimmunoassay is sensitive and specific. Whereas, it has
radioactive contamination both for the environment and operators. The HPLC method
with ultravoilet detector is not sensitive enough for the detection. Derivatization and
hydrolysis is usually required for the HPLC method with fluorescence detector, which
makes the operation complicated and time consuming that limits its widespread.
HPLC with mass spectrum was also used for the detection of serum bile acids, but the
cost is too expensive (Ye et al. 2007). The enzymatic cycling colorimetric assay is the
most commonly used method for the determination of serum TBA in clinic (Ducroq et



al. 2010). Whereas, it needs a large volume of reagents and non-portable equipment.
Some new strategies were also used for the TBA. In our group, an
electrochemiluminescent assay based on enzymatic reaction method was established
for the quantification of serum TBA (Zhang et al. 2013). The method was sensitive,
but the electrode polishing cost so much time, which limits its application in clinical
samples. In recent years, the research of electrochemical biosensors has attracted
broad interest, because of their inherent advantages such as high sensitivity, rapid
detection and potential miniaturization (Altintas et al. 2018; Zhao et al. 2018). The
electrochemical detection strategies were also used for the measurement of TBA
concentration in the phosphate buffer or the bovine serum (Bartling et al. 2009).
Nevertheless, few studies based on electrochemical methods were reported for the
TBA concentrations in clinical samples. The modification of the working electrode by
enzymes, electro-mediators or nanomaterials was the conventional way for the
electrochemical detection, which also made the operation complicated (Rani et al.
2004). A simple electrochemical sensor was developed for serum TBA level based on
enzymatic reaction with the use of unmodified screen-printed carbon electrode (SPCE)
as the working electrode in our group (Zhang et al. 2016). The sensor is
reagent-saving and cost-effective. Whereas, the preparation steps for the serum
samples (i.e., deproteinization, nitrogen-blow, redissolution) are tedious and
time-consuming.

A novel electrochemical biosensor was fabricated using enzymatic reaction
coupling with the double oxidation circular amplification strategy for the detection of
human serum TBA. The strategy of enzymatic reaction combined with the double
oxidation circular amplification greatly increases the sensitivity of the detection.
Because of low cost and easy to miniaturization, the SPCE is widely used in the
electrochemical measurement (Tian et al. 2016). Here, we used an unmodified SPCE
without sample preparation for the electrochemical detection. Thus, the complicated
modification process was avoided under the acceptable sensitivity. Meanwhile, as the
pretreatment of the clinical samples is just to dilute with ultrapure water, this could
eliminate the matrix effect in serum samples. The principle of the enzymatic reaction
was elucidated in our previous work (Zhang et al. 2016). NADH, as the production of
the enzymatic reaction, reacted with the electron mediator of tris(2,2'-bipyridine)
ruthenium(I1I) (Ru(bpy)s>*), which was then transformed to Ru(bpy)s**. Ultimately,
Ru(bpy)s>* was further oxidized to Ru(bpy)s** under a certain voltage, which was
detected by the chronoamperometry assay. The electrochemical detection method



based on enzymatic reaction combined with the double oxidation circular
amplification we established is sensitive, simple, cost-effective and suitable for
clinical detection of TBA.

2. Material and methods
2.1 Materials and reagents

Deoxycholic acid (DCA), taurodeoxycholic acid (TDCA), glycoursodeoxycholic
acid (GUDCA) and Ru(bpy)sCl,-6H,0O (TBR) were purchased from Sigma Chemical
(St. Louis, MO, USA). NAD" and NADH were purchased from Roche Co.
(Switzerland). TBA test kit and 3a-HSD (enzymatic activity of 6.09 U/mg) were
bought from Sichuan Maker Biotechnology Co., Ltd. (Chengdu, China). Other
chemicals were of analytical grade and obtained from the Chongging Company of
Chemical Reagent (Chongging, China). Ultrapure water was obtained from a Milli-Q
system (Milford, MA, USA). Electrochemical measurements were performed on a
CHI852C electrochemical analyzer (Chenhua Instruments Co. Ltd., Shanghai, China).
Fourier transform infrared spectroscopy (FTIR) was recorded on a TENSOR 27
spectrometer (Bruker, Germany) from 3500 to 1500 cm™ at a resolution of 4 cm™.
The SPCE consists of a working electrode with the diameter of 2.5 mm, a Ag/AgCl
reference electrode and a platinum auxiliary electrode, was fabricated in the
laboratory as reported by Wu and co-workers (Wu et al. 2008; Jin et al. 2017).

2.2 Samples and electrochemical measurement

All serum samples were obtained from the First Affiliated Hospital of Chongging
Medical University (Chongging, China) and stored at -20°C until analysis. This study
was approved by the ethical committees of the First Affiliated Hospital of Chongging
Medical University. The concentrations of TBA in serum samples were also detected
using enzymatic cycling method by an automatic biochemical analyzer (Hitachi 7600,
Hitachi Co., Tokyo, Japan) in the First Affiliated Hospital of Chongging Medical
University. TBA test kit was used strictly for the detection according to the Kkit
instructions. 40 clinical serum samples with low concentrations (< 0.20 umol/L) of
TBA were mixed and used as a blank serum to establish and evaluate the method. To
further investigate the correlation between the enzymatic cycling method and the
established electrochemical method, 72 clinical serum samples with different
concentrations of TBA were detected by both methods.

Serum samples were diluted with ultrapure water to eliminate the matrix effect of
serum. 50 uL of the mixed solution containing 35 pL of 1200 mmol/L PBS (70 mmol/L,



pH 9.50), 5 uL of 50 mmol/L NAD" (5.0 mmol/L), 5 uL of 10 KU/L 3a-HSD (1.0
kU/L) and 5 pL of 70 mmol/L Ru(bpy)s** (7.0 mmol/L) was added to the surface of
the SPCE. And then, a constant potential of 1.15 V was applied to the SPCE.
Subsequently, the diluted serum was added into the mixed solution and detected by a
chronoamperometry method.

3. Results and discussion

3.1 Principle of the enzymatic reaction coupling double oxidization electrochemical

detection of TBA

The mixed solution containing of 3a-HSD, NAD*, Ru(bpy)s** and PBS was
added to the SPCE surface. With a constant potential of 1.15 V was applied to the
SPCE, tris(2,2"-bipyridine) ruthenium (II) (Ru(bpy)s**) was oxidized to the form of
tris(2,2-bipyridine) ruthenium ( III ) (Ru(bpy)s*). With the catalysis of
3a-hydroxysteroid dehydrogenase (3a-HSD), 3a-bile acids reacted with nicotinamide
adenine dinucleotide (NAD") specifically. And then, the reduced nicotinamide
adenine dinucleotide (NADH) was produced, which was illustrated in our previous
work (Zhang et al. 2013). FTIR spectroscopy was used to characterize the structure of
the bile acid before and after the enzymatic reaction. And the results were shown in
Fig. S1 in the Supporting Information. After that, the NADH reacted with the electron
mediator of Ru(bpy)s>". The reaction results in the Ru(bpy)s>" being converted to
Ru(bpy)s>*, which was further oxidized to Ru(bpy)s** at the electrode (Downey and
Nieman 1992). As a result, an oxidation current could be observed by electrochemical
detection. It was confirmed by the cyclic voltametry assay, as shown in Fig. S2 in the
Supporting Information. The principle of the reaction was illustrated in scheme 1.

< Scheme 1>

3.2 Enzymatic reaction combined with double oxidization electrochemical
measurements of bile acids

To further testify bile acids could be detected by the enzymatic reaction combined
with double oxidization method on an unmodified SPCE, the amperometric I-t curves
of different reagents were collected (Fig. 1). In Fig. 1A, low current signals were
observed when adding a free bile acid of DCA into PBS solution containing of NAD"
and 30-HSD. These results indicated that the electrochemical signal of the oxidation
of NADH on SPCE is low. Whereas, elevated current responses were observed
obviously when adding NADH into PBS solution containing of Ru(bpy)s®". It
indicated that NADH reacted with Ru(bpy)s** to form Ru(bpy)s>*, which was further
oxidized to Ru(bpy)s®* at the surface of the SPCE and produced increased
electrochemical signals (Fig.1C). Additionally, bile acids were added into PBS



solution containing of NAD" and Ru(bpy)s®*, no obviously electrochemical signal was
found because no production of NADH was produced in the enzymatic reaction
process (Fig. 1B). When bile acids were added into PBS solution containing of NAD,
3a-HSD and Ru(bpy)s**, the oxidization peak was also detected. It indicated that with
the catalysis of 30-HSD, NAD" and bile acids could react with each other, producing
NADH which could react with Ru(bpy)s>* to produce NAD* and Ru(bpy)s*".
Moreover, Ru(bpy)s** could be further oxidized to Ru(bpy)s®* on the surface of the
electrode and produced an electrochemical signal (Fig.1D). The result of the
experiment matches well with the speculated enzymatic reaction combined with
double oxidation electrochemical reaction of bile acids.
<Figure 1>

3.3 The effect of individual bile acids on the electrochemical measurement of TBA

Bile acids are a kind of 3a-hydroxysteroid compounds, existing either in the free
form or conjugated form with taurine or glycine in human serum, which could react
with NAD" at the catalysis of 30-HSD. Therefore, a free bile acid of DCA, a taurine
conjugated bile acid of TDCA and a glycine conjugated bile acid of GUDCA were
chosen randomly to evaluate the effect of individual bile acids on the measurement of
TBA. The electrochemical signals of 9.06+0.28 nA DCA, 9.20+0.33 pA TDCA and
9.16+0.19 uA GUDCA were found insignificantly different at the same condition with
the P value of 0.312.

3.4 Preparation of serum samples

Matrix effect could suppress or enhance the responses of analysts, which
influences the accuracy of the results (Barling et al. 2008). Dilution with solvent is a
common approach to reduce or eliminate matrix effect (Ferrer et al. 2011). To
investigate the matrix effect of serum, mixed blank serum and PBS solution were
spiked with DCA, and then diluted with ultrapure water from 10 to 10%-fold. At
10-fold dilution, the peak current in the mixed blank serum was higher than that in the
PBS solution. A significantly decreased peak current was observed in the mixed blank
serum when diluted from 107 to 10%-fold. Whereas, the peak current increased in PBS
solution and almost equivalent at 10°-fold dilution in both the serum and PBS solution,
indicating 10°-fold dilution was effective to eliminate matrix effects in serum.
However, increasing the dilution times from 10° to 10° the peak current increased
significantly in both the serum and PBS solution, and reached the maximum value at



10°-fold dilution. On the contrary, the peak current decreased sharply in both serum
and PBS solution with the increased dilution times from 10’ to 10°, shown in Fig.2.
The results illustrated that the matrix effect in serum interfered with the enzymatic
reaction combined with the double oxidation reaction process. As 10°-fold dilution
was effective to eliminate the matrix effect in serum, the sensitivity is insufficient. As
a result, 10°fold dilution was adopted in the subsequent work for the effective
elimination of matrix effect in serum with satisfactory sensitivity.
<Figure 2>

3.5 Optimization of the experimental conditions

The detailed information about the optimization of the experimental conditions,
including pH values of PBS solution, the activity of the 3a-HSD and the
concentrations of NAD* and Ru(bpy)s** was illustrated in the Supplementary
Material.

3.6 Calibration curve and linearity

The calibration solutions were prepared by adding 100 puL of DCA standard
solution into 900 pL of the mixed blank human serum to generate a series of
concentrations from 1.0 to 150.0 umol/L. At the optimal experiment conditions, the
spiked serum was diluted 10° times with ultrapure water and measured by the
chronoamperometry assay. The linearity of the calibration curve was assessed based
on seven sets independently prepared calibration standard solutions using linear
regression. Calibration curve of DCA in the 10°-fold diluted serum shows a linearity
of the current I (WA) and concentration of DCA from 5.0 to 150.0 pmol/L. The
calibration curve in serum was | = 1.060 Inc + 6.572 (r = 0.9983, n = 5), as shown in
Fig. 3. The limit of detection (LOD) was calculated as three times of the
signal-to-noise ratio (S/N = 3). And the limit of quantification (LOQ) was acquired by
diluting the lowest concentration of DCA gradually in the calibration curve till the last
detectable concentration. The LOD and LOQ were 0.40 pmol/L and 2.0 pmol/L,
respectively.

<Figure 3>

3.7 Precision and recovery

The precision and recovery of the electrochemical method were examined by
measuring the concentration of DCA in 900 pL blank plasma before and after adding
100 pL of DCA standard solutions at high (100.0 umol/L), medium (20.0 umol/L) and
low concentrations (5.00 umol/L). The inter-day variation was assessed by measuring



the concentration of DCA in the working solutions on 5 consecutive days, while the
intra-day variation was assessed by consecutive determinations of DCA in 5 samples
with the same procedure in the same day. Precisions were expressed by the relative
standard deviation (RSD). All of the variations were less than 11.8%, and the
recoveries of different concentrations of DCA were from 91.4% to 108.0%, as listed
in Table S2 in the Supplementary Material.

3.8 Interference test

Hemoglobin and bilirubin are usually defined as endogenous interferences in
serum samples. The interference test was performed using the evaluation program by
the Clinical and Laboratory Standards Institute (CLSI) of America. The
concentrations of TBA in serum before and after adding standards of bilirubin were
defined as Xc and Xr, respectively. The interference value (expressed as Xt - Xc) less
than 1.96S showed no significant interferences which was expressed by N, while the
interference value more than 1.96S indicated significant interferences which was
expressed by I.

To assess the selectivity of the electrochemical assay, the concentrations of
hemoglobin ranging from 0 to 40.0 mg/mL and bilirubin ranging from 0 to 171.0
umol/L were added into solutions including 7.20 pmol/L of the serum TBA. The
results showed that there were significant interferences when the concentration of
hemoglobin was over 30.0 mg/mL and bilirubin was over 34.2 umol/L, shown in
Table S3 in the Supplementary Material.

3.9 Clinical application

72 clinical serum samples containing different concentrations of TBA were
determined by both enzymatic cycling method in clinics and the established
electrochemical method, and the results were shown in Fig. 4. Pearson’s correlation
analysis revealed a significant relationship between the established electrochemical
method and the enzymatic cycling method (r = 0.9372, P < 0.001) for the serum TBA
concentrations measurement. The equivalent test was used to further evaluate the
deviations between the two methods. The cut-off value of the equivalent (&) was
1.106 pmol/L (£10% RSD) to ensure less than 10% of RSD in the enzymatic cycling
method. The data indicated that the established assay and the enzymatic cycling
method were equivalent (t; = -0.073, p; = 0.47; t, = 0.035, p, = 0.49).

<Figure 4>



4. Conclusions

An ultrasensitive electrochemical detection assay was established by the
enzymatic reaction combined with the double oxidation circular amplification strategy.
The method is simple, ultrasensitive, cost-effective and without sample preparation
except dilution for serum TBA. It correlated well with the enzymatic cycling method
used in clinic and is quite suitable for the subjects with difficult blood collection, such
as infants, children and some small animals. It has the potential to be used in
point-of-care testing for the clinical samples. Our next work is to combine the sensing
with micro-fluidic chips to separate bile acids components.
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Figure captions:
Scheme 1 Principle of enzymatic coupling double oxidization electrochemical
detection of TBA. Different types of bile acids have different groups for R, R, R, and
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Rs, as listed in Table 1 in the Supporting Information (Table S1). In the enzymatic
reaction, the carbon-oxygen bond at the 3a-OH group in bile acids is oxidized to
carbon-oxygen double bond.

Fig. 1 Amperometric I-t curves. (A) 5.0 uL of 10.0 pmol/L DCA added into 50 pL of
70 mmol/L PBS (pH 9.50) containing 5.0 mmol/L NAD" and 1.0 kU/L 3a-HSD. (B)
5.0 pL of 10.0 pmol/L DCA added into 50 uL of 70 mmol/L PBS (pH 9.50)
containing 5.0 mmol/L NAD* and 7.0 mmol/L Ru(bpy)s**. (C) 5.0 L of 10.0 pmol/L
NADH added into 50 uL of 70 mmol/L PBS (pH 9.50) containing 7.0 mmol/L
Ru(bpy)s>*. (D) 5.0 uL of 10.0 pmol/L DCA added into 50 pL of 70 mmol/L PBS (pH
9.50) containing 5.0 mmol/L NAD", 1.0 kU/L 3a-HSD and 7.0 mmol/L Ru(bpy)s*".
Fig. 2 The matrix effect of serum at different dilution times.

Fig. 3 The calibration curve of DCA by the established electrochemical method.

Fig. 4 The correlation of the two methods in the detection of serum TBA in clinical
samples.

Highlights

® The sensitivity of the electrochemical biosensor for serum TBA was greatly
improved by the use of a novel enzymatic reaction combined with the double
oxidation circular amplification strategy.

® An ultrasensitive electrochemical biosensor for serum TBA was developed with
disposable unmodified SPCE without any other sample preparation.

® The electrochemical biosensor was applied to detect serum TBA from clinical
samples and the results were well correlated with the data from the routine
enzymatic cycling method.

® As only a small amount of volume was required for the determination, the
method is quite suitable for the serum TBA of individuals with difficult blood
collection, such as infants, children and some small animals for scientific
researches.
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