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DNA Modified Gold Electrode
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Abstract: Cysteine monolayer has been assembled onto
bare gold electrode (SAM/Au), and subsequently deoxy-
ribonucleic acid (DNA) has been successfully immobi-
lized at the SAM/Au electrode. The thus modified
electrode is assigned DNA/SAM/Au. Modification steps
of the electrode were followed electrochemically using
K,[Fe(CNg)] electrochemical marker. Also, the build-up
of the modified electrode composition is followed using
EDX and the crystallographic orientation is inspected
using XRD. The electrochemical behavior of paracetamol
(PC) at DNA/SAM/Au electrode is investigated. Interest-
ingly, the sluggish irreversible behavior of PC at the bare
gold electrode is converted to a quasi-reversible one at

DNA/SAM/Au electrode pointing to some interaction
between the immobilized DNA and PC. The enhanced
electrochemical behavior of PC at modified DNA/SAM/
Au electrode is successfully used for a sensitive electro-
chemical determination of PC. Square wave voltammetry
(SWYV) was used for this purpose. The concentration of
PC was in linear relation with the peak current at the
optimum conditions within the range 10.0-110.0 ygmL™"
with correlation coefficient (R*) of 0.998. Also, the
standard deviation (SD) and relative standard deviation
(RSD) were calculated and found to be 0.817 and 1.52,
respectively, indicating the significance of the present
method.
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1 Introduction

Deoxyribonucleic acid (DNA) is the information source
controlling all life processes of the organism. Tran-
scription and replication, which are the main functions of
the DNA, are vital to functioning of all body processes in
the proper way. DNA interactions with drugs have
become an active area of research as DNA is the major
target of drug interactions. These interactions have been
utilized as a base for the estimation of DNA and/or drugs
[1-3]. Such interactions are a fundamental issue in life
process, for gene delivery systems. On the other hand,
analytical determination based on DNA is an essential for
clinical diagnosis in discovering the different ways which
develop the disease, and consequently to find suitable
ways of remediation. Several analytical methods have
been reported, as for instance, flow injection chemilumi-
nescence, capillary electrophoresis, ion pairing liquid,
micellar electrokinetic chromatography and laser-induced
fluorescence detection [4-10]. Also, interactions of DNA
with some drugs have been utilized in the analysis of these
drugs at DNA modified electrodes. For instance, the
analysis of didanosine [11] and 6-mercaptopurine [12]
using voltammetric techniques, which are sensitive, simple
and compatible with micro fabrication technology. It
offers advantages over conventional used biological and
chemical assays. Signal amplification strategies have been
used to increase the electrochemical biosensors sensitivity.
In this correspondence, electro-active polymer as the
transduction element has been reported [13-21]. The
electroactivity of DNA at those electrodes is controlled
by the structure and conformation of DNA as well as its
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damage [18,19]. Electroactivity of DNA is due to the
presence of adenine, cytosine and guanine [22,13-20]. In
the present work, the DNA modified gold electrode is
utilized in the enhanced electrocatalytic oxidation and the
subsequent electroanalysis of paracetamol (PC). PC is a
main component in plentiful cold and flu medications. It
is widely used over-the-counter analgesic and antipyretic
for the relief of headaches and other minor pains. A rapid
simple method for the analysis of PC is needed for
pharmaceutical control. Several methods have been
reported for assaying PC in pharmaceutical preparations
[23-31]. Among these methods, chromatographic methods
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are the most common for the determination of PC and
has been recommended by the American Pharmacopoeia
as the official method [32]. However, these methods are
time consuming and need tedious sample pretreatment.
Electrochemical determination at glassy carbon, gold and
platinum modified electrodes for PC either individually or
the coexistence with some other drugs, has been reported
[23-27]. Among these modifications, derivatization of
gold nanoparticles by thiol has deserved as a base
modification of the thus modified electrode with DNA
[33-41]. Thus, the present research is devoted for the
utilization of the interaction of DNA assembled on a
transducer, as a base for the electroanalysis of PC.
Immobilizing DNA at an electrode is the controlling step
in fabrication of a DNA modified electrode as the
immobilized extent control its suitability. Cysteine is used
in the present work to enhance the assembling of DNA,
and subsequently the electrochemical behavior of PC at
the DNA modified electrode is investigated and used as a
base for its analytical determination. The present method
offers a simple voltammetric analysis of PC over a
suitable rectilinear range.

2 Experimental

2.1 Reagents and Chemicals

L-cysteine (C;H,NO,S), Cys, potassium ferrocyanide
(K,[Fe(CN)y]) and sulfuric acid were obtained from
Sigma-Aldrich and used as received without further
purification. Potassium hydroxide (KOH) was obtained
from Riedel Company. A series of phosphate buffer
solutions (PBs) with different pHs were prepared accord-
ing to Gomari [42]. A 0.05M H,SO, was prepared by
accurate dilution using bidistilled water. A stock of
200 ugmL~" PC (obtained as a gift from Amriya Pharma-
ceutical Industries, Alexandria, Egypt) was prepared by
dissolving accurately 20mg PC in 100 mL bidistilled
water. Calf thymus DNA-sodium salt (from Sigma-
Aldrich: CAS. 73049-39-5) was prepared as described in
literature [43]. Once dissolved, the DNA solution is
sheared to an average size of <2000 bp. Its concentration
and purity were determined spectrophotometrically by
calculating the ratio of its absorbance at 260 and 280 nm.
The ratio A,s/A,g was around 1.8 indicating an accept-
able purity of the prepared DNA.

2.2 Electrodes

The polycrystalline gold (poly—Au) was polished with fine
alumina powder, rinsed with water and then was subjected
to sonication for removal of the remaining alumina
particles. The Au electrode was then electrochemically
pretreated in N,-saturated 0.05M sulfuric acid solution
until the characteristic CV for clean Au electrode was
obtained.
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Scheme 1. Schematic representation of anchoring DNA onto
SAM/Au electrode.

2.3 Preparation of the Modified Electrode

Scheme 1 shows the steps of the preparation of the DNA
anchored onto self-assembly modified gold electrode
(DNA/SAM/Au). Firstly, a full monolayer of cysteine was
self-assembled onto the poly—Au electrode by soaking the
clean gold electrode into a freshly prepared aqueous
solution of 1.0 mM cysteine for 20 min and then washed
with aliquots of distilled water to remove the physically
adsorbed cysteine. The prepared electrode is assigned
SAM/Au. Subsequently DNA is casted on SAM/Au and
left for drying for 2 hours to obtain the modified sensor
assigned as DNA/SAM/Au. Direct modification of gold
electrode with DNA is not stable, so gold electrode was
modified with cysteine (Cys/Au) at first. As it is well
known that the bond formed between thiol and gold is
very strong [44,45], then DNA subsequently modified
onto Cys/Au electrode utilizing the possible electrostatic
interaction between the cysteine and the negatively
charged DNA.

2.4 Measurements

Electrochemical measurements were conducted using
PGSTAT30 potentiostat/galvanostat. An Ag/AgCl (KClI
sat.) electrode was used as the reference electrode. A
platinum spiral wire was used as a counter electrode. A
conventional three-electrode cell of about 40 mL volume
was used. All electrochemical measurements were con-
ducted under nitrogen saturated solutions. The optimum
parameters used in the measurement were SW amplitude
of 20mV, frequency at 50 Hz and the step height of
5mV. All voltammetric experiments were repeated at
least three times to check the repeatability and for
calculating the standard deviations. Jeol JSM 6400 system
were used for EDX spectra. The electron energy used was
20 keV. XRD measurements were performed using Phi-
lips PW 1700 powder X-ray diffractometer using Cu Kal
radiation with a Ni filter working at 40 kV and 30 mA.
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3 Results and Discussion
3.1 Surface Characterization

DNA anchored onto self-assembly modified gold (DNA/
SAM/Au) electrode composition was probed using energy
dispersive X-ray (EDX) analysis and compared with bare
gold electrode (Au) and cysteine modified gold electrode
(SAM/Au) and results are shown in Figure 1A. The
signals which correspond to gold atoms, c.a. 2.4 (the main
peak), 11.2 and 9.8 Kev, are clearly observed in the case
of bare Au and SAM/Au electrodes. In the case of DNA/
SAM/Au electrode, the peak at around 2.4 KeV are
suppressed [46]. In addition, a new peak, for nitrogen, at
around 0.4 is clearly shown. The latter peak is most likely
belonging to the constituents of DNA. These confirm the
successful assembling of DNA.

Crystallographic orientation of the gold facets was
propped using XRD as shown in Figure 1B. Bragg
reflection main peak revealed at 38° corresponds to (111)
facet along with some other peaks at 78°, 82°, 85° and 88°
corresponds to (311). The peaks at 38° and 78° correspond
to standard Bragg reflections of face centres cubic
(JCPDS File No. 00-001-1174) [46]. The peak at 78° (311)
is suppressed in the case of DNA/SAM/Au electrode.
This again confirms the successful modification of the
DNA onto SAM/Au electrode. In addition, it points to
preferential deposition on some facets of the poly—Au
electrode.

3.2 Electrochemical Characterization

The bare Au electrode used as a substrate for the further
assembling of cysteine and DNA is electrochemically
characterized by K,[Fe(CN)] electrochemical marker.
Figure 2 shows cyclic voltammograms for K,[Fe(CN)]
obtained at (a) bare Au, (b) SAM/Au, (c) DNA/Au and
(d) DNA/SAM/Au electrodes prepared as mentioned in
the experimental section. The parameters obtained from
this figure are shown in Table 1S. The well-defined redox
couple for K,[Fe(CN)y] is obtained for all the studied
electrodes. In the case of bare Au electrode (curve a), the
separation between anodic and cathodic peak potentials
was ~95 mV. In the case of SAM/Au electrode (curve b),
the potential couple is negatively shifted. In addition, the
peak current is increased, probably due to some inter-
action between the assembled cysteine molecules and
ferricyanide. The separation between the potential of the
two peaks is the smallest among studied electrodes
indicating the electron and mass transfer enhancement.
On the contrary, in the case of DNA/Au (curve c)
electrode, the potential couple is positively shifted as a
result of the repulsion between the K,[Fe(CN)y] and the
phosphate group in DNA [47]. In addition, the peak
current is decreased. This decrease might denote the
change in the diffusion of K,[Fe(CN),] and consequently
retardation in the mass transfer. In the case of DNA/
SAM/Au electrode (curve d), still the peak current is
larger than that obtained at the bare Au electrode.
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Fig. 1. A) EDX analysis for (a) bare Au, (b) SAM/Au and (c)
DNA/SAM/Au electrodes, B) XRD analysis for (a) bare Au, (b)
SAM/Au and (c) DNA/SAM/Au electrodes.

However, the enhancement obtained at SAM/Au is
decreased after the immobilization of DNA denoting the
successful binding of DNA to the cysteine modified gold
electrode. The change in the separation between peak
potentials indicates the stable modification of DNA at the
cysteine modified electrode, as compared with the direct
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Fig. 2. Cyclic voltammograms for K,[Fe(CN)s] obtained at (a)
Au, (b) SAM/Au, (c) DNA/Au and (d) DNA/SAM/Au electro-
des, Scan rate is 100 mV/s.

assembling of DNA at bare Au electrode, as schemati-
cally represented in Scheme 1 shown above.

Next, the electrochemical behavior of PC at the
studied electrodes was examined. Figure 3 shows cyclic
voltammograms obtained for 53 uM paracetamol at those
electrodes. Electrochemical parameters extracted from
this figure are shown as Table 2S. In the case of bare Au
electrode (curve a), well defined anodic and cathodic
peaks for the oxidation and the coupled reduction of PC

10

0.4 -0.2 0 0.2 04 0.6 0.8 1
E/V (vs. Ag/AgCl)

Fig. 3. CV obtained for 0.053 mM paracetamol obtained at (a)
Au, (b) SAM/Au, (c) DNA/Au and (d) DNA/SAM/Au electro-
des at scan rate of 100 mV/s. (Inset, Effect of scan rate) (Numbers
in figure are in mV/s).
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are obtained at ca. 0.56 and 0.15V, respectively. This
redox couple can be represented by equation 1.

0 0
4; .
T
N7 e, NHl ~n,
fZE, H (1)
B — e
OH 0
Paracetamol

The large peak potential separation reveals the
irreversible nature of PC redox behavior at bare Au
electrode. At SAM/Au (curve b) electrode, an anodic
peak is obtained at around 0.51 V, i.e., at lower positive
potential with respect to poly—Au electrode. This anodic
peak is coupled with two cathodic peaks at 0.14 and
0.33 V, respectively. The cathodic peak obtained at 0.14 V
is at the same potential similar to that obtained at bare
Au electrode. It might belong to the reduction at the
cysteine-uncovered portion of the electrode. At DNA/Au
(curve c) electrode, the potential of the anodic peak,
0.56 V, does not change compared with bare Au elec-
trode. However, the peak current slightly decreased
probably due to the poor direct assembling of DNA onto
unmodified gold electrode. The cathodic peak is more
than 100 mV cathodically shifted pointing to the suppress-
ing of the cathodic reduction in this case. At DNA/SAM/
Au (curve d) electrode, interestingly, the electrode
kinetics is largely enhanced; the anodic peak is 100 mV
negatively shifted and the cathodic peak is 300 mV
positively shifted. The separation between peak potential
in the present case is around 90 mV. In addition, the ratio
of the anodic peak current with respect to the cathodic
peak current is the smallest, c.a., 1.46. Table 2S.

The sluggish kinetics obtained at bare Au electrode is
changed to quasi-reversible one at DNA/SAM/Au elec-
trode, as revealed from the effect of scan rate on the peak
current (Figure 3, Inset). As the scan rate increases the
separation between the anodic and cathodic peaks
increases indicating a quasi-reversible process. The small-
est peak separation obtained at DNA/SAM/Au indicates
the appreciable enhancement of the electrochemical
behavior of PC at DNA modified onto SAM/Au com-
pared with that modified directly at bare Au electrode.
For example, the peak potential separation at bare Au
and DNA/SAM/Au electrodes equal 410 and 90 mV,
respectively. The separation between the anodic and
cathodic peaks (Table 3S) in the case of DNA/SAM/Au
was larger than that expected for a reversible one-electron
process of a freely diffusing species. The present results
throw the light on the interaction of PC with DNA which
could be a basis for determination of the concentration of
PC. In addition, it might support an idea about the curing
mechanism of PC drug.
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Fig. 4. Plot of log v vs. E, for 0.053 mM paracetamol at DNA/
SAM/poly—Au electrode.

Figure 1S shows the effect of the scan rate on the peak
current for the oxidation and reduction of PC at DNA/
SAM/Au electrode. Plot of logl, vs. log (scan rate, v) for
53 uM paracetamol at DNA/SAM/Au electrode is shown.
A straight line obtained indicates a diffusion-controlled
process. Figure 4 shows the E-logv plot for PC. From the
slope, the transfer coefficient (a) was estimated using the
following equation [48], and was found to equal 0.47;

Ep. =E°— = logv (2)

where Ep, and E° are the cathodic peak potential and the
equilibrium potential, respectively and n, R, T and F have
their usual meaning.

Also using Tafel plot (shown in Figure 2S) which
drawn from the cathodic part in cyclic voltammetry at
scan rate of 20 mV/s as shown in (Figure 3, Inset). This
value is consistent with the one calculated using the
equation [49];

E,—E,, =48mV/on (E, and E,,, in mV) 3)

where 7 is the number of the transferred electrons, E,, is
the peak potential and E,, is the half peak potential. The
using of data obtained from cyclic voltammogram at scan
rate of 100 mV/s, the transfer coefficient («) was found to
be 0.48.

From the effect of the scan rate on the peak current
(Figure 3S), the slope was obtained and substituted in
Eq. 4 in which A is the area of the electrode and C is the
concentration of PC, and subsequently the diffusion
coefficient, D, (3.6x107*cm?s™") was estimated. This is
consistent with that obtained at gold nanoparticles
modified electrodes [50]. This indicates the enhancement
of the mass transfer of the PC and/or the electron transfer
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Table 1. The calculated values of heterogeneous electron transfer
constant (k) using Eq. 5.

Scan rate, V/s ¥ AEp/V k' Average value + SD
0.05 1.0 0.08 0.08395

0.10 0.88 0.09 0.07836

0.20 065 0120 006683 0-0069305+0.015844
0.30 0.46 0.124 0.04808

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

process of oxidation of PC at the electrode-solution
interface [51].

I, = (2.99x10°)nAC(anDv)'/? (4)

Nicholson method was used for calculating the hetero-
geneous electron transfer constant (k°) based on its
relation with a dimensionless kinetic parameter ¥, given
by the following equation [52];

K=y [nanDO ]1/2

=T (5)

Y values at different peak potential separation are
reported [49]. Table 1 shows the heterogeneous electron
transfer constant at different peak potential separation in
addition to its average. The average of the heterogeneous
electron transfer constant was found to equal 6.93x107.
For comparison, Giliadi method [49] was also used for the
calculation of the heterogeneous electron transfer con-
stant based on the following equation;

L
Z

FaV.D
logk® = —0.48a + 0.52 + log [n Zo 0] (6)

2.303RT

where V., is the critical scan rate at which the electrode
reaction changes to be irreversible. This value (224 mV)
was estimated from Figure 4 in which the peak potential
is plotted against log-scan rate. kK’ was estimated to be
6.97x107* in consistence with the average value obtained
from Nichleson method.

3.3 Electrochemical Determination of PC

Figure 4S shows the cyclic voltammograms of different
PC concentrations at DNA/SAM/poly—Au electrode. As
clearly shown the redox couple of PC is increasing with
increasing its concentration confirming the corresponding
of this redox couple to PC. Based on this, the square wave
voltammograms (SWV) respond to PC and the calibration
curve were obtained and shown in Figure 5. SWV has
been selected as the assembly of current values is attained
in a manner so that the charging current is very small. So,
SWV has high immunity against changing current, and
consequently its output peak is characterized by sharpness
as clearly shown in Figure 5. The electrochemical re-
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Fig. 5. SWV obtained in the presence of different concentrations
of PC using scan rate of 100 mV/s.

sponse of PC at bare Au and DNA/SAM/Au by SWV is
givenin 5 S.

3.4 Calibration Plot

Based on the obtained above results, the use of square
wave voltammetry for accurately determination of PC was
benefit and valuable. SWV of PC at the modified DNA/
SAM/poly—Au electrode performed at a phosphate buffer
solution of pH 7 was shown in Figure 5. A clear sharp
peak with an increasing in current at 0.4 V by increasing
in PC concentration in the range 10.0-110.0 pgmL™" with
a good correlation coefficient R? of 0.9979. The regression
equation for the obtained calibration line is:

I, uA = 0.0119 [PC], pgmL™" + 0.0264

Both limit of detection (LOD) and limit of quantifica-
tion (LOQ) were calculated based on their formulae from
IUPAC’s recommendations and found to be 1.18 and
5.05 uygmL™, respectively. For six measurements, both
standard deviation (SD) and relative standard deviation
(RSD) of 70 ygmL™ PC sample was calculated to be
0.817 ygmL™" and 1.52 %, respectively. To examine the
usefulness of the developed method, F-test was calculated
compared with the reference one [53] and the calculated
F value found to be 3.59 which is less than a tabulated one
4.59 indicating that there is no significant difference
between the two methods. All analytical parameters are
cited in Table 2. The developed method for determination
of PC was compared with previous methods of modified
electrodes as cited in Table 4S [54-67]. Most recent
relevant work is used here for the comparison. These data
show that the detection limit was comparable with those
of other electrochemical sensors [60-62,65,67]. Regarding
the linear range. it is wider compared with several
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Table 2. Analytical conditions and measurement parameters of the
electroanalytical determination of PC using DNA/SAM/poly—Au
electrode.

Parameters Value
Type of buffer Phosphate (pH 7)
Potential of measurment, V 0.4

Scan rate, mVsec ™' 100
Linear concentration range, ugmL™ 10-110
Regression equation®

Slope, pA/ugmL™! 0.0119
Intercept, pA 0.0264
Correlation coefficient, R? 0.9979
Standard deviation, SD (n=6), ygmL™! 0.817
Relative Standard deviation, RSD, % 1.52
LOD, pgmL™ 1.18
LOQ, pgmL™! 5.05

SD of slope 3.54x107™
SD of intercept 6.01x107°
Confidence limit®, pgmL™" 704122
F- test® 3.59

*I(uA)=slope [PC](ugmL™")=+Intercept. *"Average of six con-
secutive measurements. “Theoretical value for F,s)-test at 95 %
confidence limit is 4.95. Ref [53]

relevant work [60-62,65,67], and inferior compared with
some others [56-59]. Most reported results are at
modified carbon electrodes and few are at modified gold
electrodes. In the present case DNA/SAM/Au, in addition
to its usefulness in the analysis of PC, it can be used as a
model for the study of the DNA-drugs interaction. The
relevant results are underway. A suitable sensor for
application in biological samples should fulfil some
criteria, among these criteria it must differentiate the
target response from possible interfering species. In the
present case ascorbic acid (AA) and uric acid (UA) are
the most likely interfering species. Thus, the electro-
chemical behavior of the PC was conducted both in the
absence and presence of AA and UA. The response to
PC is constant irrespective of the presence of AA and UA
denoting to the immunity of the present method against
AA and UA, Figure 6S.

4 Conclusions

The present method was based on a modified gold
electrode where DNA was assembled onto cysteine
modified gold electrode and applied for the electro-
catalysis of paracetamol. The modified electrode was
characterized morphologically and electrochemically.
Next, the DNA/SAM/Au electrode was used for the
determination of paracetamol (PC) with the aid of SWV
within a linear range of 10.0-110.0 ygmL ™" PC. Also, the
heterogeneous electron transfer constant and the diffu-
sion coefficient for PC were estimated using Nicholson
and Giliadi methods.
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