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Herein, an electrochemical platform was employed for the detection of protein. Fe,0O3 was electro-
chemically deposited on graphene modified glassy carbon electrode surface. Electrodeposition condi-
tions, such as temperature, and time, were optimized for controlling morphologies and electrochemical
activities of Fe,0s. Negatively charged lysozyme-binding aptamer (LBA) was immobilized on positively
charged Fe,O3 (isoelectric point ~7.0) via electrostatic interaction. Electrochemical impedance
spectroscopy was adopted for indicator-free detection of lysozyme. The LBA on the outermost layer
would catch lysozyme in solution by physical affinity, which induced the increase of impedimetric
signals. In this strategy, a wide detection range (0.5 ng mL~'-5ug mL~!) and low detection limit
(0.16 ng mL~1') for model target lysozyme was obtained. The results showed that indicator-free
impedimetric aptasensing strategy had good sensitivity and selectivity.
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1. Introduction

Graphene attracts tremendous attention since its discovery by
Novoselov and Geim in 2004 [1]. The attributes, such as large
surface area, excellent conductivity and high transparency, make
graphene a novel substrate for forming hybrid structures with a
variety of nanomaterials [2]. Graphene-based nanocomposites
can exhibit excellent properties of parent constituents in appro-
priate designs [3]. Much effort has been devoted to incorporate
graphene and metal oxides into composite materials including
graphene-ZrO, [4], graphene-SnO, [5], graphene-TiO, [6],
graphene-ZnO [7], graphene-Cos04 [8], graphene-RuO, [9], and
graphene-Fe304 [10]. These graphene-metal oxide composites
are widely employed in theory and applications like electronics,
optics, electrochemical energy conversion and storage, and solar
energy harvesting. To the best of our knowledge, electrochemical
aptasensor based on graphene-metal oxide composite materials
has not been reported.

Among numerous metal oxides, Fe,03 may act as a promising
substrate for biosensing [11,12]. However, Fe,05 suffers from poor
electrochemical performance due to the agglomerations and huge
volume change. Various attempts have been reported to overcome
the disadvantages of Fe,Os; [13,14]. The synthesis of Fe,Os with
special sizes and well-defined morphologies has become a hot topic
in material research field [15]. Compared with chemical synthesis,
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electrochemical deposition technique is a low-temperature, low-cost,
and facile method for the synthesis of graphene-metal oxide
composites [16,17]. Electrochemical deposition of Fe,O3 on graphene
support needs to be explored.

In recent years, electrochemical impedance spectroscopy (EIS)
is rapidly developing in label-free biosensors, which is useful for
bioanalysis to bypass the modification of biomolecules with
complex labels [18]. However, EIS is hard to meet the require-
ment for on-line monitoring due to the adoption of external redox
indicator [19]. Indicator-free EIS has been reported for protein
adsorption study [20] and DNA sensing [21].

In this work, an innovative aptasensor was developed on
electrochemically converted Fe,Os/graphene substrate. In detail,
graphene oxide (GNO) was firstly coated on glassy carbon
electrode surface to form a stable film. Then GNO was electro-
chemically reduced to graphene. Fe,O3; was electrodeposited on
graphene substrate using constant potential technique. The
effect of deposition temperature and deposition time on the
morphology of Fe,O3 was studied by scanning electron micro-
scopy (SEM) and electrochemistry. The prepared Fe,03/graphene
nanocomposites exhibited high conductivity and large electro-
active area. Lysozyme-binding aptamer (LBA) could be immobi-
lized on Fe,03/graphene nanocomposites by electrostatic
interaction. LBA on the outmost layer of biosensor could bind
target protein lysozyme in solution to form lysozyme-aptamer
complex because of the high affinity of lysozyme and LBA.
The binding would increase the interfacial electron transfer
resistance. This aptasensor could be used for indicator-free
electrochemical detection of lysozyme with EIS.
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2. Experimental
2.1. Apparatus and reagents

A CHI 660C electrochemical analyzer (Shanghai CH Instrument
Company, China), which was in connection with a glassy carbon
electrode (GCE), a saturated calomel reference electrode (SCE) and
a platinum wire counter electrode, was used for electrochemical
measurements. The pH values were measured by a model pHS-25
digital acidometer (Shanghai Leici Factory, China). SEM measure-
ments were carried out on a JSM-6700F scanning electron micro-
scope (Japan Electron Company). X-ray diffraction (XRD) patterns
were recorded on a Rigaku (Japan) D/Max r-A X-ray diffract-
ometer with CuKa radiation. Sonifier was adopted for ultrasonic
dispersion (KQ 500B, 500 W, Kunshan, China).

Graphite powder (325 mesh, spectral pure, Sinopharm Chemi-
cal Reagent Co., China). Thrombin and lysozyme (Shanghai
Dingguo Biotechnology Inc., China). LBA (5-ATC TAC GAA TTC
ATC AGG GCT AAA GAG TGC AGA GTT ACT TAG) and thrombin-
binding aptamer (TBA, 5-GGT TGG TGT GGT TGG-3') were
synthesized by Beijing Sunbiotech. Co. Ltd. (China). LBA and TBA
were dissolved in Tris-HCl buffer I (25 mmol L= Tris-HCI,
300 mmol L~! NaCl, pH 6.4). Proteins were prepared in Tris-HCl
buffer II (20 mmol L~ Tris-HCl, 140 mmol L~! NaCl, 5 mmol L~!
KCl, 5 mmol L~! MgCl,, pH 6.4). Phosphate buffer solution (PBS,
14 mmol L~ NaCl, 0.27 mmol L~! KCl, 1 mmol L~! Na3PO, and
0.176 mmol L~! K5PO4). Hexaammineruthenium(Ill) chloride
([Ru(NHs3)6]Cl3, Alfa Aesar, China). Solutions were all prepared
with Aquapro ultrapure water (resistivity: 18 MQ cm, Aquaplus
AWL-1002-P, Ever Young Enterprises Development Co., Ltd.,
China) and stored at 4 °C before use.

2.2. Preparation of Fe,0s/graphene platform

Graphite oxide (GO) was synthesized from graphite powder by
the modified Hummers method as originally presented by Kovtyu-
khova [22]. In brief, graphite was pre-oxidized by concentrated
H,S04, K5S,0g, and P,0s. Then the pre-oxidized graphite was further
re-oxidized by concentrated H,SO, and KMnO,4. The as-synthesized
GO was suspended in water to obtain a brown dispersion, which
was subjected to dialysis for one week to completely remove the
residual salts and acids. Graphene oxide (GNO) suspension was
obtained by dispersing purified GO in ultrapure water (concentra-
tion 0.1 g L~ ') with the aid of sonication for 30 min.

GCE (3 mm diameter) was sequentially polished with 0.3 pm
and 0.05 pm alumina powder and then washed ultrasonically in
water and ethanol for a few minutes, respectively. The cleaned
GCE was dried with nitrogen steam for the next modification.
GNO/GCE was prepared by casting 15 pL suspension of GNO on
GCE surface and dried under an infrared lamp. Graphene/GCE was
prepared after GNO/GCE was electrochemically reduced in PBS
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(pH 7.0) for 600s at —1.3V [23]. Electrochemical synthesis of
Fe,03 on graphene/GCE was a potentiostatic process (potential of
—1.5V) at 60 °C. Electrolyte was an oxygen-saturated aqueous
solution containing 5 mmol L~! FeCl; and 0.1 mol L~ ! KCI.

2.3. Fabrication of the sensing interface

Fe,03/graphene/GCE was covered by 10 pL of 10 umol L~! LBA
and kept over night to achieve saturation. Then it was washed
with Tris-HCI buffer I and ultrapure water, respectively. The as-
prepared electrode was denoted as LBA/Fe,Os/graphene/GCE.
LBA/Fe,0s/graphene/GCE was incubated in a series of thrombin
or lysozyme solutions of different concentrations for 1 h.

2.4. Electrochemical measurements

Electrochemical performances of the modified electrodes were
evaluated by CV and EIS in [Fe(CN)g]*>~/4~. CV was performed at a
scan rate of 100 mV s~!. EIS was carried out with AC voltage
amplitude of 5 mV, applied potential of 0.172V, and voltage
frequencies ranged from 10 kHz to 1 Hz. Indicator-free EIS was
carried out under open-circuit conditions with 0.1 mol L~! PBS
used as the supporting electrolyte. All the experiments were
conducted at room temperature (25 + 0.5 °C).

3. Results and discussion

3.1. Electrochemical characterization of Fe,03/graphene/GCE using
[Fe(CN)s]°~/#~ redox indicator.

As shown in Fig. 1A, curve a is the CV of [Fe(CN)g]>~/#~ at bare
GCE. After bare GCE was coated with GNO, the current responses
decrease obviously ascribed to the poor electron transfer ability of
GNO (curve b). Due to the electrochemical reduction of GNO, a
couple of well-defined redox peaks are observed at graphene/GCE
(curve c). Fe,03/graphene/GCE presents the largest redox peaks
(curve d). According to Randles-Sevdk equation: Ip,=2.69 x
10°AD'?n®?y'2C, where I, refers to the anodic peak current, n
the electron-transfer number, A the surface area of the electrode,
D the diffusion coefficient, C the concentration of [Fe(CN)g]® /4,
and v the scan rate [24]. For 1 mmol L~' [Fe(CN)s]>~/4—, n=1,
D=6.7 x 10~ cm? s~ !, the electroactive areas of GCE, graphene/
GCE, and Fe,03/graphene/GCE are determined to be 0.04, 0.11 and
0.15 cm?, respectively. Obviously, Fe,Os/graphene/GCE increases
the electroactive surface area as it is approximately 1.36 times
larger than that of graphene/GCE. The enhanced surface is benefit
to adsorb more LBA and further improve the detection sensitivity.
In addition, the redox potential separation of various electrodes
shows an increase as follows: Fe,Os/grapheme/GCE < graphene/
GCE < GCE < GNO/GCE. Usually, the results of EIS can be
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Fig. 1. (A) CVs of 1 mmol L~' [Fe(CN)g]*> ~/4~and (B) Nyquist diagrams of 5 mmol L~ [Fe(CN)s]> /4~ at (a) GCE, (b) GNO/GCE, (c) graphene/GCE and (d) Fe,05/graphene/

GCE in 0.1 mol L~' KCI.
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illustrated in two different ways: a Nyquist plot or a Bode plot.
In Nyquist plot, the semicircle portion at high frequency regions
corresponds to the electron transfer limiting process. The electron
transfer resistance R.; can be measured as the semicircle dia-
meter. In Fig. 1B, when GNO was modified on GCE, the semicircle
dramatically increases as compared to bare GCE. After GNO was
electrochemically reduced, Re; decreases distinctively. Compared
with graphene/GCE, R, of Fe,03/graphene/GCE further decreases.
The results are consistent with CVs.

3.2. SEM characterization of Fe,0s/graphene

The morphologies of Fe,Os/graphene were characterized by
SEM. Electrochemical deposition of Fe;O5 includes the reduction
of O, at anode and the precipitation of Fe,O3 at cathode in an
oxygen-saturated solution, i.e., O;+2H,0+4e~ -40H™, Fe3+ 4+
30H~ —Fe(OH)s, and 2Fe(OH)3 — Fe;03+3H,0. In the electroche-
mical deposition process, graphene (Fig. 2A) with high conduc-
tivity had high current flow and large charge density on the
electrode surface, leading to high concentration of hydroxide ions,
which was beneficial for the growth of Fe;03 [15]. The tempera-
ture condition played an obvious role in the formation of Fe,0s.
Electrochemical deposition of Fe,Os; was conducted at different
temperatures (20, 30, 40, 50, 60, 70, and 80 °C). The CVs of
1.0 mmol/L [Fe(CN)g]*~/4~ at graphene/GCE before and after

electrodeposition were recorded. Al, (Alp=Io—Iafer, Where Io
and g, referred to the current obtained before and after the
electrochemical deposition of Fe,;0Os, respectively) versus the
temperature was plotted (Fig. 3). The largest Al, value was
obtained when the electrodeposition was conducted at 60 °C. In
morphology, at lower temperature (e.g. 20 °C), the obtained Fe,03
on graphene/GCE does not show regular morphologies (Fig. 2B).
When the temperature was changed to 60 °C, the electrochemi-
cally deposited Fe,Os; exhibits the compact structures with
approximate sphere morphologies (Fig. 2C). CV was adopted to
investigate the effect of deposition time on the formation of Fe,03
(Fig. 4). With the increase of deposition time, the redox peak
currents of [Fe(CN)s]®> /4~ at Fe,Os/graphene/GCE increase gra-
dually, and the maximum is obtained at 300 s. The redox peak
currents decrease when longer than 300 s. It may be due to the
coverage of extremely thick Fe,03 on electrode surface (Fig. 2D),
resulting in the depressed conductivity. Thereby, 300s was
selected for the deposition time of Fe,0s.

Fig. 5 shows the XRD pattern of Fe,0O3/graphene. It possesses a
weak diffraction at 25.6°, which is assigned to the crystal planes
of graphene. The other diffraction peaks at 24.1°, 33.2°, 35.6°,
40.8°, 49.5°, and 54.1° correspond well with the crystal planes of
(012), (104), (110), (113), (024), and (116), which can be easily
indexed to hexagonal a-Fe,O5; (JCPDS 33-664). The XRD results
indicate that the crystalline structures of Fe,03 and graphene are
maintained in Fe,Os/graphene composites.

Fig. 2. (A) SEM image of graphene/GCE. SEM images of Fe,03/graphene/GCE prepared by electrodeposition (B) for 300 s at 20 °C, (C) for 300 s at 60 °C, and (D) for 400 s at

60 °C.
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Fig. 4. CVs of 1 mmol L~ [Fe(CN)g]> /4~ at Fe,Os/graphene/GCE prepared by
electrodeposition at 60 °C for (a) 0, (b) 100, (c) 200, (d) 300 s, and (e) 400 s,
respectively. The supporting electrolyte was 0.1 mol L~! KCI.
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Fig. 5. XRD patterns of Fe,03/graphene composites.

3.3. Indicator-free impedimetric detection of lysozyme

The detection of lysozyme was monitored by EIS in PBS (pH
7.0) without the indicator [Fe(CN)s]*> /4~ In Fig. 6, curve a is the
Bode plot of Fe,0Os3/graphene/GCE. The impedance values were
measured after the interaction of Fe,0s/graphene/GCE with lyso-
zyme (curve b). Compared with Fe,0s/graphene/GCE, curve b
shows only a very small increment of logZ at high frequency
regions, indicating no specific interaction between lysozyme and
Fe,0s/graphene/GCE. For LBA[Fe,03/graphene/GCE, logZ value is
higher than Fe,0Os/graphene/GCE in high frequency regions
(curve c). It indicates that LBA had been successfully immobilized
on Fe,03/graphene/GCE. The binding of LBA and lysozyme results
in an increase of logZ value in high frequency regions (curve d). It
shows that LBA attached on Fe,Os3/graphene/GCE would catch
lysozyme, which induces a barrier for electron transfer. For
lysozyme detection, the incubation time of lysozyme was opti-
mized. After LBA[Fe,03/graphene/GCE was immersed into a lyso-
zyme solution for different times, logZ values for every electrode
before and after incubation were recorded. The logZ difference
(AlogZ) versus incubation time was plotted (Fig. 7). The incuba-
tion proceeded with the increase of AlogZ value. The largest AlogZ
value was obtained when the incubation was conducted for 1 h.
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Fig. 6. Bode plots in PBS (pH 7.0) at (a) Fe,O3/graphene/GCE, (b) Fe,03/graphene/
GCE after the immersion in 5 pg mL~" lysozyme for 1 h, (c) LBA/Fe,Os/graphene/
GCE, and (d) LBA/Fe,03/graphene/GCE after the immersion in 5 jig mL~" lysozyme
for 1 h.
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Fig. 7. Influence of the incubation time on AlogZ signal.
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Fig. 8. Sensor signal Al,/I, versus surface density of LBA.

Thus, 1 h was used to make complete interaction between LBA
and 5 pg mL~! lysozyme.

[Ru(NH3)g]** was used to study the effect of surface density of
LBA on the sensor signal. Thus, a series of LBA[Fe,03/graphene/
GCEs with different surface densities were prepared by
varying immobilization amount of LBA. The CV measurements
of [Ru(NH5)s]>* allowed a simple calculation for the surface
density of LBA with the charge integrated from the reduction
peak from [Ru(NH5)g]** to [Ru(NH5)g]**.

The surface concentration of [Ru(NH3)s]>*, 'k, could be
calculated as

I're = Q/NFA %))

where Q was the charge obtained by integrating the reduction
peak area of surface-bound [Ru(NH;)g]>**, n was the number of
electrons involved in the redox reaction, F was Faraday’s constant,
and A was the electrode area.

Under saturation conditions, the measured value could be
converted to the surface density of LBA, I';ga, using the following
equation:

I'tga = I'ru(z/m)Na 2)
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Fig. 9. (A) Bode plots in PBS (pH 7.0) at LBA/Fe,03/graphene/GCE for different concentrations (ng mL~ ") of lysozyme: (a) 0, (b) 0.5, (c) 5, (d) 50, (e) 500, and (f) 5000.

(B) The plot of AlogZ vs. the logarithm of lysozyme concentrations.

Table 1
Comparison of electrochemical aptasensors for lysozyme.

This work

Ref. [25] Ref. [26]

Immobilization platform for LBA Fe,0s/graphene
Detection method EIS
Detection range 0.5ng mL~'-5 pgmL~!

Gold electrode Carbon nanotube
EIS EIS
0.2 nmol L~'-8 nmol L~! 100 pg mL~"'-400 pg mL~!

Detection limit 0.16 ngmL~"! (~0.011 nmol L~ 1) 0.07 nmol L' 12.09 pg mL~!
where z was the valence of the redox cation, m was the number of 2.5
nucleotides in the LBA, and N,y was Avogadro’s constant. This 5.
equation had the same assumptions and conditions as Eq. (1). T
Fig. 8 shows the correlation between the sensor signal AIj/Iy S 23
(Alj=Iy — lafter, where Iy and I e, referred to the current obtained %
before and after LBAJFe,0Os/graphene/GCE incubated with lyso- = 22

zyme, respectively) and the surface density of LBA. From the plot,
it is indicative that the sensor sensitivity is clearly dependent on
the LBA surface density: as the surface density increases, Al}/ly
ratio increases to a maximum and then decreases substantially. At
higher surface density, the binding of lysozyme to LBA is hindered
due to spatial restriction for the DNA strand to fold into the
aptamer configuration to bind to the fairly large lysozyme
protein. For lower surface density, this is no longer a concern.
Therefore, the ideal surface density for this aptasensor is between
1.8 x 10712 and 2.0 x 10~ '2 molecules cm 2.

In Fig. 9, the impedance signals increase with the increase of
lysozyme concentration. The logZ difference (AlogZ) between
LBA/Fe,03/graphene/GCE and LBA/Fe,0s/graphene/GCE incubated
with lysozyme is adopted to evaluate the responses to lysozyme.
There is a linear relationship between AlogZ and logarithm of
lysozyme concentration (C) from 0.5ng mL~' to 5 ug mL~". The
regression equation is AlogZ=0.0802 logC+0.7851 (R=0.995).
The detection limit is evaluated as 0.16 ng mL~! corresponding
to signal/noise ratio of 3. It is important to note that, at higher
concentrations of lysozyme (e.g., 5-20 ug mL~!), the quantifica-
tion of impedance signals is not reproducible (data not shown).
It indicates that the response mechanism may become more
complex (involving nonspecific interactions between the protein
and the aptamer). The aptasensor in this work is compared with
other electrochemical aptasensors reported in literatures
(Table 1). This aptasensor shows a lower detection limit and
wider dynamic detection range than others.

Control experiments were performed to reveal the selectivity
and specificity of the aptasensor. LBA/Fe,0s/graphene/GCE was
immersed in 0.5 ugmL~! thrombin, 0 gmL~! lysozyme, and
0.5 ug mL~! lysozyme under the same experimental conditions,
respectively. Different impedance signals were obtained in
Fig. 10. After the incubation of thrombin with LBA/Fe,0s/gra-
phene/GCE (column b), the logZ value is calculated as 2.051, a

21

2

Fig. 10. Control experiments for (a) LBA/Fe,03/graphene/GCE after the immersion
in (b) 0.5 pg mL~"' thrombin, (c) Tris-HCI buffer II, and (d) 0.5 ug mL~" lysozyme,
respectively.

small higher than LBA/Fe,0s/graphene/GCE (column a). The logZ
value (column c) is calculated as 2.055 after immersion in Tris-
HCI buffer II. The interaction between lysozyme and LBA/Fe,03/
graphene/GCE leads to a 17.2% increase of the logZ value (column
d). The “signal on” results are similar to the report published
elsewhere [27]. It indicates that the aptasensor has a high
selectivity.

Another control experiment was performed to ensure that
lysozyme did not bind to other sequences of DNA. TBA was
immobilized on Fe,03/graphene/GCE, and the impedance was
recorded. After TBA/Fe,05/graphene/GCE exposure to 0.5 pg mL~!
lysozyme for 1 h, a 2.25% increase in logZ is shown after exposure to
lysozyme, implying that TBA/Fe,Os/graphene/GCE did not produce a
complex with lysozyme, and lead to significant changes in the
impedance spectrum.

3.4. Stability and repeatability of the aptasensor

The stability of LBA/Fe,;03/graphene/GCE is a crucial factor to
achieve high sensitivity. The LBA/ Fe,03/graphene/GCE was incu-
bated in PBS (pH 7.0), Tris-HCI buffer I, and Tris-HCl buffer II at
25 °C for 10 h, respectively. Then the impedance was recorded in
PBS (pH 7.0), and the obtained signals almost remain unchanged
compared with the unincubated electrode. The LBA/Fe,0s/
graphene/GCE was stored at 4 °C for 10 days, and the decrease
of the impedance signal is got as 4.48%. In addition, ten repetitive
impedance measurements of LBA/Fe,Os/graphene/GCE were
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performed in PBS (pH 7.0). A relative standard deviation (RSD) of
2.86% for logZ value is obtained. The results demonstrate that the
prepared aptasensor has good stability.

The repeatability of aptasensor is highly significant in protein
assay. Six parallel-fabricated LBA/Fe,03/graphene/GCEs were per-
formed to detect 0.5 ugmL~! lysozyme. Bode plots of these
electrodes before and after detection were recorded. A RSD of
4.23% for AlogZ value is evaluated.

4. Conclusion

In conclusion, a sensitive indicator-free electrochemical apta-
sensor based on Fe,0s/graphene matrix was developed for the
first time. The as-prepared aptasensor has several advantages:
(1) Fe,Os/graphene with three-dimensional structure brings in
more molecular recognition elements (as a model here, LBA),
which can improve the sensitivity of aptasensor; (2) indicator-
free impedance technique exhibits a very simple and promising
detection method; (3) such an aptamer immobilization platform
is demonstrated as a new way in electrochemical aptasensors.
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