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Electrodeposition of taurine on gold surface
and electro-oxidation of malondialdehyde

M. Zamani-Kalajahi!, M. Hasanzadeh*?, N. Shadjou®“, M. Khoubnasabjafari’,
K. Ansarin®, V. Jouyban-Gharamaleki® and A. Jouyban®

In this study, polytaurine film was formed on a gold surface using repetitive cyclic voltammetry
(CV) from taurine and phosphate buffer solution (PBS) and used as an electrochemical
nanobiosensor for determination of malondialdehyde (MDA). The electrochemical behaviour
of polytaurine modified gold (PT/Au) electrode was studied using CV technique. The Elect-
roanalytical behaviour of MDA was investigated at the PT/Au electrode in (PBS), using differential
pulse voltammetry. Finally, the applicability of the method to direct assays of human serum and
exhaled breath condensate (EBC) is described, and the results showed that this polymeric sensor
is suitable for detecting total serum MDA levels of healthy people because the normal level of total
MDA in serum is in the range of 0-78-3-10 mM. The results show that by using the proposed
sensor, MDA can be determined with detection limits of 34 and 0-995 nM in human serum and

EBC samples, respectively.
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Introduction

Lipid peroxidation is a prominent manifestation of free
radical activity in biological systems, and it is involved in
the development of different diseases such as cancer or
cardiovascular and liver diseases.' One particular break-
down product and an important biomarker of lipid
peroxidation is malondialdehyde (MDA), which is an
endogenous byproduct of prostaglandin and leukotriene
biosynthesis.> Malondialdehyde constitutes both a
biomarker of lipid oxidation and a potential concurrent
cause of initiation of some serious diseases such as
breast or lung, cervical, gastric and skin cancers.'”
Moreover, levels of MDA in living organisms have been
found to be significantly modified in many pathological
situations (e.g. gastric, lung or breast cancers and
atherosclerotic or cardiovascular diseases).*

The significance of determining MDA in human
plasma or serum can be considered from many aspects.
Malondialdehyde is globally recognised as a scientifi-
cally accepted biomarker of oxidative stress. Another
significant reason for the determination of MDA is its
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toxicity toward the cardiovascular system. MDA action
on lipoproteins has been related to atherogenesis, and,
probably, its reactivity toward collagen is responsible for
the stiffening of the cardiovascular tissue. Further
studies are needed to determine if the presence of this
molecule at certain levels may predict the insurgence of
vascular pathologies.’

Different analytical techniques have been employed for
the determination of MDA in biological samples. These
methods include fluorescence® high performance liquid
chromatography with diode array detection,” gas chroma-
tography with mass spectroscopy,® surface enhanced
Raman spectra,” electron capture detection,'® capillary
electrophoresis'' and electrochemical biosensing method.'?

These analytical techniques can be divided into three
categories; the most widely used detection methods are
based on colorimetric sensing of the reaction products of
MDA with thiobarbituric acid (TBA).'* The drawback
of this method is that TBA reacts not only with MDA
but also with many other chemical species (e.g. amino
acids, nucleic acids, proteins and carbohydrates),'* and
this causes interference in the MDA-TBA assay.
Furthermore, the treatment of biological samples is
usually carried out at high temperatures (~100°C) and
in acidic media; this may result in further oxidation of
the matrix and, therefore, variability in the estimation of
MDA levels. To overcome the shortcomings of the TBA
assay, other MDA derivatising methods have been used,
which could be carried out in milder conditions. In this
category, methods of detection are based on non-TBA
derivatisation. This includes derivatisation with 1,3-
diethyl-2-thiobarbituric acid,'> diaminonaphthalene,'®
2,4-dinitrophenylhydrazine'” and pentafluorophenylhy-
drazine.'® However, the techniques were developed and
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validated for the measurement of MDA in the field of
pathology. The application of these methods has been
limited because they are too expensive, are time consum-
ing or need extraction procedures.'” Many chromato-
graphic methods provide high sensitivity and specificity,
although they require the use of extensive extraction
procedures, specialised staff, column cleaning or column
regeneration as they lose efficiency and resolution with
time and require expensive equipment and sample
preparation, especially when biological samples are used.”

Owing to the significance of MDA as a marker of lipid
peroxidation and because of its elevations in various
diseases, the assessment of MDA with new and reliable
assays, the development of a fast, sensitive and selective
method to detect MDA with simple instruments is
necessary. In the present work, an electrochemical
method that enables the accurate, precise and selective
detection of MDA in human serum and exhaled breath
condensate (EBC) samples is developed. This method is
a suitable assay for MDA detection and offers the
advantages in that it is a rapid, valid, sensitive, low
operation cost and easy to use method. It is also suitable
for routine analysis of MDA in biological samples
without further sample pretreatment that enables direct
use of small amounts of sample without additional
substances, such as TBA, and without any need of an
extraction stage. These characteristics of the proposed
method are more important, when routine analysis of
MDA in clinical chemistry laboratories is considered.

The literature survey reveals that there is one report
on the electroanalytical determination of MDA.'? In the
present work, we used polytaurine as a new polymer film
for electro-oxidation and determination of MDA. The
purpose of this work is to develop a sensitive, simple and
rapid method for the determination of MDA in human
serum and EBC samples. The aim of this study is to
establish suitable experimental conditions, to investigate
the voltammetric behaviour and oxidation mechanism
of MDA by cyclic and differential pulse voltammetric
(DPV) methods. To the best of our knowledge, this is
the first report of the determination of MDA based on
its direct electrochemical oxidation on polymer films. In
addition, this work is the first statement on the
determination of MDA in EBC samples using electro-
chemical methods.

Experimental

Chemicals and solutions

All chemicals used in this work were of analytical
reagent grade. 1,1,3,3-Tetramethoxypropane was pur-
chased from Merck (Hohenbrunn, Germany). Taurine
was obtained from Sigma-Aldrich. Additional dilute
solutions were prepared daily by accurate dilution just
before use. MDA (produced from in situ hydrolysis of
1,1,3,3-tetramethoxypropane) solutions were stable, and
their concentrations did not change with time. Acteoni-
trile, dipotassium phosphate and monopotassium phos-
phate were obtained from Scharlau. Deionised water
was purchased from Ghazi Pharmaceutical Company
(Tabriz, Iran). Stock standard solution of MDA (1000
uM) was prepared by dissolving an appropriate mass of
1,1,3,3-tetramethoxypropane in phosphate buffer solu-
tion (PBS) buffer (pH 6-8), and the daily standard
working solutions of different concentrations were
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prepared by diluting the stock solution with buffer and
were freshly used.

Preparation of serum and EBC samples

Human serum samples were obtained from the Iranian
Blood Transfusion Research Center (Tabriz, Iran), and
aliquots were transferred into polypropylene microtubes
and frozen at —4°C until analysis. Serum samples that
were frozen at —4°C were thawed at room temperature on
the day of analysing and were vortexed to ensure
homogeneity. Subsequently, 500 pL human serum acteo-
nitrile was added with a 1:2 ratio and vortexed for 20 s.
After this, it was centrifuged for 10 min at 6000 rev min .
Thus, the plasma proteins were precipitated; 1-0 mL of
clear supernatant solution was transferred to a 10-0 mL
volumetric flask; and an MDA standard solution of
desired concentration was added up to the mark line.
EBC samples were obtained from healthy volunteers
using a lab made set-up based on a cooling trap system
patented in the national patent office. The set-up cools
the exhaled breath to —25°C and condenses the EBC
with acceptable efficiency. EBC sample (1-0 mL) col-
lected from a healthy volunteer was transferred to a
10-0 mL volumetric flask, a standard solution of desired
concentration was added up to the mark line, and
electrochemical analysis was performed.

Instrumentation

Electrochemical experiments were performed with a
computer controlled AUTOLAB system with PGSTAT
302N (Eco Chemie, Utrecht, The Netherlands), driven
with NOVA 1-7 software. A conventional three-electrode
cell was used with an Ag/AgCl (Methrom, The Nether-
lands) as a reference electrode, and a Pt wire was used as a
counterelectrode. The surface morphology of the mod-
ified electrodes was evaluated with a Vega-Tescan elec-
tron microscope (SEM, Hitachi Ltd, Tokyo, Japan).

Au electrode (2 mm in diameter) was polished to a
mirror-like finish with 0-3 and 0-05 um alumina slurry
(Beuhler, USA) followed by rinsing thoroughly with
double distilled water. Then, it was sonicated in acetone
and double distilled water, and allowed to dry at room
temperature. The results show that considerable
amounts of PT with an average size of 50 nm were
formed on the surface of Au electrode.

Results and discussion

Electrochemical behaviour

Cyclic voltammetry (CV) was used for the polymerisa-
tion of PT film on Au surface. Figure la presents 15
consecutive CVs of the Au electrode in the presence of
0-1M taurine containing 0-1M PBS in the range from
—1-5 to 2-0 V with a scan rate of 100 mV s~ '. The CVs
are similar to those reported in the literature.’’ The
voltammograms of MDA at a bare Au and polytaurine
modified gold (PT/Au) electrodes in PBS (pH 6-8) were
shown in Fig. 1. As seen in Fig. 1o (curve a), any
oxidation signal was not exhibited in the bare Au
electrode. This indicated the electroinactivity of MDA
on the Au surface. Typical CVs of PT/Au electrode in
0-1M PBS are shown in Fig. 15 (curve b), where a
potential sweep rate of 100 mV s~ ! has been employed.
One oxidation peak for MDA at the PT/Au surface can
be observed. This observation is attributed to the high
conductivity and inherent ability of PT. These results
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1 a cyclic voltammetries obtained for 0-1M taurine containing 0-1M PBS using Au electrode; potential continuously
between —1-5 and 2V at 100mV s '; b CV obtained with Au electrode (curve a) and PT/Au electrode (curve b) in
0-1M PBS; And ¢ SEM images of surface of Au electrode after modification by PT film

indicate that the PT film could accelerate the rate of
electron transfer of MDA and has good electroactivity
for a redox reaction of MDA. To investigate the surface
morphology of the PT film formed on the Au surface,
it was examined by scanning electron microscopy.
Figure lc¢ shows the SEM images obtained for PT/Au
electrodes. Figure l¢ shows that considerable amounts
of PT with an average size of 50 nm were formed on the
surface of Au electrode. The SEM for PT/Au shows
spongy morphology of PT, which can be helpful in the
entrapment of MDA.

The effect of pH on the CV response of 1-0 mM
MDA at the PT/Au electrode was studied by applying
different buffer solutions ranging from pH 3-0 to 12-0
(Fig. 2). As can be observed, the -electrochemical
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behaviour of MDA depends on the pH value of the
aqueous solution. The anodic peak current of MDA is
slightly increased when there is an increase in the pH
solution until it reaches 6-80. Therefore, the optimum
solution of pH selected was 4-00. On the other hand, the
anodic peak of MDA shifted toward negative potentials
with an increase in pH. These results indicated that the
protons have taken part in their electrode reaction
processes.

Epvpa)(Ag/AgCl) = —0-0627pH +0-6257 (1)

The slope of the plot of Epagagcn(pH) was approxi-
mately —0:0627 V. (R*=0-9982). It was, therefore,
deduced that both peaks correspond to irreversible
processes involving one electron and one proton.
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This conclusion is in accordance with the known
electrochemical reactions of MDA as shown in another
investigation.'? It has been known that MDA can be
oxidised via one-electron and one-proton processes as
shown in Fig. 3.

One of the most important applications of CV is for a
qualitative diagnosis of chemical reactions in redox
processes.”>?* The occurrence of such chemical reac-
tions, which directly affect the available surface con-
centration of the electroactive species, is common to

redox processes of many biomarkers. Cyclic voltamme-
try studies of MDA oxidation on PT/Au electrode
demonstrate the importance of this method as a tool for
investigating the mechanism of MDA oxidation. From
these results, electrocatalytic behaviour is observed for
MDA oxidation at the surface of the PT/Au electrode
via an EC 1 catalytic mechanism. This mechanism is
shown in Fig. 4. In this scheme, MDA is oxidised in the
catalytic chemical reaction C; by the oxidised form of PT
that is produced via an electrochemical reaction E.

Adsorbtion

-le /IH

3 Proposed oxidation mechanism for MDA
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4 a cyclic voltametries of PT/Au electrode in 0-1M PBS in presence of 0-1 mM MDA in various potential sweep rates of
10, 20, 30, 40, 50, 70, 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600 and 700 mV s '; b dependence of anodic
peak currents during forward sweep versus square roots of potential scan rate; ¢ dependence of anodic peak currents
during forward sweep versus sweep rate; and d obtained from data of a

Therefore, when the PT is oxidised at the potential of
400 mV, the MDA can be oxidised as well at this
potential.

Figure 4a illustrates typical CVs of the PT/Au
electrode in 0-1M PBS+0-1 mM MDA recorded at
different potential sweep rates. As shown in Fig. 4b, the
anodic peak currents increased with the square root of
the potential sweep rate as a linear relationship. This
observation revealed that the process of MDA oxidation
via diffusion is controlled by a mass transfer phenom-
enon. The electron transfer coefficient of the reaction
could be calculated using®*

RT
E,= (ﬁ) In v+ constant 2)

According to dependence of anodic peak potential on
the Neperian logarithm of the potential sweep rate (as
illustrated in Fig. 4c¢), the electron transfer coefficient
obtained was 0-44.
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On the basis of the slopes of the linear dependency of
the anodic peak currents on the square root of the
potential sweep rates (Fig. 4b), and the Randles—Sevcik
equation

I=(2:99 x 10%) o212 AC* DV/2y1/2 o

where I, is the peak current, 4 is the electrode surface
area, D is the diffusion coefficient and C* is the bulk
concentration of MDA the diffusion coefficient D for
MDA was calculated to be 1:24 x 107° cm? s L.
Differential pulse voltammetrics of PT/Au electrode
in the absence (curve a) and presence (curve b) of MDA
in the 0-1 mM PBS with the potential sweep rate of
10 mV s~ ! were obtained (see Fig. 5a). A comparison of
the recorded DPVs in the absence and presence of MDA
revealed that the anodic peak current on the PT/Au
electrode is significantly enhanced, whereas the cathodic
peak current is significantly decreased. These results
indicate that PT could accelerate the rate of electron
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transfer of MDA and have good electroactivity activity
for oxidation of MDA.

Analytical applications

In order to develop a voltammetric method for the
determination of MDA, we selected the DPV mode,
because the peaks are sharper and better defined at a
lower concentration of MDA than those obtained by
CV, with a lower background current, resulting in
improved resolution. According to the obtained results,
it was possible to apply this technique to the quantitative
analysis of MDA. The PBS was selected as the
supporting electrolyte for the quantification of MDA,
as it gave a maximum peak current. The peak at ~0-4 V
was considered, as the analysis DPVs obtained with
increasing amounts of MDA showed that the peak
current increased linearly with an increasing concentra-
tion, as shown in Fig. 5h. Using the optimum conditions
described earlier, a linear calibration plot was obtained
for 0-02-3-00 puM MDA with a slope of 0-038 pA pM .
The linear regression equation was I, (LA)=0-172Cyvpa
(uM)+0-86, with a correlation coefficient of 0-991 and a
sensitivity of 0-172 pA pM ™', The detection limit (LOD)
and quantification limit (LOQ) were estimated to be
0-034 uM and 0-116 mM respectively. In addition, the
characteristics of the proposed sensor for MDA determi-
nation in human serum and EBC are summarised in
Table 1. The results demonstrate that the new sensor

features a lower LOD as compared with the other ones.'?
Moreover, the sensor has a wide linear range for MDA
determination, which can be used to readily detect MDA
within the range of its physiological levels.

Precision and accuracy were assessed by performing
replicate analyses of MDA samples. The precision of the
method is calculated as the relative standard deviation
(RSD). The procedure was repeated on the same day and
the same solutions at concentrations in the range of the
standard series. The intra-assay RSDs of the proposed
method were determined on the basis of peak current for
five replications. The accuracy of the proposed method
was determined by spiked serum samples with different
concentrations of MDA (Table 2).

Table 1 Validation data of proposed method for
quantification of MDA in human serum and EBC

EBC/nM Serum/pM Parameters

1-100 0-005-3 Linear range

0-033 0172 Slope

0-861 0-:060 Intercept

0-990 0-991 Correlation coefficient

8 9 Number of data points

0-995 0-034 LOD

3:319 0-116 LOQ
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Table 2 Assay precision and accuracy

Nominal concentration (n=5)/uM Intra-assay precision (1=5)/RSD% Inter-assay precision (n=5)/RSD% Accuracy*/RE%
0-05 15-51 17-92 0-016
03 13-10 14-94 -0-199
2 16-70 15-83 0-045

*RE: relative error.

The high sensitivity of the proposed method and
polytaurine enables the determination of MDA in
spiked human serum samples. During the first electro-
analytical determination of this biomarker, serum
samples were not diluted with PBS that related to a
specification of the sensor with the SH group for MDA
with a similar functional group. The recovery of the
analytes was measured by a spiked biomarker in
undiluted serum samples (Table 3). The DPVs were
recorded after the serum was spiked with various
amounts of the MDA within the working concentration
range. Recoveries were found to lie in the range of
98-:35-119-96%. Good recoveries of MDA were
obtained from this method; they show that application
of the proposed biosensor to the analysis of MDA in
biological fluids could be easily assessed.

Obtained results indicated that this biosensor is an
appropriate platform for the determination of MDA.
The prepared electrode shows voltammetric responses
with a low LOD and a wide linear range for MDA in
optimal conditions, which makes it suitable for the
determination of this biomarker. It is observed that, by
polymerisation of taurine on Au surface, a novel method
for developing an efficient and robust electrochemical
sensing platform was established. The electrochemical
sensor showed high sensitivity and simplicity for the
detection of MDA.

It is important to point out that this polymeric sensor
is suitable for detecting total serum MDA levels of both
control (healthy) and case (patients) samples, because
the normal level of total MDA in serum is in the range
from 0-78 to 3-1 mM.>**’

Rapid, non-invasive analyses of EBC samples could
be routinely performed in clinical laboratories with
minimal stress to patients. Hence, monitoring of EBC
can be applied to MDA with the aid of electrochemical

Table 3 Recoveries for analysis of MDA in spiked serum

samples
Nominal Found
concentration concentration
(n=5)/uM (+o; n=5)/uM Recovery/%
0-05 0:049 (+17-63) 98-35
0-3 0:36 (+17-92) 119-96
2 191 (£1352) 95-48

Table 4 Obtained results for detection of MDA in EBC
sample standard addition method

Concentration/nM Signal / (pA)
50 1317

15 12:23

10 12:05
Intercept (MDA 11-79 nM

concentration in
EBC of healthy person)
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methods. However, the difference between EBC and
serum MDA levels is barely significant, and the normal
level of total MDA in EBC is in the range from 0-83 to
3-1 mM. Therefore, the applicability of the proposed
method for the determination of MDA in EBC was
examined by measuring the peak current as functions of
the bulk concentration of the biomarker in EBC samples
using the PT/Au electrode. Using the proposed sensor, a
linear calibration plot was obtained for 0-005-3 nM
MDA in EBC samples with a slope of 0-033 pA uM .
The linear regression equation was I, (1A)=0-033Cyvipa
(uM)+0-861, with a correlation coefficient of 0-990. A
LOD of 0-995nM and a LOQ of 3-31 nM were
calculated according to 3 and 10sbm™' criteria
respectively.

Since the EBC of healthy people is not free from
MDA, in order to determine its MDA concentration, a
standard addition method was used to obtain the
intercept, and through this, the concentration of MDA
in the EBC of healthy people is calculated. For this
purpose, in a healthy EBC sample, three concentrations
of MDA were applied by the standard addition method
and obtained results are given in Table 4.

Conclusion

1. Polytaurine film was deposited electrochemically
on the gold surface and tested for the electro-oxidation
of MDA in aqueous solution.

2. The modified electrode was shown to be promis-
ing for MDA detection with many desirable properties,
including high sensitivity and fast response time.
The CV behaviour reveals that the mechanism in
MDA electro-oxidation varies with pH in the same
regions.

3. The results show that this nanopolymeric sensor is
suitable for detecting MDA levels of both serum and
EBC samples.

4. This work opens new horizons on the design of new
nanopolymeric sensors for the detection of some disease
biomarkers .

5. The proposed method is simple, precise, accurate
and inexpensive with regard to reagent consumption and
equipment involved.

6. Further developments are required to enhance the
specificity of the nanopolymeric materials and to
decrease the LOD.
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