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A Cobalt (111) trisphenanthroline complex ([Co(phen)s]**) has been adsorption assembled on a glassy
carbon electrode (GCE) modified with DNA decorated with graphene oxide (GO) by multiple sweep
voltammetry. In the present protocol, GO is served as a functional unit of DNA to greatly improve the
efficient immobilization of DNA on the GC electrode and also offer a favorable microenvironment to
keep the DNA structure of double-stranded (dsDNA), which facilitates the intercalation of redox-
active [Co(phen)s]**. The evidences from scanning electron microscope, X-ray diffraction, cyclic
voltammetry, electrochemical impedance spectroscopy, emission spectroscopy and differential pulse
voltammetry reveal that [Co(phen)s]*" can be assembled on the surfaces of GO-decorated dsDNA
driven by electrostatic attraction, intercalation and z-stacking interaction. Furthermore, the highly
stable [Co(phen)s]**/GO-dsDNA/GCE is used to the highly selective determination of 6-
mercaptopurine (6-MP) in the human blood with satisfactory. The reduction peak current was linear to
6-MP concentration in the range from 5 x10® to 2x10™° M 6-MP, and the detection limit is 1.5x10° M
(SIN=3)
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1. INTRODUCTION

DNA has received particular interest due to its significant biological functions and unique
double helix structure, which is exploited as a molecular material of z-electron-rich base pairs [1,2].
Various applications of DNA have been known to be dependent on its synergistic combination with
other functional molecules and nanomaterials by different interactions [3—5]. In the recent years,
considerable porgresses have been acquired to study the interactions of DNA with other molecules by
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solution and surface-based electrochemical methods recently [6,7]. A DNA-modified electrode has
been developed into the probes of electrochemical biosensors, and applied to investge the interactions
of DNA with other molecules [8,9]. Despite the fact that the use of DNA-modified electrodes has a
significant advance, there are still some practical limits, including high cost, low long-term stability
and poor reproducibility [10]. With the development of nanoengineering and biotechnology, there have
been increasing demands for the efficient preparation of functionalized DNA-modified electrodes
[11,12].

Graphene (GR), as a two dimensional (2D) graphitic nanomaterial, has been considered as a
promising building block to fabricate single-stranded DNA (ssDNA)-modified electrodes for high-
performance electronic devices and electrochemical sensors [13—15]. However, the GR monolayers are
stabilized in both aqueous and non-aqueous solvents against aggregation by a relatively large potential
barrier, which was main factors that restrict practical application and further development of the GR
[16,17]. As one of GR derivatives, graphene oxide (GO) overcomes this drawback. It is heavily
oxygenated, comprising hydroxyl and carboxyl groups located at the planar edges, which have devoted
to high hydrophilicity and good water dispersibility of GO [18,19'. To date, GO has been used to
prepare sSDNA-GO-based functional hybrids, which were highly stable and well dispersible in water,
and can be used to fabricate sSSDNA-modified electrodes [20—22]. Recently, Xu and co-authors have
reported a simple and facile method for the preparation of 3D multi-functional sSDNA-GO hydrogels
based on the unwinding of double-stranded DNA (dsDNA) [23]. It is expected to know whether GO
with residual z-conjugated systems and functional groups can be used to decorate dsSDNA to fabricate
high-performance DNA-modified electrodes.

Cobalt(111) trisphenanthroline complexes ofen have been applicated into structural probes of
DNA and hybridization indicators of DNA electrochemical biosensors thanks to their excellent redox
activity and appropriate z-conjugated planar ligands [24—26]. In addition to the interaction with DNA,
this kind of Cobalt(111) trisphenanthroline complexes are able to bind 6-MP, and the 6-MP have been
used for the therapy of acute lymphoblastic leukemia [27,28]. On the basis of molecular recognition of
the Cobalt(I1l) trisphenanthroline complexes to 6-MP, the electrochemical techniques have been used
for determiatoon of 6-MP [29—31]. However, there is no reports on voltammetric determiantion of 6-
MP emploied Cobalt(I11) trisphenanthroline complex assembled on GO-decorated dsDNA electrodes.

The purpose of the present work is to fabricate and evaluate of GO-decorated dsDNA
electrodes based on electrochemical assembly of [Co(phen)s]**, which can be adsorption assembled on
the surface of the GO-decorated dsDNA hybrid as schematically in Figure 1. Moreover, the resulting
[Co(phen)s]**/GO-dsDNA modified GCE is used to the highly selective detection of 6-MP in the
human blood.
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Figure 1. Schematic illustration of the preparation of [Co(phen)s]**/GO- dsDNA/GCE and its
voltammetric response to 6-MP (2 uM).

2. EXPERIMENTAL SECTION

2.1. Chemicals

[Co(phen)s](ClO,)3 was synthesized according to the method reported previously [26]. The GO
with a thickness of 0.8-1.2 nm and more than 99% high purity was purchased from Nanjing Jicang
nano Co. Ltd., China. Tris(hydroxymethyl) aminomethane (Tris) was purchased from Sigma and used
to prepare Tris buffer solution, wich was composed of 10 mmol L™ Tris and 50 mmol L™' NaCl (pH
7.2). 6-MP (Aladdin Chemistry Co. Ltd., Shanghai, China), methylene blue trihydrate (MB) and
herring sperm DNA (dsDNA, Qiyun Co., Guangzhou, China) were applied as received. DNA gave a
UV absorbance ratio at 260 nm to 280 nm of 1.89, indicating that the DNA was sufficiently free of
protein [32]. Blood was gained by extracting intravenously a healthy volunteer (65 kg) and mixed with
the buffer solution at the volume ratio of 1%, 2%, and 3%, designated as samples 1, 2, and 3. All other
reagents were of analytical reagent grade and used as received without further purification.
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2.2. Instrumentation

Electrochemical exprements were carried out with CHI1620d electrochemical working station
(Chenhua Instrument Co., Shanghai, China) with a conventiona three-electrode system. Which was
consisted of a bare GCE (EG&G, @ = 3 mm) or modifed GCE working electrode, a titanium plate
auxiliary electrode and an Ag-AgCl reference electrode. Fluorescence spectroscopy was performed
with a Hitachi RF-2500 fluorescence spectrophotometer (Japan). A Zeiss Ultra55 field emission
scanning electron microscope (SEM, Germany) was used to study the surface topography of GO and
GO-dsDNA. X-ray diffraction (XRD) patterns were measured on a Bruker-AXS D8 Advance powder
x-ray diffractometer (Germany) with Cu Ka radiation, and recorded at scanning rate of 0.08 deg s * in
the 20 range 5-80°. Electrochemical impendence exprement was perfrommed with an Autolab
PGSTAT-30 electrochemical system under open-circuit conditions between 100 kHz and 0.1 Hz with
an amplitude of 10 mV. Unless otherwise noted, all the experiments were carried out at room
temperature.

2.3. Preparation of GO-DNA modified GCE

Before modification, the bare GCE was polished with 0.3 um alumina slurry, and then washed
successively with anhydrous alcohol and doubly distilled water in an ultrasonic bath for 10 min and
dried in infrared lamp. The GO-dsDNA suspension was prepared by dispersing 1.2 mg GO in 3 mL
water containing 15 mg dsDNA with the aid of ultrasonic agitation for 1 h. Next, the GO-dsDNA
modified GCE denoted as GO-dsDNA/GCE, was prepared by dropping 8 pL of GO-dsDNA
suspensions onto the GCE surface and dried in air. For comparison, a GO-ssDNA/GCE was prepared
using an analogous method with ssDNA-GO, which was prepared by heating the GO-dsDNA
suspension in a water bath at 90 °C for 5 min and then allowing it to quickly cool at room temperature
[33].

3. RESULTS AND DISCUSSION

3.1. Characterization of GO and GO-dsDNA modified electrodes by SEM and XRD

Figure 1 depicts the idealized scheme for the construction of GO-dsDNA/GCE with a sandwich
structure. The dsDNA molecules were bound to two surfaces of GO with many functional groups to
form GO-dsDNA hybrid, which contained the negative charges originated from phosphate residues
along the polynucleotide chain in a neutral aqueous solution, making the GO exfoliated [34]. As
depicted by Figure 2, the wrinkling paper-like GO can be dispersed into thin flakes embedded in the
DNA cast film, yielding a GO-decorated DNA electrode.
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Figure 2. SEM image of GO(A) and GO-dsDNA (B).
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Figure 3. XRD patterns of GO/ITO and GO-dsDNA/ITO.

Figure 3 shows the XRD patterns of GO and GO-dsDNA composites. To better verify the XRD
patterns of GO immobilized on the solid electrode, the indium-tin oxide (ITO) was used as the
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substrate. The XRD pattern of GO/ITO shows a characteristic peak at 20 [1= 11.4° assigned to (002)
inter-planar spacing of 0.77 nm [35], and multiple diffraction peaks of ITO [36]. The XRD pattern of
GO embedded in the dsDNA film shows that the characteristic peak of GO decreases and even
disappears, suggesting that the dsDNA molecules are bound to the two surface of GO, making the
layered GO extruded by dsDNA.

3.2. Characterization of GO and GO-DNA modified electrodes by cyclic voltammetry and EIS
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Figure 4. CVs (A, 0.1 V s ') and Nyquist plots (B, 0.1-10° Hz) of GCE (1), GO-dsDNA/GCE (2) and
GO-ssDNA/GCE (3) in 5 mmol L™ [Fe(CN)e]*™ (1:1)/0.1 mol L™ KCI. The solid line
corresponds to the simulated result with the equivalent circuit depicted by the inset. Note that
Rs, Cai, Ret and W represent the solution resistance, double layer capacity, electron transfer
resistance and Warburg impedance.
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Figure 4 gives the cyclic voltammograms (CVs) and Nyquist plots of GO-dsDNA/GCE in 0.1
mol L' KCI solutions containing 5.0 mmol L' [Fe(CN)g]* /[Fe(CN)s]*". Compared with the bare
GCE, GO-dsDNA/GCE shows the smaller redox peak currents, and larger electron transfer resistance
(Ret), which is estimated to be 1205 Q obtained by the equivalent circuit simulation. The result reveals
that the negatively charged GO-dsDNA hybrid has been co-assembled on the GCE, making the redox
reactions of [Fe(CN)s]* /[Fe(CN)s]* with highly negative charges depressed [37]. While unbinding the
dsDNA, the redox peak currents and Re values of GO-ssDNA/GCE are between GCE and GO-
dsDNA/GCE, suggesting a distinct difference between two DNA-based modified electrodes. The
dsDNA bound to GO may keep the double helical structure.

3.3. Electrochemical assembly of [Co(phen)s]*" on GO-dsDNA/GCE

Figure 5 shows the repetitive CVs of [Co(phen)s]** on GO-dsDNA/GCE, revealing a couple of
increasing Co(l11)/Co(ll)-based redox peaks appeared in the 0.05 V and 0.114 V. A peak separation
(AEp) of 64 mV indicating that the electrochemical reactions are reversible. In the absence of GO-
dsDNA, the redox peaks were not unchanged (curve 1 of Figure 6), suggesting that the presence of
GO-dsDNA hybrid leads to an accumulation of [Co(phen)s]** on GO-dsDNA/GCE. In the cathodic
and anodic potential sweep processes, the positively charged [Co(phen)s]** and negatively charged
GO-dsDNA are oriented towards the GCE surface, resulting in a redox-active [Co(phen)s]**/GO-
dsDNA/GCE.

-0.3 0.0 0.3

E/V vs. Ag/AgCl (KCI sat)

Figure 5. Progressive CVs of 0.2 mmol L' [Co(phen)s]** on GO-dsDNA/GCE at 0.1 V' s~ scan rate.

To further illustrate the binding interaction between [Co(phen)s]*" and GO-dsDNA, Figure 6
gives the effects of dSDNA and GO on the redox reactions of [Co(phen)s]*" on the GCE, which was
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known to be controlled by diffusion processes [38]. The addition of dSDNA-GO hybrid leads to a
decrease of [Co(phen)s]**-based redox peak currents, suggesting that there exists the strong affinity of
GO-dsDNA hybrid to [Co(phen)s]**. Figure 7 shows the emission spectra of methylene blue (MB)
under the excitation of 595 nm light source, indicating a distinct emission peak at 683 nm (curve 1).
While adding the GO-DNA hybrid to the test system, the MB-based excited states are quenched,
suggesting an intercalation of MB into dsDNA bound to GO [39]. As further adding [Co(phen)s]**, the
quenched emission can be restored, revealing that [Co(phen)s]*" competes with MB to intercalate into
dsDNA bound to GO, making the bound MB free [40].

To sum up, we believe [Co(phen)s]*" can be electrochemically assembled on GO-dsDNA
surface by electrostatic attraction and intercalation, along with z-stacking interaction between GO and
phen ligands.

-0.3 0.0 0.3
E /V vs. Ag/AgCl (KCI sat)

Figure 6. CVs of 0.2 mmol L' [Co(phen)s]** in the absence (1) and presence of 5 mg L™' dsDNA (2)
and 5mg L' dsDNA/0.4 mg L™' GO (3) at 0.1 V' s ' scan rate.
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Figure 7. Emission spectra (lex = 595 nm) of 0.01 mmol L' MB in the absence (1) and presence of
0.5 mg L' DNA/0.04 mg L' GO (2) and 0.5 mg L' DNA/0.04 mg L™ GO/0.02 mmol L™
[Co(phen)s]** (3).
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3.4. Electrochemistry of [Co(phen)s]**/GO-dsDNA/GCE

Figure 8 showed the cyclic voltammograms of [Co(phen)s]**/GO-DNA/GCE in the buffer
solution with different scan rate. A douple of well-defined Co(l11)/Co(ll)-based redox peaks appeared
and the redox peaks current increased gradually with the increase of the scan rate.
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Figure 8. CVs of [Co(phen)s]**/GO-dsDNA/GCE (A) and [Co(phen)s]**/GO-ssDNA/GCE (B) in
buffer solutions at different scan rate (V s™'): (1) 0.04, (2) 0.06, (3) 0.08, (4) 0.10, (5) 0.15, (6)
0.20, (7) 0.25 (8) 0.30 (9) 0.35 and (10) 0.40. Insets show the relations of redox peak currents
with scan rate and the cathodic peak potentials with natural logarithm of scan rate.

The redox peaks are of equal height, which increases linearly with increasing scan rate as
shown in the inset of Figure 8A (Regression coefficient R = 0.993). At 0.1 V s scan rate, the formal
potential (E°) of [Co(phen)s]**/GO-dsDNA/GCE is 0.082 V, taken as an average of the redox peaks
potential (which are Ey 4, 0.114 V and E, ¢, 0.05 V, respectively, ), and the peak separation (AEy) is 64
mV. The results showed that the redox reactions of [Co(phen)s]** on the GO-dsDNA/GCE are
controlled by a surface-controlled electrochemical process [41]. Combined with the Laviron equation
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for diffusionless CVs [42], and the cathodic peak potential (E, ) vs. natural logarithm of scan rate (Inv)
plot (inset in Figure 8A), the heterogeneous electron transfer rate constant (k;) of [Co(phen)s]**/GO-
dsDNAJ/GCE is estimated to be 1.65 s * at E%, suggesting a relatively fast electron transfer process
[43]. In addition, the cathodic peak height did not change by more than 2.5% after repetitive potential
sweep of 40 cycles between 0.50 and —0.30 V, demonstrating high stability of [Co(phen)s]**/GO-
dsDNA/GCE. While the dsDNA-GO hybrid is displaced with sSDNA, the CVs of GO-ssDNA/GCE is
shown in Figure 8B, indicating a pair of redox peaks at E°’ = 0.102 V, which are similar to the CVs of
[Co(phen)s]**/GO-dsDNA/GCE. However, the ki value of [Co(phen)s]** assembled on GO-
ssDNA/GCE is 0.47 s %, which is smaller than that of [Co(phen)s]**/GO-dsDNA/GCE due to the long-
range electrochemistry-induced electron transfer through the DNA helix [44]. Therefore,
[Co(phen)s]**/GO-dsDNA/GCE is used to determine the presence of 6-MP as described below.

3.5. 6-MP sensing performances using [Co(phen)s]**/GO-dsDNA/GCE

Figure 9 shows the DPVs of different concentration 6-MP on [Co(phen)s]**/GO-dsDNA/GCE.
The [Co(phen)s]**/GO-dsDNA/GCE shows a Co(l1)-based cathodic peak at 0.112 V (peak 1) when it
was put into the buffer solution.Upon addition of increasing concentration of 6-MP, as the peak |
current continuously decreases, another cathodic peak (peak II) ascribed to the electro-reduction of 6-
MP-bound [Co(phen)s]** results in an obvious increase.

C/uyM

L) ¥ ) ¥ )
-0.3 0.0 0.3
E /V vs.Ag/AgCl (KCI Sat)

Figure 9. DPVs of [Co(phen)s]**/dsDNA-GO/GCE with increasing 6-MP concentration (uM): (1) 0,
(2) 0.05, (3) 0.1, (4) 0.2, (5) 0.5 (6) 1.0 and (7) 2.0. Insert: calibration curve of 6-MP.

While making a peak Il height vs. 6-MP concentration plot, a linearly increasing voltammetric
response to 6-MP is shown as the inset of Figure 9 (R = 0.997). The fitted straight line passes through
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the origin, and the sensitivity is 0.29 pA (uM) ' and the detection limit is 0.015 pM (S/N = 3). The 6-
MP sensor based on the [Co(phen)s]**/GO-dsDNA/GCE was compared with the reported modified
electrodes (Table 1). [Co(phen)s]**/GO-dsDNA/GCE has good reproducibility and storage stability.
After storing it in refrigerator of 4 °C for 15 days the voltammetric response towards 6-MP remains
92.56% of its original value.

Table 1. Comparison of the linear range and detection limit of 6-MP with reported papers

S. no. Electrode Linear range (M) Detection limit (M)  References
1 Multl_-wall carbc_Jn nanotube 010 6.67x1072 1.6x1072 29
modified graphit electrode
Multi-wall carbon nanotube
2 modified glassy carbon 2x10°® to 2x10™ 5x10® 30
electrode
Multiwall carbon nanotubes-
3 TiO, modified carbon paste 9x10® to 3.5x10™ 6.5x107 45
electrode
4 Silver electrode 2x107 to 6x10° 8x10°® 46
DNA decorated with grpahene
5 oxide modfied glassy carbon 5x10® to 2x107® 1.5x10°® This work
electrode

3.6. Analytical application in human blood

In order to test the practical application of the method, the 6-MP sensor was used to determine
6-MP in human blood samples. As shown in Table 2, the results of detection showed no 6-MP was
discovered in the three samples. Therefore, the standard addition method was adopted in the paper and
the recovery of 6-MP is found to be between 98.0 and 103.8%, and the values of the RSD were about
2.3 10 3.2%, suggesting a reliable voltammetric detection method.

Table 2. Determination of 6-MP in the human blood sample

Added Found
Recovery (%
(uM) (uM) y )
Sample 1 10.00 10.10 101
Sample 2 20.00 19.60 98.0

Sample 3 50.00 51.9 103.8
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3.7. Reproducibility, Stability and Interference of the 6-MP sensor

The [Co(phen)s]**/GO-dsDNA/GCE has good reproducibility. For six electrodes identically,
the relative standard deviation (RSD) of the current response to 0.5 (1M 6-MP was 3.82%. In addition,
the storage stability of the 6-MP sensor was also evaluated. After storing it in refrigerator of 4 °C for
15 days the voltammetric response towards 6-MP remains 92.56% of its original value, revealing that
the sensor had a better stability. [Co(phen)s]**/GO-dsDNA/GCE has good selectivity for the detection
of 6-MP. 200-fold concentration of K*, Ca**, Mg, Fe**, AI**, Ni**, CI', SO,%, COs*, PO,>, NOs”; 50-
fold azathioprine, 6-benzylaminopurine, 6-furfurylaminopurine, zeatin; 10-fold concentration of
glucose, lysine, coffein, 6-hypoxanthine, and 5-fold concentration of ascorbic acid, uric acid,
dopamine have no influence on the signals of 0.5 [IM 6-MP with deviations below 5.0%. These
performances (reproducibility, stability, selectivity) of the 6-MP sensor is superior to those reported
previously [29,30].

4. CONCLUSIONS

In summary, a highly stable redox-active [Co(phen)s]**/GO-DNA/GCE has been successfully
fabricated based on electrostatic attraction, intercalation and =z-stacking interaction between
[Co(phen)s]** and GO-DNA hybrid by means of multiple sweep voltammetry. The water-dispersible
GO can be served as a functional unit of DNA to greatly improve the efficient immobilization of DNA
on the GC electrode and also offer a favorable microenvironment to keep the double helix structure of
DNA, which facilitates the intercalation of [Co(phen)s]**. The functionalized [Co(phen)s]**/GO-
DNA/GCE shows an increasing voltammetric response towards 6-MP in the human blood. The present
results should be of value for further understanding the interaction between GO-dsDNA hybrid and
Co(I1) trisphenanthroline complex, as well as offer the outstanding potential to determine the presence
of 6-MP.
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