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A unique nanocomposite was crafted by grafting hemin-binding-aptamer (HBA) onto carboxylated
graphene (COO-GR). Infrared spectroscopy, Raman spectroscopy and diffuse reflectance spectra sug-
gested that -NHCO- covalent bonds were formed between HBA and COO-GR. The resulting COO-GR/HBA
functionalized electrode was used as a novel label-free biosensor. The square wave voltammetry was
employed to realize the selective and specific detection of hemin. The obtained aptasensor possessed
excellent performance with a detection limit of 0.64 nmol L~' (S/N=3) and a linear range from 1 to
150 nmol L~ . Moreover, COO-GR was shown to be a promising candidate in making aptasensors,
carrying advantages over graphene in terms of the simplicity of sensor preparation and the reduction of

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Aptamers are capable of binding specific target molecules with
high selectivity and affinity. Due to the ease of production in vitro,
wide target range, modification ease, reversible thermal denaturation
and unlimited shelf life, aptamers are believed to be excellent
alternatives to antibodies for recognizing proteins [1-3]. During the
past decades, aptamers have been widely studied and exploited for
disease diagnoses, biological assay and aptamer-based sensors [4-7].
To monitor the aptamer-target molecule interactions, a label-free
method for aptamer-based analysis would make the process simple
and easy. However, the sensitivity and electrochemical stability of
aptamer-modified electrodes are usually unsatisfactory. To this end,
aptamers have to be immobilized onto a variety of solid substrates
with large specific surface areas to improve their sensing perfor-
mances [8-12].

Graphene is a two-dimensional (2D) sheet of covalently bonded
carbon atoms, with the highest surface-to-volume ratio, excellent
electrical and mechanical performance and thermal stability [13-15].
Graphene and its derivatives offer possibilities for highly sensitive
detection with the advantageous large specific surface areas, and have
been used as substrates in electroanalytical chemistry [16-18].

Hemin, a well-known natural porphyrinatoiron complex,
is an important compound and has been applied in pharmacy,
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environmental science, food industry and bioscience and technol-
ogy [19-21]. While there are many studies on the high electro-
catalytic activity of hemin for peroxidation reactions in analytical
applications as well as in the application of determination of H,0,
and related compounds [22-25], studies regarding the detection of
hemin as a target are relatively scarce. In this context, it is of great
importance to develop a new method for the determination of
hemin with high sensitivity and selectivity.

Herein, we report a novel method to develop a highly sensitive
label-free electrochemical aptasensor for hemin detection. The pro-
posed method is based on a nanocomposite composed of hemin-
binding-aptamer (HBA) and carboxylated graphene (COO-GR), as
shown in Scheme 1. In particular, HBA and COO-GR composite was
prepared by simply mixing the aqueous solutions of both components.
The resulting nanocomposite was immobilized on the surface of glassy
carbon electrode (GCE) to construct a sensing platform. The introduc-
tion of nanomaterials greatly improved the specific surface area and
electrochemical stability of the aptamer-modified electrode. As a
result, the modified electrode exhibited high performances on electro-
chemical sensing of hemin. We note that instead of graphene, COO-GR
was employed due to its better dispersibility in water and ease of
preparation of the COO-GR/HBA nanocomposite.

2. Experimental
2.1. Materials and reagents

HBA was purchased from Bioneer Trade Co., Ltd. (Shanghai,
China). The sequence of HBA is 5-NH,-GTG GGT AGG GCG GGT
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Scheme 1. Schematic diagram for the preparation of the aptasensor based on COO-GR/HBA nanocomposite for sensitive hemin detection.

TGG-3’ and complementary oligonucleotide sequence is 5'-NH5-
CAC ACA CAC ACA CAC ACA CAC-3'. Hemin was obtained from RED
Chemical Co., Ltd. (Shanghai, China). Human serum was supplied
by Nanjing Maternity and Child Health Care Hospital (Nanjing,
China). COO-GR was purchased from Nanjing XFNANO Materials
Tech Co., Ltd. (Nanjing, China). 1-Ethyl-3-(3-dimethy-aminopro-
pyl) carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide
(NHS) were purchased from Sigma-Aldrich (Spain). All other
chemicals were of analytical grade and purchased from Sigma-
Aldrich (Netherlands). Double-distilled water (DDW) was used in
making all aqueous solutions.

2.2. Characterizations

Zeta Potential was determined using Zetasizer Nano 90 (Malvern,
Britain). The samples were dispersed in water with sonication at
ambient temperature. Cyclic voltammetry (CV), differential pulse
voltammetry (DPV), electrochemical impedance spectroscopy (EIS)
and square wave voltammetry (SWV) were conducted using CHI660B
electrochemical analyzer (CH Instruments, Chenhua Inc., Shanghai,
China). A three-electrode system was employed consisting of a
modified GCE working electrode, a platinum wire counter electrode
and a Ag/AgCl (saturated with KCl) reference electrode. Fourier
transform infrared (FTIR) spectroscopy was recorded with a Cary
5000 spectrophotometer (Varian Co., USA). 2 mg mL~! COO-GR and
10 umol L~ ! HBA were mixed at a volume ratio of 4:1. An aliquot of
the mixture (COO-GR/HBA), 2 mg mL~! COO-GR and 10 pmol L~!
HBA were dropped on the cleaned KBr disks, respectively and dried
under an Infrared lamp. Diffuse reflectance spectra were obtained
with the same Cary 5000 spectrophotometer and samples were
dropped on the cleaned quartz plates for characterization. Raman
spectra were measured on a LabRAM HR800 confocal spectrometer
(Jobin Yvon, France), with 514.5 nm Ar laser excitation.

2.3. Fabrication of COO-GR modified electrode

GCE was sequentially polished to a mirror finish with 0.3 um
and 0.5 pm alumina slurry and washed with absolute alcohol
followed by rinsing thoroughly with DDW. Finally, the polished
electrode was allowed to dry at room temperature after ultra-
sonication cleaning for 5 min in DDW. 10 pL of 1.6 mg mL~! COO-
GR was coated on a cleaned GCE surface and dried in air. The
electrode was rinsed thoroughly with 0.1 molL~! phosphate
buffer solution (PBS, pH 7.4) and DDW before application.

2.4. Fabrication of COO-GR/HBA modified electrode

2mgmL~' COO-GR and 10 pmol L~! HBA were mixed at a
volume ratio of 4:1. 10 uL of the mixture (COO-GR/HBA) was
blended with 2 pL chitosan adhesive, coated on the cleaned GCE
surface and dried in air. The electrode was rinsed thoroughly with
0.1 mol L~ PBS (pH 7.4) and DDW before application.

2.5. Fabrication of graphene/HBA modified electrode

Graphene/HBA modified electrode was fabricated for compar-
ison. Graphene coated GCE was prepared using the same method
reported in our previous study [4]. The thus obtained graphene-
GCE was activated with 0.5mL of 0.1 molL~' PBS containing
10 mmol L~ EDC and 10 mmol L~! NHS for 16 h. Subsequently,
the electrode was immersed in 1 mL of 1 pmol L~ ! HBA containing
0.1 mol L~! NaCl and 4 mol L~! EDTA for at least 24 h at ambient
temperature. Finally, the electrode was rinsed with copious DDW
to remove any unfixed aptamer molecules.

2.6. Electrochemical measurements

The electrochemical performances of the modified electrodes
were investigated by CV, DPV and EIS in a 0.1 mol L~ PBS solution
(pH 7.4) containing 10 mmol L~ [Fe(CN)6]3’/4’ and 0.1 mol L~!
KCl. CV was swept within potential scanning range from 0.6 to
—0.1V with different scan rates. DPV was conducted with pulse
amplitude of 0.05 V, pulse width of 0.05 s and pulse period of 0.2 s.
For EIS measurements, an AC sinusoid of 5.0 mV in amplitude was
applied as input signal, with the DC potential set to 0.28 V over a
wide frequency range from 10° to 10° Hz.

2.7. Detection of target hemin

Fresh hemin solutions were prepared prior to each experiment
by dissolving hemin with a few microliters of 0.1 mol L~! NaOH
and subsequent addition of PBS to the requested concentrations.
Highly pure N, was bubbled through the cell solution for about
20 min prior to each experiment. Detection of hemin was carried
out by immersing the COO-GR/HBA modified electrode into a
0.1 mol L=! PBS containing hemin with different concentrations.
The resulting change of peak current upon the binding of HBA
with hemin was monitored using SWV. SWV was performed with
potential scanning from 0.8 to —0.1 V with quiet time of 120,
scan increment of 4 mV, amplitude of 25 mV and frequency of
15 Hz.

3. Results and discussion
3.1. Chemical structure of COO-GR/HBA

FTIR, diffusion reflectance spectra and Raman spectroscopy
were employed to examine the covalent bond formation between
HBA and -COOH. Fig. 1A (a) exhibits the characteristic absorption
peaks of COO-GR. A broad band ranging from 3600 to 3250 cm !
indicates the presence of -OH groups. ~-COOH groups in COO-GR is
evidenced by the C=0 stretching vibration at 1725 cm~!, the -
COO asymmetric stretching shoulder peak at 1570 cm~!, and -
COO symmetric stretching vibration at 1415cm~'. A C=C aro-
matic ring stretching vibration is present at 1635cm™' [26].
Spectrum of HBA displays a broad band around 3166 cm ™'



L. Gao et al. / Talanta 132 (2015) 215-221 217

Transmittance/%

1650

1697

1172

2000 1500 1000
1 N 1 N 1 1 N 1

3500 3000 2500 2000 1500 1000 500

Wavenumber/cm””

T T T T
500 1000 1500
Wavelength / nm

Intensity (arb.units)

1 . 1 .
1000 2000 3000

Raman shift / cm™

Fig. 1. (A) FTIR of COO-GR (a), HBA (b), and COO-GR/HBA (c). (B) Diffusion
reflectance spectra of COO-GR (a) and COO-GR/HBA (b). (C) Raman spectra of
COO-GR (a), HBA (b), and COO-GR/HBA (c).

of -N-H stretching vibration, an absorption peak of C=0 at
1685 cm ', a stretching peak at 1228 cm~! of -CN and a dissym-
metric stretching vibration of phosphate radicals at 1066 cm ™! (b).
In the spectrum of the COO-GR/HBA composite, the increase in
the intensity of the band around 3400 cm~! is assigned to the
presence of —-OH groups in COO-GR and -N-H in HBA. The new
absorption peaks at 1697 cm~', 1650 cm~! and 1172 cm™~"! are

attributed to the C=0 vibration in -NHCO-, in-plane bending
mode of -N-H, and -CN vibration, respectively (c). Diffuse reflec-
tance also reveals the covalent binding of COO-GR and HBA. The
noise around 800 nm was caused by the change of the detector
from UV to visible light. The featured change of C=0 absorbance
band from 467 nm in COO-GR to 545 nm in COO-GR/HBA indicates
a conversion from -COOH to -NHCO- (B). Raman spectroscopy is a
powerful tool to characterize the bonding, ordering, and crystallite
size of carbon materials. It is well known that the Raman band at
~1590 cm~! (the G-band) is due to the in-plane phonon modes
of graphene, showing the sp? bonding. The band around
~1360 cm~! is due to disorder in the graphene layers caused by
the presence of sp> bonding (the D-band). As can be seen in Fig. 1C,
COO-GR also exhibits the two bands with the G band being higher (a),
which is in agreement with the previous report [26]. It is reason-
able that HBA does not show any featured bands in Raman
spectroscopy (b). After binding with HBA, however, the D band
of the COO-GR/HBA becomes prominent (c). The HBA molecules
decorated on COO-GR cause the sp? delocalization due to their
strong negativity. sp? structures close to the decorated points
convert to sp> structures, leading to the increase of the D/G
intensity ratio for COO-GR/HBA.

3.2. Comparison of COO-GR and graphene for the construction of
aptasensors

To clearly show the advantage of COO-GR over graphene in this
study, both COO-GR/HBA and graphene/HBA modified electrodes
were prepared and characterized as follows. As shown in Fig. 2A,
DPV reveals that the peak current of COO-GR/HBA increases
compared with COO-GR-GCE; while the peak current of gra-
phene/HBA decreases in comparison with graphene-GCE. In addi-
tion, both graphene and graphene/HBA modified electrodes
present high background current while the COO-GR and COO-
GR/HBA modified electrodes nearly have no background noise,
indicating a higher signal to noise ratio (S/N) of the COO-GR based
electrodes. EIS measurements (Fig. 2B) suggest that after binding
with HBA the charge transfer resistance (Re.) of graphene increases
by 196 Q (from a to b) while the R.; of COO-GR decreases by 358 Q
(from ¢ to d). The phenomenon is reasonable as graphene is
known for its excellent electrical conductivity and immobilization
of HBA on graphene will form an organic layer, thus unambigu-
ously increases the surface resistance. As for COO-GR, the exis-
tence of carboxylic groups anchoring at the edges of graphene
molecules destroys the sp? hybridization conjugation of the back-
bone, thereby inhibiting the electron transfer and resulting in a
poor conductivity as well as a high impedance of the coated
electrode. Interestingly, the R of COO-GR/HBA greatly decreases
instead. We assume that the R at electrode/electrolyte interface is
determined by two factors: (1) the electrical conductivity of the
coating, and (2) the charges of the coating surface. A possible
explanation to this phenomenon is that after binding with HBA, -
NH, groups decorated on HBA are covalently bonded with ~-COOH
to form strong amide bonds, leading to a change in charges of the
resulting surface. This assumption is verified by Zeta potential
measurements. In a solution with pH=7.4, the Zeta potentials of
COO-GR and COO-GR/HBA are —7.65 mV and —0.905 mV, respec-
tively. Another advantage of the current strategy is that the
preparation of COO-GR/HBA is relatively simple in comparison
with that of graphene/HBA due to the better water solubility of
COO-GR (see Section 2).

3.3. Electrochemical characterization of the modified electrodes

Electrochemical properties of the modified electrodes investi-
gated by CV, DPV and EIS are shown in Fig. 3. Compared with the
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Fig. 2. DPV (A) and EIS (B) of GR (a), GR/HBA (b), COO-GR (c) and COO-GR/HBA electrode (d) in 0.1 mol L~' PBS (pH 7.4) containing 10 mmol L~' [Fe(CN)g]* /4~ and

0.1 mol L=! KCL

bare GCE, the COO-GR modified electrode exhibits relatively poor
electrochemical performance. In particular, (1) the enclosed area
in CV largely decreases, indicating its low charge capability; (2) the
peak current in DPV decreases, implying its decreased conductiv-
ity; and (3) the Re greatly increases. As discussed above, the
existence of carboxylic groups anchoring at the edges of graphene
molecules causes the destruction of sp? hybridization conjugation
of the carbon backbone, leading to poor conductivity of the COO-
GR coated electrode. However, after binding with HBA, the
electrochemical performance improves as clearly evidenced by
the enlarged enclosed area in CV, the increased peak current in
DPV, and the decreased R in EIS. This is due to the fact that -NH,
groups decorated on HBA are covalently bonded with ~-COOH to
form strong amide bonds, and thus the amount of carboxyl groups
on the electrode surface is greatly reduced, leading to less negative
charges on the surface as confirmed by Zeta potential. The
variation of the surface charges has a key influence on the R.; at
the electrode/electrolyte interface.

3.4. Relationship between peak current and scan rate of CV

To understand the redox kinetics of the functionalized elec-
trode, CV measurements of the COO-GR/HBA electrode at various
scan rates were performed. The resulting plots are shown in
Fig. 4A. Theoretically, when electron transfer at the interface is
fast enough and redox reactions are totally reversible, the differ-
ence of peak current (AE,) will remain constant and will not
change with scan rate. However, in our study we note that with
increasing scan rate from 10 to 200 mV s~ !, the anodic peak shifts
to more positive positions, while the cathodic peak shifts to more
negative positions. As a result, AE, changes from 20 to 80 mV.
Meanwhile, both anodic and cathodic peak currents increase with
increasing scan rate. Fig. 4B displays the relationship between
peak current (Ip, and I,c) and square root of the scan rate V2,
The linear relationship is expressed by Ip,=—3.807 x 10~ v/ 4
1341 x107° (R%,=0.9939) and I,.=3.414 x 10~°v?-1.307 x
107> (R3.=0.9920), respectively. The results reveal a quazi-
reversible electrochemical kinetics and diffusion-controlled pro-
cess of the electrochemical reaction at the electrode surface.

3.5. Quantitative detection of hemin
As it is well known, COO-GR on its own can form molecular 7—

m conjugations with hemin molecules. In the meantime, COO-GR
exhibits good electrocatalytic reducibility towards hemin. Thus, a

COO-GR coated electrode was applied to directly detect hemin
with SWV. Interestingly, the current peaks appear at 0.22 V and
the peak current varies with hemin concentrations from 0.1 to
5umol L~ (Fig. 5), indicating the responsibility of the COO-GR
coated electrode to hemin. It is reasonable because more hemin
molecules will be immobilized on to COO-GR when its concentra-
tion gets higher. However, no linear relationship was found
between peak currents and hemin concentrations, which hinders
the application of COO-GR modified electrodes in the quantitative
detection of hemin.

To explore an ideal approach for quantitatively detect hemin,
HBA was immobilized onto the COO-GR coated electrode to yield
an aptasensor. Clearly, when the aptasensor was incubated in
hemin solution, the peak current at 0.22 V in SWV increased with
increasing hemin concentration, a same phenomenon observed for
the COO-GR coated electrode. When the concentration of the
hemin solution increases, more hemin molecules are immobilized
on the electrode surface due to the specific recognition of HBA to
hemin, leading to an increased peak current (Fig. 6A). The different
phenomenon from that of the COO-GR coated electrode is as
follows: there is a linear relationship between the peak currents
and hemin concentrations from 1 to 150 nmol L~!, after which
the current reaches a plateau, implying the saturation of hemin
on the electrode surface (Fig. 6B). The regression equation is
[=0.4685c+30.9130, with a linear coefficient of R>=0.9940 and
a detection limit of 0.64 nmol L~ (S/N=3). The resulting aptasen-
sor exhibits better performance than the reported nano-ZnO-
carbon paste electrode with a linear range from 3.07 x 10~° to
3.07 x 10~ 7 mol L~ and the fluorescence aptasensor with a linear
range of 0.31-2.50 pmol L~!. Furthermore, the detection limit of
0.64 nmol L~ is lower than that of the reported electrochemical
sensor (1.5 x 1072 mol L~ ') as well as the fluorescence aptasensor
(50 nmol L~ 1) [27,28].

3.6. Specificity of the COO-GR/HBA aptasensor

Specificity is another important performance for aptasensors
to accurately detect analytes in real applications. To evaluate the
specificity of the fabricated COO-GR/HBA aptasensor to hemin,
standard recoveries were determined based on the calibration
curve in the presence of serum. We found that the peak currents at
0.22 'V are almost the same for the blank solution and the serum
solution (Fig. 7). Moreover, when the concentration of hemin in
the mixture of serum and hemin was increased, the peak current
increased accordingly, in spite of the presence of serum. This
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10 mmol L=! [Fe(CN)g]* /4~ and 0.1 mol L~ KC. (A) CV, (B) DPV and (C) EIS.

demonstrates that the currents change only with hemin concen-
trations rather than other bio-substances in the mixture. The
corresponding data shown in Table 1 indicate that all recoveries
turn out to be 97.2-101.9% and fall in the confidence interval of
95-105%, indicating the reliability of the COO-GR/HBA aptasensors
in the detection of hemin.

Furthermore, to evaluate the anti-interference property of the
fabricated COO-GR/HBA aptasensor, possible interfering species

T T L L T
08 07 06 05 04 03 02 01 00 -01
E /V (vs.Ag/AgCl)

Fig. 5. SWV of the COO-GR coated electrode incubated in hemin with concentra-
tions of 0 (a), 0.1 (b), 0.3 (c), 0.5 (d), 0.7 (e), 2 (f), 3 (g), 4 (h) and 5 pmol L~ (i).
Hemin was in 0.1 mol L~! PBS containing 0.1 mol L~ KCI.

such as K*, Na*, Ca?*, NOs, thrombin, adenosine, uridine,
cytidine, lysozyme and glucose, which may be present in real
samples, were examined in 0. molL~' PBS containing
50 nmol L~! hemin. We found that 50.0-fold of the above species
did not show remarkable interference to hemin determination.
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The anti-interference of the COO-GR/HBA aptasensor is acceptable,
ensuring its promising application in real sample analysis.

3.7. Analytical performance - repeatability, reproducibility and
stability

The repeatability of the sensor response was tested by 10 times
successive measurements with the COO-GR/HBA modified electro-
des in 0.1 mol L~! PBS containing 50 nmol L~! hemin, giving a
satisfying relative standard deviation (RSD) of 1.87%. The reprodu-
cibility was examined by six individual determination performed
with different COO-GR/HBA modified electrodes in the above
solution and the RSD was obtained as 3.69%. Moreover, the
proposed aptasensor was stored in 0.1 mol L~' PBS and kept at
4 °Cin a fridge. After two weeks, we found that the sensor retained
90.94% of its initial activity. The above results indicated good
analytical performance of the proposed aptasensor.

4. Conclusions
Graphene-HBA- and COO-GR-HBA-modified electrodes were

crafted and their electrochemical properties were investigated.
Although the COO-GR electrode has lower electrical conductivity
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10 (d) and 35 nmol L™ (e).

Table 1
Standard recovery.

No. Solution Concentration Peak Hemin concentration Recovery

of hemin current obtained from (%)
(nmol L~ 1) (nA) calibration curve
(nmol L~ 1)
a  Blank 0 28.12 / /
b Serum 0 27.30 / /
¢ Mixture 1 5 33.19 4.86 97.2
(vserum:
Vhemin=1:1)
d  Mixture 2 10 35.51 9.81 98.1
(vserum:
Vhemin=1:2)
e  Mixture 3 35 47.63 35.68 101.9
(VSEl’Um:
Vhemin =1 :7)

than that of the graphene electrode, a large number of carboxylic
groups in its structure provide active sites for binding with
aminated aptamers, HBA. Redox kinetics of the resulting COO-
GR-HBA aptasensor is demonstrated to be quazi-reversible and
displays a diffusion-controlled process of the electrochemical
reaction at the electrode surface. Using SWV as sensing technique,
the proposed aptasensor is able to quantitatively detect the
analyte of hemin and a detection limit as low as 0.64 nmol L™
can be achieved. Moreover, COO-GR is shown to be a promising
candidate in making aptasensors, possessing the advantageous
attributes in terms of simplicity of sensor construction and
reduction of background noise.
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