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ABSTRACT

An electrochemical biosensor, constructed by immobilization of Zr(IV) on the topside of gold-
mercaptopropionic acid self-assembled monolayer (Au-MPA-Zr SAM), is developed for the sensitive
quantification of calf thymus DNA (ct-DNA). The sensor is based on ionic adsorption of ct-DNA from its
phosphate backbone onto the Au-MPA-Zr(IV) SAM electrode. Preparation, characterization, and application
of the sensor for determination of ct-DNA are described by cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS), and Osteryoung square wave voltammetry (OSWV) in the presence of an
appropriate redox reaction probe. Parameters influencing the method have been tested. A linear range
calibration curve from 1.0x10"% to 5.0x10~7 g mL™ ! ct-DNA with a detection limit of 9.5x107% g mL~!
and mean of relative standard deviations (R.S.D) of 2.5% for n=4 at each point was observed in the best
conditions by EIS. Regeneration of the surface was carried out successfully by 5 min sonication in 0.1 M KOH
solution and then 1 min incubation in 1.0x 10~3 M Zr(IV) with a good reproducibility, R.S.D =1.5% for n=4

as detected by EIS. The long-term storage stability of the electrode was also studied.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Quantitative detection of nucleic acids, as a kind of the most
important substances involved in vital movements, is of great
significance in routine investigations like gene identification, mole-
cular biology, biotechnology, medical diagnosis, forensic science, and
environmental protection. Thus, several methods have been devel-
oped based on spectroscopy [1], chemiluminescence [2], resonance
light scattering [3], fluorescence [4], phosphorescence [5], chromato-
graphy [6] and electrochemical [7] techniques for sensing of DNA.

Recent progresses in electrochemistry of nucleic acids have made
the electrochemical detection platform a powerful alternative to the
optical detection principles used in most of the current commercially
available gene analyzers [7]. Electrochemical detection assays benefit
of some advantages like being simple, reliable, cheap, sensitive, and
selective for genetic detection [8]. Besides, the instrumentation is
lightweight, compact, can easily be taken into the field and readily be
automated [9]. The possibility of direct electrochemical detection of
DNA was initially proposed by Palecek [10] who recognized the
capability of both DNA and RNA to yield reduction and oxidation
signals on the mercury electrode. Later, several solid-state electrodes,
such as carbon paste electrodes [11], were employed to trace the
electrochemical behavior of nucleic acids. However, the reported
overpotentials of DNA bases at these electrodes have been usually
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large. For example, the anodic peak obtained at a carbon paste
electrode, coming from the oxidation of guanine bases, is located at ca.
1.03 V [12], besides, voltammetric peaks are poorly developed. Thus,
electrochemical methods applied for DNA analysis have generally
shown a low sensitivity, except where highly sensitive techniques,
such as electrocatalytic oxidation methods of the DNA bases, have
been employed [13-15]. The DNA biosensors that rely on the
immobilization of a single-strand DNA (ss-DNA) probe onto a surface
are alternative methods for determination of DNA concentration via
recognition complementary sequence (target DNA) by hybridization.
However, quantitative determination methods developed based on
hybridization process suffer from some limitations like (i) the need of
immobilization of probe DNA on the electrode surface and (ii) the
hybridization with complementary strand, which is time consuming.
Therefore, these types of DNA biosensors are more suitable for DNA
investigations such as sequence, damage or mismatch detection of
target DNA, instead of concentration determination. In addition, this
technique is incompatible for determination of unknown, long, native
or double strand DNA (ds-DNA) concentration. On the other hand,
industrial biopharmaceutical laboratories, as an example, need
sensitive, simple and rapid DNA concentration determination meth-
ods [16]. Therefore, it remains a central problem to find an appropriate
chemically modified electrode for simple and fast determination of
DNA concentration in solution.

Chemical modification of the electrode surface is of great
importance in electrochemistry including a wide spectrum of
promising applications. In particular, thin films and self-assembled
monolayers (SAMs) have been used in electroanalytical chemistry for
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modification of the electrodes to develop sensors [17,18] and
biosensors [19,20]. Further modification of the SAMs may allow
fabrication of highly sensitive and more sophisticated sensors and
biosensors for trace analysis.

Recent studies have shown that incorporation of metals or metal-
binding units with desired electrical, magnetic, optical, and catalytic
properties, or molecular recognition abilities into the gold-thiol SAMs
can be used for the development and fabrication of sensors. Among
the metal cation binding glues, Zr(IV) ion has found important
applications due to its interesting properties [21]. For example, strong
ionic and coordinative interactions between Zr(IV) ion and phosphate
groups confirmed by several surface sensitive techniques [22,23],
formation of functionalized thin films through Zr(IV) ions coordinated
to phosphate groups [24], and immobilization of polycyclic aromatic
hydrocarbons using Zr(IV) via phosphate-carbonate [25] on the solid
surfaces have been reported by some authors. Similar studies have
demonstrated applications of Zr(IV) for immobilization of biological
molecules. For example, immobilization of laccase via enzyme
carboxylate terminal groups [26], adsorption of DNA via phosphate
groups [27,28], and immobilization of ds-DNA via its terminal
phosphate [29] onto the solid surfaces have been cited.

Alternatively, these behaviors may allow immobilization of Zr(IV)
on gold-thiol carboxylated electrode surface (e.g. on gold-mercapto-
propionic) to prepare Au-MPA-Zr(IV) SAM for accumulation, and
then, quantitative determination of DNA. Despite these interesting
behaviors, no previous report has been published on Au-thiol-Zr(IV)
SAM modified electrodes for DNA detection. In a recent report [30], we
demonstrated that Au-MPA-Zr(IV) SAM electrode could be used for
determination of phosphate, based on the strong ionic coordinative
interactions between Zr(IV) and PO3~ groups.

In the present work, preparation, electrochemical characterization,
and application of a new biosensor based on Zr(IV) immobilized on
Au-MPA-Zr(IV) SAM electrode for determination of calf thymus DNA
(ct-DNA) using cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS), and Osteryoung square wave voltammetry
(OSWV) are intended. The experimental data will be presented and
discussed from which the merits of the sensor will be introduced.

2. Experimental
2.1. Reagents

Calf thymus DNA (ct-DNA) from sigma, Zirconium chloride (ZrCly),
3-mercaptopropionic acid (MPA) and other chemicals were of
analytical grade purchased from commercial sources (Merck or
Sigma) and used as supplied. All solutions were prepared with
purified water (18 MQ cm, Millipore-MilliQ, Millipore Iné. France).
Acetate buffer saline (ABS) solution was prepared by 0.1 M acetic acid
solution in 1.0 x 102 M NaCl, and the pH was adjusted with NaOH or
HCl solutions. Dilute solutions of ct-DNA were prepared immediately
before use from a stock solution 1.0x10~% g mL™", prepared by
dissolution of ct-DNA in ABS solution, pH 3. Stock solution of Zr(IV)
was prepared by dissolution of a required amount of ZrCl, in 0.1 M
HNOs. The glassware was soaked in 6 M HNOs and carefully cleaned
before use to avoid contamination. The test solutions were deaerated
with high purity argon gas for 10 min before each experiment, and
blanketed with the gas during the experiments.

2.2. Instrumentation

Electrochemical measurements were performed on Potentiostat/
Galvanostat Autolab30 or EG&G273A in a conventional three-
electrode glass cell containing modified gold disk as working
electrode, a Pt plate (99.99%, 5 cm?) as auxiliary electrode, and a
Ag/AgCl (3 M KCl) as reference electrode. All reported potentials in
this work are referenced to the Ag/AgCl electrode. For the EIS studies, a

5 mV ac amplitude potential superimposed on the formal potential of
the redox probe (E° = +0.20 V) was applied, and a wide frequency
range from 10 kHz to 100 mHz was scanned. All experiments were
performed at room temperature.

2.3. Preparation of Au-MPA SAM electrode

The gold disk electrode (Azar electrode, Urmia, LR. IRAN,
0.0942 cm?) was polished using aqueous slurries of alumina (0.30
down to 0.05 pm), sonicated in water/chloroform/water for 5 min, and
then cleaned electrochemically by cycling the electrode potential
between 0.00 and + 1.50 V terminated at 0.00 V vs. Ag/AgCl in 0.5 M
sulfuric acid, until reproducible voltammograms were observed [31].
A roughness factor of 1.92 4 0.12 was calculated from the ratio of real
to geometric surface area, and attempted to maintain it constant in all
experiments [32]. The real surface area was calculated by integration
of the cathodic peak observed during redox reaction of gold, assuming
482 pC cm~ 2 charge for reduction of one monolayer of AuO on Au
(111) [33]. Before modification, the electrode was thoroughly rinsed
with ethanol and water. The cleaned Au electrode was modified by
sonicating in a 2.0x10~2 M MPA aqueous solution for 15 min, and
then, keeping in this solution for six more hours to form Au-MPA SAM
electrode.

2.4. Preparation of Au-MPA-Zr(IV) SAM electrode

Immobilization of Zr(IV) was carried out under open-circuit
potential by immersion of the Au-MPA SAM electrode into a 10 ml
stirring solution of 1.0x10~3 M Zr(IV) at pH~1 to form Au-MPA-Zr
(IV) electrode. Our preliminary studies showed that almost after
15 min incubation, the surface was saturated with Zr(IV), and higher
incubation times did not change the results significantly. The modified
electrode was removed, rinsed with 0.1 M HNOs, and used
immediately for immobilization of ct-DNA.

2.5. Determination of ct-DNA

Initial studies on the adsorption of ct-DNA was performed by
immersion of Au-MPA-Zr(IV) electrode in a 1.0x107% g mL™ "' ct-
DNA solution with different pHs at the open-circuit potential for about
5 min, while the solution was gently stirred. Accumulation (a) and
quantitative determination (b) of DNA were performed under tested
conditions as: (a) 5 min incubation in acetate buffer saline (ABS)
solution, pH 3, containing different concentration of DNA, and (b)
electrochemical determination in the presence of 5.0x10~% M [Fe
(CN)g]>~ in ABS at pH 3 using CV, OSWV, and EIS techniques.

3. Results and discussion
3.1. Preparation and characterization of Au-MPA-Zr(IV) SAM electrode

Preparation of Au-MPA-Zr(IV) in context with the chemistry of Zr
(IV) in aqueous solution [34,35], stability of Zr(IV) at very acidic pHs
[36,37], and immobilization of Zr(IV) on Au-MPA SAM electrode from
an aqueous solution was reported in our previous work [30]. The main
purpose of the present work was to use immobilized Zr(IV) as a glue
for accumulation, and then, electrochemical determination of ct-DNA
on the modified electrode in the presence of [Fe(CN)g]>~ redox probe.

Preparation and characterization of the Au-MPA-Zr(IV) SAM will
be discussed briefly first, then, we will concentrate on the quantitative
determination of ct-DNA. Layer-by-layer modifications of the surface,
formation of Au-MPA-Zr(IV) SAM and its interaction with DNA, were
monitored by CV. Cyclic voltammograms obtained at pH 3 on Au
electrode before and after each step of modification are presented in
Fig. 1. Formation of MPA SAM on Au electrode decreased the faradaic
peak currents (ips), and increased the peak separation (AE,) (Fig. 1,
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Fig. 1. Cyclic voltammograms obtained in the presence of 5.0 x 10~ * M [Fe(CN)g]*~ as a
redox probe, in ABS solution at pH 3, containing 1.0x10~2 M NaCl as a supporting
electrolyte, on Au electrode before and after each step of modification; (a) bare Au, (b)
Au-MPA, (c) Au-MPA-Zr(IV), and (d) Au-MPA-Zr(IV)-DNA. Scan rate is 100 mV s~ ',

compare curves a and b). These observations are in agreement with
those previously reported on Au-MPA SAM [30]. However, after
incubation of Au-MPA SAM electrode in acidic solution of Zr(IV), the
ips were increased and AE,, were decreased (Fig. 1 curve c). The reason
of this behavior is described as follows: pH-metric titration curves
obtained using variation of the i,s and AE, of Au-MPA-Zr(IV)
electrode as a function of pH revealed a surface pK, of 5.5, and thus,
a positive charge-state of the surface at lower pH values (Fig. 2).
Therefore, it can be assumed that the increases in ips as well as the
decreases in AE,, observed on Au-MPA-Zr(IV) SAM, have been
originated from electrostatic attraction between positively charged
surface of Au-MPA-Zr(IV) SAM electrode at acidic solutions and [Fe
(CN)g]®>~ redox probe.

3.2. Interaction of Au-MPA-Zr(1V) electrode with ct-DNA

Interaction of immobilized Zr(IV) with phosphate and carboxylic
groups has been investigated [23,38], specially, as a glue between
pectin carboxylate and DNA phosphate groups for analytical purposes
[39]. We expect that ionic adsorption of ct-DNA by immobilized Zr(IV)
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Fig. 2. Cyclic voltammograms obtained on Au-MPA-Zr(IV) SAM electrodes in the
presence of 5.0x 10~% M [Fe(CN)g]>~ in ABS containing 1.0x 10~ 2 M NaCl; scan rate is
100 mV s~ . Outer to inner; pH 3.0, 4.0, 5.0, 6.0, 7.0, 8.0 and 9.0. Inset shows variation of
normalized i, and AE, extracted from cyclic voltammograms of Au-MPA-Zr(IV) SAM
electrodes, normalized i, and AE, are (i,(max) —iy)/ip(max) and (AE,(max) — AEp)/
AE,(max), respectively. It was difficult to find E, at alkaline pHs, thus, AE,(max) was
equaled to the potential window in normalization process.

on the topside of Au-MPA SAM (recognition system) can block the
charge transfer between reversible redox reaction of a probe and
metallic base of the gold modified electrode, and thus, affect on
electrochemical signals (transducers), e.g. i, and R, leading to a new
electrochemical method for ct-DNA determination.

Cyclic voltammograms obtained on Au-MPA-Zr(IV) electrode at
pH 3, before and after 5 min incubation in 1.0x10~% g mL™ ! ct-DNA
solution, are presented in Fig. 1. Adsorption of ct-DNA on Au-MPA-Zr
(IV) electrode has decreased the i,s and increased AE,s (Fig. 1,
compare curves ¢ and d). This effect can be explained as follow; (i)
Adsorption of ct-DNA has changed the charge state of the electrode
surface to negative, so, the negatively charged redox probe [FeCNg]>~
has been repelled from the electrode surface. (ii) On the other hand,
phosphodiester backbone of ct-DNA is supposed to be bridged
between the immobilized Zr(IV). Therefore, the electrode surface
has been strongly blocked and the charge transfer kinetic has been
decreased.

The mechanism of the electrode blocking either by electrostatics or
by phosphodiester backbone bridging by Zr(IV) should be easily
resolved by using positively charged [Ru(NHs3)g]> ™2 probe. We
verified this object by the EIS (Fig. 3) and CV measurements in the
presence of [Ru(NHs)s]>*/2* during layer-by-layer assembly process.
Kinetic of the electron transfer for [Ru(NHs)s]> ™2 is very fast [40],
specially on the short chain thiol (MPA) that was used in this work. Thus,
we expected almost no isolation effect. This expectation was practically
supported by these results, compare curves a and b with curve c. After
accumulation of Zr(IV) on the surface of Au-MPA, isolation effects were
obviously observed due to both electrostatic repulsion and blocking
effect of Zr(IV), compare curves a and b with curve c.

Finally, accumulation of DNA on the surface of Au-MPA-Zr(IV)
blocked effectively the surface (Fig. 3, curve (d)). This behavior is
resultant of two effects; (i) electrostatic attraction between positively
charged probe [Ru(NHs5)g]>™ and negatively charged surface, Au-
MPA-Zr(IV)-DNA that decreases the R.. (ii) Blocking of the redox
reaction of [Ru(NHs)g]*™ by bridging of phosphodiester backbone of
DNA on Zr(IV) that increases the R.. The observed behavior is
resultant of these two effects with dominant effect of bridging of
phosphodiester backbone of DNA (i.e. increasing of R.). See Fig. 3,
curve d. Similar tendency, but with lower sensitivity, was observed
by CV measurements (data not shown).

High concentrations of the electrolytes (salts) effectively inhibit
DNA electrostatic interaction bindings [41]. So, it was necessary to
investigate effect of ionic strength of the incubation solution on the
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Fig. 3. Complex plane plots of the EIS obtained in the presence of 0.5 mM [Ru(NH;)g]> 2+
asapositively charged redox probe, in ABS solution at pH 3, containing 1.0x 10~ 2 M NaCl as
a supporting electrolyte, on Au electrode during layer-by-layer assembly process; (a) bare
Au, (b) Au-MPA, (c) Au-MPA-Zr(IV), and (d) Au-MPA-Zr(IV)-DNA. Eqc.= —0.1 V vs. Ag/
AgCl, E,c.= +5 mV, frequency range from 10 MHz to 0.1 Hz.
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amount of ct-DNA adsorbed on Au-MPA-Zr(IV) electrode. For
concentrations higher than 2.0x 102 M Nacl, the results were not
reproducible and the sensitivity was low. Two reasons might be
responsible for this phenomenon; (i) shielding effect of salt ions on
phosphate groups of DNA that result in depletion of electrostatic
attraction to Zr(IV) [42] and (ii) the coordination of chloride ions with
Zr(IV) on the topside of SAM, and thus weakening or breaking the
interaction between Zr(IV) and DNA molecules. The best results were
obtained in 1.0x 10~ 2 M NaCl (data not shown).

Double helix DNA is stable in the pH range of 3.0-10.0 at room
temperature according to [43]. However, we also studied the effect of
pH on the amount of loaded ct-DNA on Au-MPA-Zr(IV) electrode. For
the pHs higher than 5.5, the electrode surface was dramatically
blocked by OH groups, and a large decrease in peak currents of [Fe
(CN)g]*~ was observed. So, further adsorption of ct-DNA on the
electrode surface could not be detected accurately at the pHs higher
than 5.5. Indeed, in these conditions, the electrode surface was not
favorable for ionic coordination of ct-DNA. These observations could
be directly related to the weak adsorption process occurring between
phosphodiester groups of ct-DNA and immobilized Zr(IV) at the pHs
higher than 5.5. The adsorption of DNA increased by decreasing the pH
down to pH 3. Strong interaction between ct-DNA and immobilized Zr
(IV) at pH 3 could be reasonably attributed to electrostatic attraction
of highly negatively charged ct-DNA (the pK, of the phosphodiester
group is around one [44]) and the positively charged immobilized Zr
(IV), and thus, formation of ionic coordination bonds. Due to native ct-
DNA structure alteration [45], no experiment was performed at pHs
lower than 3.

As a conclusion, a good affinity was observed for Zr(IV) towards
the Au-MPA, and for phosphate backbone of ct-DNA towards the Au-
MPA-Zr(IV) SAM electrodes at the tested experimental conditions.
This behavior was used as a base in the present work to develop a new
method for quantitative determination of ct-DNA.

3.3. Analytical performance of Au-MPA-Zr(IV) electrode for ct-DNA
determination

(i) Cyclic voltammograms obtained on Au-MPA-Zr(IV) electrode
in ABS solution at pH 3 in the presence of [FeCNg]>*~ redox
probe, after accumulation of ct-DNA are presented in Fig. 4. A
linear calibration curve with three orders of magnitude in
logarithmic scale, and R.S.Ds varied from 3.0 to 5.14% for n=4
at each point, in the range of 5.0x1078 to 1.0x 107> g mL™!
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Fig. 4. Cyclic voltammograms obtained of 5.0x 10~ M [Fe(CN)g]*~ redox probe on Au-
MPA-Zr(IV) electrode in ABS containing 1.0 x 10~2 M NaCl at pH 3, after 5 min accumulation
of DNA at pH 3 from solutions containing different concentrations of calf thymus DNA. Scan
rate is 100 mV s~ ', The calibration curve extracted from variations of ip,s as function of ct-DNA
concentration from 5.0x 108 to 5.0x 10> g mL™ . I, ,/uA = 1346 p[Cpna/(g mL™ )] JuA +
0.15/uA, R=0.99.
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Fig. 5. Osteryoung square wave voltammograms of [Fe(CN)g]>~ redox probe on Au-
MPA-Zr(IV) electrode obtained at frequency of 25 Hz and scan rate of 22.5 mV s~ ! after
accumulation of DNA from solutions containing different concentrations of ct-DNA.
Other conditions were the same as those cited in Fig. 4. The calibration curves obtained from
variations of —is as function of ct-DNA concentration from 5.0x 10~ t05.0x 10~ >gmL ™.
I /UA =8.10 p[Cona/(g mL™')]/uA + 33.10/uA, R=0.99.

DNA was observed using anodic peak currents as a function of
ct-DNA concentration in accumulation solutions (Fig. 4, inset),
{Ip.a/tA=1.346 p[Cpna/(g mL™")]/uA+0.15/uA, R=0.99}.

The results indicated that the Au-MPA-Zr(IV) SAM electrode
was an appropriate sensor for detection of ct-DNA. However,
due to inherent disadvantages, like small sensitivity, and large
and uncertain contribution of background currents (high
detection limit), accompanying the CV method [46], the merits
obtained in this part did not satisfy our requirements for
quantitative chemical analysis; i.e. low detection limit, and high
sensitivity and accuracy. On the other hand, extraction of peak
currents was difficult and insignificant at concentrations above
1.0x107° g mL™! of ct-DNA, i.e., the CVs became flat and
merged each other. Consequently, OSWYV that benefits of high
sensitivity and low detection limit (small contribution of
background in analytical signal) was employed.

(ii) OSWVs obtained in the abovementioned conditions are pre-
sented in Fig. 5. A linear calibration curve, with four orders of
magnitude in logarithmic scale, and lower R.S.Ds (in compar-
ison with CV, Fig. 4) varied from 2.3 to 3.6% for n=4 at each
point, was found (Fig. 5, inset) in the range of 5.0x10™° to
5.0x107° g mL™! ct-DNA using cathodic peak currents as a
function of ct-DNA concentration in accumulation solutions {I, o/
pA=8.10 p[Cpna/(g mL™1)]/uA + 33.10/uA, R=0.99). Although
the OSWV method overcomes several of the limitations accom-
panying the CV method, it still includes running potentials far
from equilibrium, which is possibly undesirable [47].

(ii) EIS is a powerful, non-destructive, and informative technique to
examine the microscopic interfacial events (such as complexation
and precipitation) or diffusion effects at the modified electrodes
near or far from the equilibrium potentials, and serve as a
transducer [48-50]. In order to obtain more precise and accurate
data for quantitative determination of ct-DNA, the EIS measure-
ments were performed in the conditions tested for OSWV
measurements, but at a constant DC potential of +0.20 V vs. Ag/
AgCl reference electrode. The EIS complex plane plots recorded on
Au-MPA-Zr(IV) modified electrode as a function of ct-DNA
concentration in accumulation solution are presented in Fig. 6. A
wide linear dynamic range calibration curve from 5.0x10~7 to
1.0x10~*gmL™ ! DNA as {R/kQ=9.90 [C(pna/g mL™1)x 106/
kQ + 30.10/kQ} with R.S.Ds varied from 1.8 to 3.2% forn =4 at each
point and a detection limit of 9.5 x 10~ 8 g mL~ ! was obtained. The
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Fig. 6. The EIS complex plane plots obtained for determination of ct-DNA in the presence of
50x10* M [Fe(CN)s]>~ redox probe on Au-MPA-Zr(IV) electrode in ABS solution
containing 1.0x 1072 M NaCl at pH 3, after 5 min accumulation of ct-DNA at pH 3 from
solutions containing different concentrations of calf thymus DNA. E,c.=5 mV, Eqc.=+0.2 V
vs. Ag/AgCl reference electrode. Inset shows linear variations of the R as a function of ct-DNA
concentration from 1.0x 1077 to 1.0x 10~ % g mL™ % Re/kQ=9.90 [C(pna/g ML~ 1) x 10~ 6]/
kQ+30.10/kQ.

applied DC potential in EIS measurements was quite close to the
equilibrium potential. It means that (i) the partial change in the [Fe
(CN)g]>~ probe concentration during data acquisition in the EIS
measurements has been less than that of OSWV experiments, and
(ii) the risk of ZrO, formation [47] and deterioration of modified
layer has been notably decreased [51].

A comparison may be made between the changes observed in the
electrochemical signals during determination of ct-DNA here with
those observed previously during determination of phosphate [30]. In
the case of ct-DNA in this work, the calibration curve is non-
logarithmic with a relatively wide linear range and only one slope, in
contrary to those observed for phosphate. These behaviors may be
explained briefly as follows:

(i) In the case of phosphate, as a small and simple inorganic
molecule, two linear range calibration curves were observed in
logarithmic scale that were explained as following [30]: for
lower concentrations of phosphate, accumulation is performed
mainly via 1:1:1 for MPA:Zr(IV):POz . Still, for higher concen-
trations, the chance for bridging of one POz~ between two
adjacent immobilized Zr(IV) increases. This effect increases the
R, and thus, the sensitivity of the electrode more effectively
than case 1:1:1. Accordingly, two slopes have been observed. The
ct-DNA is a large and complicated biomolecule in comparison
with phosphate, and contains phosphodiester chains with a large
number of connected phosphate groups, so, unlike the phos-
phate, even at the low concentrations, bridging of ct-DNA
between adjacent immobilized Zr(IV)s is possible. This behavior
can block the surface more efficiently (AR is more than
1x10° kQ, see Fig. 6 in comparison with ~350 kQ for phosphate
[30]), therefore, the observed sensitivity for ct-DNA is larger, and,
the extracted calibration curve is non-logarithmic.

Probably some of the laying ct-DNAs have been gotten into an
upright position by increasing the concentration that increase
the distance between redox probe and the electrode surface.
Although, this behavior can decrease the blocking effects
partially, but, the total negative charge on the surface and
from which, electrostatic repulsions between probe and surface
can be increased. The resultant of these effects has affected on

—
=
a2

R and one slope has been observed, i.e. sensitivity has not
been changed during ct-DNA additions.

3.4. Interferences

Effect of some co-existing anions, cations, and compounds, on the
response of Au-MPA-Zr(IV) SAM for DNA was investigated by EIS. The
interfering effect is defined as the concentration of interfering species
that can change the electrode response toward the analyte by more than
36, where 6 is standard deviation of the replicate analyte measured
signal. The results showed that the R for .0x 10~ ¢ g mL™ ! ct-DNA was
not affected significantly by 100-fold cations Na™, K, Fe*", Ca®";
physiological compounds like dopamine, ascorbic acid, and uric acid;
and anions such as Cl~, NO3, NO3, —COO~, and ClOz; 50-fold SO3~;
and 10-fold citrate. Proteins and enzymes like laccase and glucose
oxidase interfered significantly. However, the Au-MPA-Zr system could
be easily adopted as a detector for chromatographic analysis.

3.5. Reusability and stability of the sensor

Regeneration is one of the most important aspects that should be
considered in fabrication of the sensors. The procedure for regenera-
tion of the electrode surface was similar to that previously explained
in phosphate determination [30]. Briefly, the ct-DNA coordinated to Zr
(IV) was removed (surface recovery) by dipping of the Au-MPA-Zr
(IV)-ct-DNA SAM electrode into a 0.1 M KOH solution and keeping
under sonication for a 5 min. Then, the Au-MPA-Zr(IV) SAM electrode
was removed, washed, and immersed in 0.1 M HNO; solution
containing 1.0x 10~3 M Zr(IV) for 1 min to repair the Zr(IV) vacancy
places (surface repairing), and finally the electrode was reused. By
using this recovery/repairing method, the sensor showed a highly
repeatable response. Therefore, the R obtained by EIS measurements
showed a R.S.D mean values of 1.5% forn=4 at 1.0x10" % g mL™ ! of
ct-DNA. The process revealed that ct-DNA could be reversibly
adsorbed onto the electrode surface in appropriate conditions.

Au-MPA-Zr(IV) SAM modified electrodes were stored in 1.0 x 10~>
M Zr(IV) at pH~1 under argon atmosphere when they were not in use.
The long-term storage stability of the electrode was tested by
monitoring the amount of decreases in cathodic peak current of [Fe
(CN)g]>~ measured by OSWV after several times storage of modified
electrode. A decrease of 4% was observed after about one week,
implying good electrode stability.

4. Conclusion

A new sensor was developed for the determination of ct-DNA
based on Zr(IV) ion immobilized on gold-mercaptopropionic acid
self-assembled monolayer electrode (recognition system) and CV,
OSWV, and EIS (transducers) in the presence of [Fe(CN)g]®~ as a
redox probe. A linear range calibration curve with a detection limit of
9.5x10~8 g mL™ ' and a mean of R.S.D 2.5% was observed in the best
conditions by EIS. The surface was successfully regenerated by
sonication in 0.1 M KOH solution; and then, repaired by incubation
in 1.0x 10~ 2 MZr(IV) with a good reproducibility, the R.S.D was 1.5%
for n=4 by EIS as the best method in this work.
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