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a b s t r a c t

A simple and sensitive label-free electrochemical DNA biosensor was proposed for the rapid determina-
tion of uric acid (UA) using a carbon nano tube paste electrode (CNTPE) modified with salmon sperm
dsDNA. At first, the interaction between UA and the DNA was studied using differential pulse
voltammetry (DPV). The addition of the DNA to UA solution resulted in a decrease in the peak current
of UA and at the same time, a positive shift in the peak potential indicating an intercalative interaction.
Then, the voltammetric response of a DNA-immobilized CNTPE was investigated for the determination of
UA. The immobilization of the DNA was carried out using acid-functionalized carbon nanotubes and
studied using Fe(CN)6

3�/Fe(CN)6
4� redox indicator. Compared with unmodified CNTPE, the oxidation

signal of UA showed a significant increase at the DNA-coated electrode, and shifted to more positive
potentials attributed to the pre-concentration of UA at the electrode surface due to interaction with the
surface-confined DNA layer. This interaction was used for the fabrication of a simple and sensitive
biosensor for determining UA. After the optimization of operational parameters, a linear dependence of
the peak current on the UA concentration was observed in the range of 7.0�10�7 to 1.1�10�4 mol L�1,
with the detection and quantification limits of 1.8�10�7 and 5.8�10�7 mol L�1, respectively. The
proposed biosensor was successfully applied to validate its capability for the analysis of UA in human
serum and urine samples.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Biosensors are small devices, which utilize biological reactions
for detecting target analytes (Collings and Caruso, 1997). According
to an IUPAC definition, a biosensor consists of biorecognition
elements specific to the analyte of interest and a physiochemical
transducer to relay the resultant signal from this biorecognition
event (Chambers et al., 2008).

Electrochemical DNA biosensors comprise a nucleic acid recog-
nition layer, which is immobilized on an electrochemical transdu-
cer. The role of the nucleic acid recognition layer is to detect the
changes that occurred in the DNA structure during interaction with
DNA-binding molecules or to selectively detect a specific sequence
of DNA. The signal transducer must determines the change that has
occurred in the recognition layer due to the binding molecules or

due to the hybridization and converts this to an electronic signal
(Gooding, 2002).

DNA interacts reversibly with a broad range of low molecular
mass inorganic and organic species, including various carcinogens,
antineoplastic drugs, environmental pollutants, etc. (Adams et al.,
1986; Wallace et al., 1994). The interaction between small mole-
cules and DNA can be classified into two major categories,
intercalation and groove binding. Intercalation involves the inser-
tion of a planar molecule between DNA base pairs, which results in
a decrease in the DNA helical twist and lengthening of the DNA
(Lerman, 1961). Groove binding includes fitting the molecule into
the DNA minor groove causing a slight perturbation of the DNA
structure (Chaires, 1998).

The study of interactions between small molecules and DNA is
of importance because these interactions are the basis of carcino-
genic and therapeutic properties of many carcinogenic species,
antitumor and antivirus drugs (Yapasan et al., 2010). In addition,
these interactions can be utilized in the construction of DNA
biosensors for detection of DNA binders (Lu et al., 2013).

Some substances can be selectively accumulated in electrode
surface-confined DNA (Banitaba et al., 2011; Ensafi et al., 2012,
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2013; Lu et al., 2004; Mirmoghtadaie et al., 2013). These effects can
be utilized in the construction of electrochemical DNA biosensors
for the detection of DNA binders. Moreover, electrochemical
techniques have been shown to be capable of determination of
binding constants, binding modes as well as binding site sizes of
the association of DNA with ligands (Aslanoglu, 2006; Gherghi,
2003; Radi et al., 2003; Shah et al., 2008; Wang et al., 2011).
The DNA-trapped compounds can either be detected directly (if they
are electroactive molecules) or via changes in electrochemical DNA
signal. These interactions frequently result in changes of electro-
chemical responses of the binders due to altered mass transport
(Labuda et al., 1999; Rodriguez and Bard, 1992) and/or decreased
accessibility of the binder electroactive groups (Carter and Bard,
1987; Rodriguez and Bard, 1990). In addition, alterations of intrinsic
DNA electrochemical behavior upon interaction with the ligands can
be detected (Fojta et al., 2000).

Uric acid (UA) and other oxypurines are the main final products
of purine metabolism in the human body (Huang et al., 2004).
The determination of UA in urine is of great importance in medical
diagnosis. For example, leucocythemia, heavy hepatitis and gout
may cause the increase in the concentration of UA in urine
(He et al., 2007).

In the present work, a simple, rapid, low-cost and sensitive
electrochemical biosensor was proposed for the determination of
uric acid in human serum and urine samples. For this purpose, the
interaction of UA with salmon sperm dsDNA in solution was
studied with DPV at a carbon nano tube paste electrode. The
voltammetric behavior of UA at the electrode surface coated with
the dsDNA, was also investigated. Finally, experimental and
operational parameters were optimized for the determination of
UA at the dsDNA-coated carbon nano tube paste electrode. The
capability of the biosensor was then validated by the determina-
tion of UA in human serum and urine samples.

2. Experimental

2.1. Apparatus

All voltammetric experiments were performed with an Autolab
PGSTAT 101 electrochemical system from Metrohm (Switzerland)
interfaced with a personal computer for data acquisition and
potential control. A three-electrode system was used consisted of
a platinum wire as the auxiliary electrode, Ag/AgCl/KCl (saturated)
as the reference electrode and a carbon nano tube paste electrode
(CNTPE) as the working electrode. All pH measurements were
carried out using a Metrohm 827 pH meter (Herisau, Switzerland)
supplied with a combination glass-reference electrode.

2.2. Reagents and materials

A 0.010 mol L�1 stock solution of the uric acid obtained from
Alpha Aesar (Karlsruhe, Germany) was prepared by dissolving the
appropriate amount of the solid in a small volume of 0.1 mol L�1

NaOH solution and diluting it to the desired volume. Salmon
sperm double stranded DNA (dsDNA) was purchased from Sigma
(St. Louis, USA). A 1.0 mg mL�1 stock solution of the DNA was
prepared in Tris–HCl (TE) buffer (pH 7.4) and kept frozen. Multi-
walled carbon nanotubes (MWCNT) with 95% purity, length of
1–10 mm and the number of walls varying from 3 to 15 were
purchased from Plasma Chem. GmbH (Germany). Pure graphite
powder, sodium dihydrogen phosphate, sodium acetate, acetic acid,
phosphoric acid, hydrochloric acid and methanol were purchased
from Merck (Darmstadt, Germany).

2.3. Sample preparation

Human serum and urine samples were obtained and stored in a
refrigerator at 4 1C until analyzed. The samples were prepared
according to the literature with minor modifications (Wang et al.,
2011). Aliquots of the urine sample (1.0 mL) were spiked with
given amounts of UA and then treated with 0.1 mL of methanol to
precipitate the urine proteins. After stirring the sample for
approximately 30 s, the precipitated proteins were separated by
centrifugation at 3000 rpm for 30 min. The clear, protein-free
supernatant layer was filtered through the 0.45-mm Millipore filter
and diluted to 100 mL with 0.50 mol L�1 acetate buffer (pH 5.20).

One milliliter of the serum sample was transferred into each of
the centrifuge tubes containing different known amounts of UA
and then mixed well with 10 mL of methanol to precipitate the
blood proteins. After centrifugation at 3000 rpm for 30 min and
separation of precipitated proteins, the clear supernatant layer
was filtered through the 0.45-mm Millipore filter and then diluted
to 50 mL with 0.50 mol L�1 acetate buffer (pH 5.20).

2.4. Functionalization of MWCNTs

Prior to use, MWCNTs were pretreated as described in the
literature (Shamspur and Mostafavi, 2009) but with minor mod-
ification. One gram of the raw MWCNTs was thermally treated
using a furnace at 400 1C for 40 min to remove amorphous carbon
and then soaked in 10 mL of HNO3 6 mol L�1 for 20 h at room
temperature while being stirred. The solid product was collected
on a 0.45-mm Millipore filter and washed several times with
distilled water until the pH was neutral. The obtained functiona-
lized MWCNTs were then dried in an oven at 80 1C for 24 h.

2.5. Preparation of carbon nano tube paste electrode

A carbon nano tube paste electrode (designated as CNTPE) was
prepared by mixing graphite powder and the functionalized
MWCNTs with 90/10 (w/w) ratio using a mortar and pestle.
Paraffin oil was added to the above mixture and mixed until a
uniformly wetted paste was obtained. This paste was then packed
into the end of a glass tube (3.4 mm inner diameter). Electrical
contact was established via a copper wire connected to the paste.
The electrode surface was gently smoothed by rubbing it on a
piece of filter paper just prior to use. When necessary, a new
surface was obtained by pushing a bit of the paste out of the tube.
Bare electrode was prepared in the same way without adding of
MWCNTs (designated as bare CPE).

2.6. Immobilization of the dsDNA on the CNTPE surface

The dsDNA was immobilized on the CNTPE as described in the
literature (Kara et al., 2002) by applying a potential at 0.50 V in
10 mL of 0.50 mol L�1 acetate buffer solution (pH 4.80) containing
10 mg L�1 of the dsDNAwhile stirring for 400 s. The electrode was
then rinsed with acetate buffer solution. The obtained electrode
will henceforth be called dsDNA-coated CNTPE.

2.7. Cyclic voltammetry of K3[Fe(CN)6]

The cyclic voltammogram of 2.0 mmol L�1 K3Fe(CN)6 in
0.01 mol L�1 PBS and 0.50 mol L�1 KNO3 was recorded from
�200 to 500 mV using a scan rate of 100 mV s�1.
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2.8. Adsorptive stripping differential pulse voltammetry at dsDNA-
coated CNTPE

The dsDNA-coated CNTPE was dipped into 10 mL acetate buffer
(0.50 mol L�1, pH 5.20) containing different concentrations of UA,
and the solution was stirred at an open circuit system for different
times (accumulation step). The electrode was then rinsed with
distilled water and placed in 10 mL of 0.30 mol L�1 phosphate
buffer solution (pH 3.00). Voltammograms were recorded by
scanning the potential towards the positive direction from þ300
to þ700 mV using the differential pulse mode which employed a
step potential of 10 mV and modulation amplitude of 50 mV
(stripping step).

3. Results and discussions

3.1. Cyclic voltammetry study on the immobilization of DNA onto
CNTPE

Cyclic voltammetry (CV) of Fe(CN)63�/Fe(CN)64� redox couple,
as the indicator, was used for the study of DNA immobilization on
the CNTPE surface. The function of this indicator is based on the
electrostatic repulsion of the redox couple and the negatively
charged DNA phosphate backbone (Ovádeková et al., 2006). Fig. 1
shows the typical cyclic voltammograms of the immobilization
process. At the bare CPE, the voltammogram of K3[Fe(CN)6] was
characterized by a pair of well-defined peaks with a cathodic peak
potential (Epc) of 117 mV and an anodic peak potential (Epa) of
339 mV and the peak-to-peak potential separation (ΔEp) of
222 mV (curve a in Fig. 1). The currents of both peaks showed an
increase using CNTPE. In addition, the redox reversibility of Fe
(CN)63� was improved in the presence of CNTs while ΔEp
decreased to 154 mV (curve b in Fig. 1).

After the immobilization of dsDNA on the CNTPE surface, an
increase in the ΔEp to 396 mV was observed indicating the
decrease of the electrochemical reversibility of the Fe(CN)63�/Fe
(CN)64� redox couple at the DNA-coated electrode (curve c in
Fig. 1). At the same time, both the anodic and cathodic peak
currents decreased. This decrease may be explained as follows:
after the immobilization of dsDNA on the CNTPE, the negatively
charged phosphate groups on dsDNA resist the access of the Fe
(CN)63�/Fe(CN)64� redox couple to the electrode surface due to
electrostatic repulsion (Maruyama et al., 2001). Consequently, the
difference between the CV profiles for these electrodes enables

detection of the immobilization of the dsDNA on the surface of the
electrodes.

3.2. Interaction between UA and the dsDNA in solution

DP voltammogramms of UA in phosphate buffer (0.50 mol L�1,
pH 5.20) recorded in the absence and presence of the dsDNA, were
shown in Fig. 2A. As can be seen, after adding the dsDNA and
incubating for 5 min the oxidation signal of UA doubled with a
positive shift in the peak potential (55 mV). Such results may be
attributed to one of the following two factors: (i) the non-
conducting DNA could block the electron transfer between UA
and electrode surface or (ii) the DNA–UA complex formed was
electrochemically inactive (Wang et al., 2011). If the electron
transfer was blocked, then the current should decrease (relative
to that of the clean electrode) but no peak shift would be expected.

-30.0

-20.0

-10.0

0.0

10.0

20.0

30.0

-0.3 -0.1 0.1 0.3 0.5 0.7

I (
µA

)

E (V)

a

b

c

Fig. 1. Cyclic voltammograms of (a) bare CPE, (b) CNTPE and (c) dsDNA-coated
CNTPE in 0.01 mol L�1 PBS containing 2.0 mmol L�1 K3Fe(CN)6 and 0.50 mol L�1

KNO3. Conditions: potential range �0.20 to 0.50 V at a scan rate of 100 mV s�1.

0.0

0.1

0.2

0.3

0.4

I (
µA

)

E (V)

a

b

0.0

1.0

2.0

3.0

4.0

5.0

6.0

0 0.2 0.4 0.6

0 0.2 0.4 0.6 0.8

I (
µA

)

E (V)

a
b

c

Fig. 2. (A) DP voltammograms of 6.0�10�5 mol L�1 UA at CNTPE in 0.5 mol L�1

acetate buffer of pH 5.20 in the absence of the dsDNA (a) and in the presence of
20 mg mL�1 of the dsDNA (b). Incubation time, 5 min. (B) DP voltammograms
obtained after accumulation of UA at bare CPE (a), CNTPE and dsDNA-coated
CNTPE. Conditions: UA concentration 5.0 �10�5 mol L�1, accumulation medium
0.50 mol L�1 acetate buffer pH 5.20, accumulation time 5 min, stripping medium
0.30 mol L�1 phosphate buffer pH 3.00.
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In the presence of DNA, the current is mainly due to unbound
species, since the diffusion rate of the DNA-bound species is small
(Welch and Thorp, 1996). So, this observed decrease in the anodic
current of UA is attributed to the decrease in the unbound UA
concentration due to the formation of the UA–DNA complex which
is a consequence of DNA addition.

Furthermore, the peak potential shifted to more positive value
after interaction with the dsDNA. As mentioned in the literature
(Lu et al., 2004), a negative shift in peak potential is a character-
istic of an electrostatic mode interaction between DNA and desired
specie while a positive shift indicates an interaction of intercala-
tive mode. Accordingly, the positive shift in the peak potential of
UA is attributed to a characteristic behavior of the intercalation of
UA into the DNA double helix.

According to these observations, it seems that the decrease of peak
current of UA after addition of the dsDNA is caused by the intercalation
of UA into the bulky, slowly diffusing DNA, which results in a
considerable decrease in the apparent diffusion coefficient.

3.3. Electrochemical behavior of UA at the surface of dsDNA-coated
CNTPE

Fig. 2B shows DP voltammograms obtained after accumulation
of UA at bare CPE (curve a), CNTPE (curve b) and dsDNA-coated
CNTPE (curve c) from a stirring 5.0�10�5 mol L�1 UA in
0.50 mol L�1 acetate buffer (pH 5.20) for 5 min at open circuit
condition, followed by washing the electrode with distilled water

and transferring it into blank 0.30 mol L�1 phosphate buffer (pH
3.00) as the supporting electrolyte.

As one can see from Fig. 2B, Epa shows a positive shift at the
dsDNA-coated electrode relative to bare CPE and CNTPE. In
addition, the dsDNA-coated electrode exhibits the largest anodic
signal, reflecting the interaction of UA with the DNA layer
immobilized on the electrode surface. In other words, this
enhanced sensitivity is a result of the pre-concentration due to
the adsorption of UA on the surface of the electrode through a
strong interaction.

Cyclic voltammetry of 5.0�10�6 mol L�1 UA was carried out at
different scan rates (ν) (Fig. S1A). In the forward scan, a single
anodic peak was observed, which corresponds to the oxidation of
UA. In the reverse scan, no cathodic peak is observed, which
indicates that the process is irreversible.

A linear plot of Ipa versus ν (Fig. S1B) was obtained in the range
of 10–150 mV s�1 at the dsDNA-coated CNTPE, indicating the
oxidation of UA molecules associated with the immobilized DNA.
In addition, Epa shifted positively with increasing scan rate, as
expected for an irreversible electrode process (Radi et al., 2003).

3.4. Optimization of experimental and operational parameters

In order to use the dsDNA-coated CNTPE for UA determination
in real samples, the main experimental parameters affecting the
biosensor response were optimized.

3.4.1. Immobilization time
The effect of the dsDNA immobilization time on Ipa of the

accumulated UA was investigated using DPV. It was observed that
the amount of adsorbed DNA rose with increasing the immobiliza-
tion time and started to saturate at approximately 400 s. Accord-
ingly, the immobilization time of 400 s was used in further studies.

3.4.2. Accumulation pH
Influence of pH on the interaction between UA and the dsDNA

immobilized on the electrode surface and subsequent accumula-
tion of UA on the electrode surface was studied in the range of
4.00–10.00. According to the results shown in Fig. 3, when the pH
increases to more than 5.50, the anodic signal of UA starts to
decrease while the optimum pH value was around 5.20. At higher
pHs, UA forms the negatively charged urate or hydrogen urate
ions. Electrostatic repulsion between the UA ions and negatively
charged DNA reduces the UA concentration near the electrode
surface which results in the decrease of oxidation signal of UA.
In subsequent experiments, accumulation pH was adjusted to the
optimal value 5.20.
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Fig. 3. Effect of accumulation pH on the DP voltammograms of UA accumulated at
dsDNA-coated CNTPE. Conditions: UA concentration 2.0�10�5 mol L�1, other
conditions were the same as given in Fig. 2B, except acetate buffer pH.
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3.4.3. Effect of accumulation time
The interaction of UA with the dsDNA is dependent on the

accumulation time. The dependence of the Ipa of UA on the time of
accumulation was studied in acetate buffer pH 5.20 at a dsDNA-
coated CNTPE. For the first 5 min, an increase was observed while
at longer accumulation times, a leveling-off (Fig. S2). So, accumu-
lation was performed for 5 min in all experiments.

3.4.4. Stripping pH
Since proton takes part in the oxidation of UA, the pH value of

solution will greatly influence the Ipa (Luo et al., 2005). Accord-
ingly, the effect of stripping pH on the response of the biosensor
was evaluated in phosphate buffer 0.30 mol L�1 and pH values
ranging from 2.00 to 6.00. The results showed a maximum of Ipa
when the buffer solution pH was 3.00 (Fig. S3). Therefore, in
subsequent experiments the stripping was carried out in
0.30 mol L�1 phosphate buffer with pH 3.00.

3.4.5. Stripping medium concentration
The effect of the concentration of phosphate buffer (pH 3.00)

used as supporting electrolyte in stripping medium, was investi-
gated for the highest oxidation signal of UA. The results (Fig. S4)
showed that the Ipa increased with increase of the buffer concen-
tration in the range of 0.10–0.30 mol L�1 and then remained
constant when the amount was continuously increased up to
0.40 mol L�1. Hence, a phosphate buffer 0.30 mol L�1 was selected
as the stripping medium for further studies.

3.5. Analytical performance

The proposed DNA biosensor was validated with respect to
linearity, precision, limit of detection (LOD) and limit of quantifi-
cation (LOQ). Fig. 4 shows the DPV response of dsDNA-coated
CNTPE for different UA concentrations (A), and a calibration curve
for UA detection with the proposed biosensor under the optimal
experimental conditions (B). The calibration graph exhibits a linear
relationship between the peak current at dsDNA-coated CNTPE

and the UA concentration over the range of 7.0�10�7–1.1�
10�4 mol L�1 with a slope of 0.089 mA mol L�1, intercept of
0.078 mA and correlation coefficient of 0.997.

Reproducibility was assessed by five replicate measurements
(after accumulation on dsDNA-coated CNTPE) at 5.0�10�6 and
5.0�10�5 mol L�1 of UA; the corresponding RSDs were calculated
to be 9.6% and 5.7%, respectively. Theoretical LOD and LOQ
(calculated as three and ten times of the standard deviation of
the blank, respectively) were found to be 1.8�10�7 and
5.8�10�7 mol L�1, respectively.

3.6. Inferences of coexisting compounds

The effects of some possible interfering compounds such as
urea, ascorbic acid, folic acid and glucose on the UA determination
were investigated. According to the results reported in Table S1,
there is no significant interference on the Ipa of UA.

3.7. Comparison with other sensors

dsDNA-coated CNTPE presented here was compared with some
other electrochemical sensors (Ping et al., 2012; Zheng et al., 2013;
Hudari et al., 2013; Alipour et al., 2012; Wang et al., 2012; Cui et al.,
2012; Sheng et al., 2012; Li et al., 2012) currently reported for the
determination of UA. Table 2 shows the results of the comparison.
As one can see, the proposed biosensor shows a reasonably low
LOD (1.8�10�7 mol L�1) and a calibration range comparable to or
better than, the other methods.

3.8. Application of the dsDNA-coated CNTPE

Human serum and urine samples were selected as real samples
for analysis by the proposed biosensor using the standard addition
method. For the determination of UA in each sample, the dsDNA-
coated CNTPE was immersed into 10 mL of the prepared sample
solution while stirring at an open circuit condition for 5 min
(accumulation step). After medium exchange for blank phosphate
buffer solution (0.30 mol L�1, pH 3.00), DP voltammogram was
recorded. Pulse amplitude of 50 mV, pulse width of 50 ms, and
step potential of 10 mV, between þ300 and þ700 mV (stripping
step) were applied. The obtained results were reported in Table 1.
As can be seen, the spiked recoveries are satisfactory and confirm
that the proposed biosensor is applicable for determining UA in
biological samples.

4. Conclusions

An electrochemical biosensor was proposed for the determina-
tion of uric acid based on its interaction with salmon sperm
dsDNA. The interaction between UA and the dsDNA in solution
was probed by DPV at CNTPE. The mode of the interaction was

Table 1
Analytical results of spiked human plasma and urine.

Sample Added (lM) Founda (lM) Recovery (%) Total valueb (mM)

Urine – 34.272.1 – 3.42
20.0 53.773.2 97.5 –

50.0 85.673.4 102.8 –

Serum – 6.270.6 – 0.31
10.0 16.471.3 102.0 –

50.0 55.473.0 98.4 –

a Mean7standard deviation (n¼3).
b Total value was obtained by multiplying the detected value by the appro-

priate dilution factor (100 for urine and 50 for serum samples).

Table 2
Comparison of the presented method with some electrochemical sensors currently reported for the determination of uric acid.

Electrode Linear range (μmol L�1) LOD (μmol L�1) Ref.

GCEa modified with 4-aminobutyric acid 1.0–80.0 0.5 Zheng et al. (2013)
High-performance screen-printed graphene electrode 0.8–2500 0.20 Ping et al. (2012)
MWCNT paste electrode 5.0–92.6 0.25 Hudari et al. (2013)
Pretreated pencil graphite electrode 1–160 0.19 Alipour et al. (2012)
poly (acridine orange)/graphene modified electrode 0.1–1000 0.02 Wang et al. (2012)
Helical carbon nanotubes modified electrode 6.7–65 1.5 Cui et al. (2012)
Nitrogen doped graphene 0.1–20 0.045 Sheng et al. (2012)
GCE modified with graphene and poly(acridine red) 0.8–150 0.3 Li et al. (2012)
dsDNA-coated CNTPE 0.7–110 0.18 Present work

a Glassy carbon electrode.
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found to be intercalation. We also investigated the oxidation of UA
at the CNTPE coated with the dsDNA. Considerable increase in Ipa
along with a positive potential shift at the modified electrode
relative to unmodified CNTPE, represented the pre-concentration
of UA at the electrode surface due to the interaction with the
dsDNA. After optimizing the main experimental parameters, the
performance of this fabricated DNA-coated CNTPE was evaluated
from the analytical point of view. As real samples, human serum
and urine samples were successfully analyzed for UA determina-
tion with the proposed biosensor. Finally, it is believed that the
label-free DNA-coated CNTPE possesses the advantages of rapidity,
sensitivity, simplicity of operation, low cost and is applicable to
biological samples.
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