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Immunoassay techniques, using a specic molecular interac-
tion between antibody and antigen, have become the dominant
clinical test methods for antigen detection. Alternative immu-
noassay detection methods include radioimmunoassay,
enzyme-linked immunosorbent assay (ELISA), uoroimmuno-
assay, chemiluminescence immunoassay, and electro-
chemiluminescence immunoassay.1 Despite their sensitivity,
precision and selectivity, these techniques suffer from several
drawbacks such as radiation hazards, long test times, high
costs, and the need for qualied personnel and sophisticated
instrumentation to perform the assays. Furthermore, existing
diagnostic tests (e.g., microtiter-plate ELISAs) may not be

1. Introduction
 sensitive enough for screening a wide range of proteins at low
concentrations, with optical detection suffering from interfer-
ence from other luminescence molecules. Also, single-analyte
immunoassays are not fast enough for high-volume
throughput.1 New immunoassay systems for sensitive, selective,
low-cost, multi-analyte and high-throughput immunoassay
have therefore attracted considerable interest, leading to the
integration of immune-reactions into electrochemical
biosensors.

An electrochemical immunosensor is, by IUPAC denition, a
self-contained integrated device, which produces (semi-)quan-
titative analytical information using an antibody as a biological
recognition element that is in direct contact with an electro-
chemical transduction element.2 Electrochemical immuno-
sensors combine the specicity of an immunological reaction,
the possibility of application in point-of-care testing – due to
their easy miniaturization and the low cost of typical electro-
chemical biosensors.3,4 Compared with traditional immuno-
assay methods, electrochemical immunosensors are specic,
selective, highly sensitive, simple and convenient, can offer
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multi-target analyses, use simple instrumentation, allow rapid 
analysis, can be miniaturized, and can be manufactured using 
advanced fabrication technologies.5,6

In electrochemical immunosensing, direct detection of 
antibody–antigen recognition is usually not possible and elec-
trochemically redox couples are oen employed.7 Colloidal 
gold/silver, semiconductor nanoparticles and marker loaded 
nanocarriers (carbon nanotubes, apoferritin, silica nano-
particles, and liposome beads) have all been used as labels.8 

However, this is a complex and quite expensive procedure.
In contrast, electrochemical impedance spectroscopy (EIS) 

can be used to directly measure the effect of antigen binding on 
the resistance to charge-transfer across the electrode surface.

Electrochemical immunosensors using advances in nano-
materials are increasingly being used for biosensing applica-
tions.9 In this context, carbon-based nanomaterials are gaining 
interest as an alternative to gold electrodes. Different carbon 
nanostructures, with different inherent electrical properties 
have been used in electrochemical immunosensors including 
CNTs10 and more recently (since 2005) graphene.11

Graphene displays a combination of interesting properties, 
such as a large surface area, high electrical conductivity and 
biocompatibility.12–19 Heterogeneous electron transfer (the 
transfer of electrons between graphene and molecules in solu-
tion necessary for the oxidation/reduction of said molecules) 
occurs at the edges of graphene or at defects in the basal plane.7 

Additional defects are also introduced by functionalization, 
required to immobilize biomolecules, including antibodies, on 
to graphene. The antibodies act as biological receptors in 
immunosensors. This can affect the performance of the sensor. 
An alternative way of attaching the bioreceptor antibodies to the 
sensor electrode is through graing to an intermediate layer 
such as pyrene20 or polyaniline.21 This avoids the introduction of 
defects into the graphene substrate and preserves graphene's 
electrical characteristics.22 Intermediary pyrene or polyaniline 
layers allow efficient electron transfer to the graphene electrode. 
Correct orientation of the antibody on the PANI–graphene 
support is crucial to ensure that the two binding sites in each 
antibody are free for antigen binding and that antibody activity 
is preserved aer graing.

Thus, this work proposes a new immunosensor set-up, 
where the antibody has been directly attached to a PANI-
modied screen-printed graphene electrode, and used to detect 
human chorionic gonadotropin (hCG) using label-free EIS 
measurements. Human chorionic gonadotropin (hCG) detec-
tion, a 37 kDa glycoprotein hormone, is a well-known and 
important diagnostic marker of pregnancy, but may also act as a 
tumour marker for certain cancers. The concentrations of hCG 
in serum or urine emanating from the tumours are very 
low.23,2425 Thus, the detection method for hCG in serum or urine 
should ensure that trace amounts of hCG are detectable.

At present, conventional methods for determining hCG are 
immunoradiometric assays (IRMAs) and enzyme-linked 
immunosorbent assays (ELISA).26 IRMA is extremely sensitive, 
but involves radiation hazards, complicated washing proce-
dures and is expensive, while the ELISA is less sensitive but 
time-consuming. Various electrochemical immunosensors for
hCGmeasurements have also been reported recently, but only a
few of these use graphene.27–30 The overall process involved in
the assembly of these immunosensors and the relevant chem-
ical course/data for hCG determination have been resumed in
Table 1. Overall, graphene is employed within a quite complex
chemistry to produce specic composite nanomaterials. These
nanomaterials are in turn involved in the assembly of immu-
nosensors including several consecutive layers, increasing the
risk of failure of the device in routine testing. Furthermore,
chemically modied positions in graphene may hinder the
excellent electronic transfer ability of this carbon matrix for
changing the carbon hybridization from sp2 to sp3, thereby
interrupting the path of conjugated p electrons. Finally, the
overall processes for hCG detection are especially complex when
labeled nanomaterials are employed, requiring as well longer
times for reaching a response.

The immunosensor, reported in this paper, is a simple
device, produced viamodication of a disposable graphene-SPE
surface with an amine layer, which preserves the chemical
structure of graphene and allows subsequent binding of the
bioreceptor antibody, anti-hCG. The amine layer is obtained by
in situ electropolymerization of aniline on the graphene elec-
trode and these amine groups can react with the –COOH groups
in the Fc region of the antibody, activated by carbodiimide
chemistry, to ensure successful antibody binding. The antibody
is bound to the PANI through its Fc terminal (thus allowing the
paratope regions free to bind to the antigen epitopes). The
resulting biosensor has been evaluated using EIS, and utilised
in the detection of hCG in biological samples.
2. Experimental section
2.1 Reagents and solutions

All chemicals used were of analytical grade and water was de-
ionized. Potassium hexacyanoferrate(III) (K3[Fe(CN)6]) and
potassium hexacyanoferrate(II) (K4[Fe(CN)6]) trihydrate were
obtained from Riedel Haen; N-hydroxysuccinimide (NHS) was
obtained from Fluka; N-(3-dimethylaminopropyl)-N0-ethyl-
carbodiimide hydrochloride (EDAC), bovine serum albumin
(BSA), and aniline were obtained from Sigma; phosphate buff-
ered saline (PBS) tablets were obtained from Amresco. The hCG
protein was purchased from Abcam (UK). The anti-hCG anti-
body was supplied by Ig Innovations.

A 0.1 M aniline solution was prepared in 2.5 M H2SO4. PBS
solution was prepared by dissolution of 1 tablet (1814.5–
2005.5 mg per tab) of PBS in 200 mL of D.I. water. EDAC, NHS
and antibody solutions were prepared in this buffer. Synthetic
urine was prepared by forming a solution of urea, creatinine,
magnesium chloride, calcium chloride, sodium dihydrogen
phosphate, ammonium chloride, potassium sulphate and
sodium chloride.
2.2 Apparatus

Electrochemical measurements were conducted with a poten-
tiostat/galvanostat from Metrohm Autolab PGSTAT302N, with a
Frequency Response Analysis (FRA) module, controlled by Nova

http://dx.doi.org/10.1039/c3tb21235a


Table 1 Graphene-based immunosensors for hCGa

Electrode
support Immunosensor design

Additional
nanomaterial

Detection Response to
hCG
concentration

Antibody
binding Ref.Sequential process Technique

Glassy
carbon

A GCE was sequentially
modied with graphene,
MWCNTs and Au-NPs and
then it was bound to anti-
hCG by physical
adsorption. BSA was used
to block non-specic
binding.

Mesoporous silica
NPs (MCM-41) were
decorated with TH,
AuNPs, and nally
HRP-labeled anti-
hCG

(1) Incubation in
hCG

DPV LR: 0.005–500
mIU mL�1.
LOD: 0.0026
mIU mL�1

Random 27

(2) Incubation in
nanomaterial
(3) Solution of H2O2

A GCE was modied by
casting a mixture of TH–
graphene solution and
binding anti-hCG through
the GA reaction. BSA was
used to block non-specic
binding.

Aminated
mesoporous silica
NPs were modied
with Pt. Then HRP
and anti-hCG were
bound by GA
linking.

(1) Incubation in
hCG

AMP LR: 0.01–12 ng
mL�1. LOD:
7.50 pg mL�1

Random 28

(2) Incubation in
nanomaterial
(3) Solution of H2O2

A GCE was modied by
casting (1) sulfonated
graphene mixed with TH
acting as an electron
transfer mediator and (2)
mesoporous silica (SBA-15)
modied by amination
with APTES, then Pd was
added and nally it was
bound to anti-hCG by GA
linking.

— (1) Incubation in
hCG

AMP LR: 0.01–16.00
ng mL�1. LOD:
8.60 pg mL�1

Random 29

(2) PBS solution

A GCE was modied with
graphene oxide and NPG
foils. Anti-hCG was added
and immobilized by
physical adsorption. BSA
was used to block non-
specic binding.

— (1) Incubation in
hCG

AMP LR: 0.5–40.00
ng mL�1. LOD:
0.034 ng mL�1

Random 30

(2) Coating with
Naon
(3) PBS solution

Graphene A polyaniline lm was cast
onto graphene (by
electropolymerization) and
was functionalised with
anti-hCG modied by
EDAC/NHS chemistry. BSA
was used to block non-
specic binding.

— (1) Incubation in
hCG

EIS LR: 0.001–50
ng mL�1. LOD:
0.286 pg mL�1

Via
–COOH

This work

(2) Iron redox probe

a AMP: amperometry; AP: alkaline phosphatase; APTES: 3-aminopropyltrimethoxy-silane; DPV: differential pulse voltammetry; EDAC: N-(3-
dimethylaminopropyl)-N0-ethylcarbodiimide; EIS: electrochemical impedance spectroscopy; GA: glutaraldehyde; GCE: glassy carbon electrode;
GPMS: glycidoxypropyltrimethoxysilane; HRP: horseradish peroxidase; MWCNTs: multiwall carbon nanotubes; NHS: N-hydroxysuccinimide;
NPG: nanoporous gold; NPs: nanoparticles; SPDP: succinimidyl-6-[30-(2-pyridyldithio)-propionamido]hexanoate; TH: thionine.
soware. Graphene-SPEs were purchased from DropSens (DRP-
110GPH), having a counter electrode of platinum (Pt), a refer-
ence electrode of Ag/AgCl, and a working electrode of printed 
graphene of 4 mm diameter. The graphene–SPEs were inter-
faced with the potentiostat/galvanostat via a switch box, also 
from DropSens (DRP-DSC). Raman measurements were per-
formed using a Thermo Scientic DXR Raman microscope 
system with a 100 mW 532 nm excitation laser, and spectra were 
recorded using 5 mW power and a 50 mm pinhole aperture. 
Fourier transform infrared spectroscopy (FTIR) measurements 
were performed using a Thermo Scientic Smart iTR Nicolet
iS10, coupled to the Attenuated Total Reectance (ATR) smart
accessory, also from Thermo Scientic.
2.3 Procedures for immunosensor assembly

The polyaniline (PANI) lm was obtained by electro-
polymerization of aniline on the graphene–SPE surface using
cyclic voltammetry (CV). The three-electrodes of the SPE were
covered by a solution of 0.1 M aniline and a potential sweep
applied from �0.1 V to 1.2 V, at a sweep rate of 50 mV s�1, for
20 cycles.
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Fig. 1 Schematic illustration of the immunosensor assembly.
In parallel, an antibody solution of 200 mg mL�1 was mixed 
with 25 mmol L�1 EDAC and 50 mmol L�1 of NHS, for 2 hours. A 
drop of this resulting solution was then placed on the PANI/
graphene–SPE surface. Aer 2 hours, at room temperature, the 
electrode was rinsed away and replaced for BSA solution (0.5 mg 
mL�1 in PBS buffer), for 30 minutes. The immunosensor was 
then washed with PBS buffer.

2.4 Human chorionic gonadotropin binding

hCG binding to the antibody on the immunosensor was ach-
ieved by placing a drop of the hCG solution on the sensor 
surface. Different concentrations of hCG solution, ranging from 
0.01 to 5 ng mL�1, were prepared by dilution of the 25 ng mL�1 

standard hCG solution in PBS or synthetic urine. hCG was also 
detected in real urine samples from a pregnant woman. A 
period of 15 minutes was allowed for antigen/antibody binding. 
This was followed by PBS washing prior to redox probe EIS 
measurements.

2.5 Electrochemical assays

CV measurements were conducted in 5.0 mmol L�1 of 
[Fe(CN)6]

3� and 5.0 mmol L�1 of [Fe(CN)6]4�, prepared in PBS 
buffer, pH 7.4. In CV assays the potential was scanned from 
�0.7 V to + 0.7 V, at 50 mV s�1. All assays were conducted in 
triplicate.

EIS assays were also conducted in triplicate with the same 
redox couple [Fe(CN)6]3�/4� at a standard potential of +0.10 V, 
using a sinusoidal potential perturbation with an amplitude of 
100 mV and a frequency equal to 100 Hz, logarithmically 
distributed over a frequency range of 10 Hz–0.001 Hz. The 
impedance data were tted to a Randles equivalent circuit using 
the Nova Soware.

The immunosensor response to varying hCG concentrations 
was assessed by EIS measurements. The concentrations of hCG 
solution ranged from 0.01 to 5 ng mL�1, and were prepared 
either in PBS buffer pH 7 or in synthetic urine. The limit of 
detection (LOD) was calculated as 3s/S, where S is the slope of 
the linear calibration plot and s the standard deviation of EIS 
blank signals (obtained in the absence of hCG).

3. Results and discussion
3.1 Immunosensor assembly

A schematic of the functionalisation process for the immuno-
sensor assembly can be seen in Fig. 1. The rst stage in the 
sensor fabrication was modication of the screen-printed gra-
phene electrode with a thin lm of polyaniline, thus yielding 
surface amine groups on the PANI–graphene electrode 
(Fig. 1(ii)). These amine groups are used to bind the anti-hCG to 
the modied graphene SPE. A PANI lm was formed on the 
graphene SPE via coating the electrode in a solution of aniline 
and subsequent electropolymerization of aniline to form a 
conductive polymer layer over the nanostructured graphene 
support.31–33 This PANI layer is an electrically conductive layer 
and is able to transport electrical carriers to the graphene SPE.34 

Of the several conductive polymers that have been employed in
electrochemical applications, PANI was selected because of its
simple synthesis and good stability.35 The requirement for
graphene oxidation prior to electropolymerization of aniline
was investigated36 and no signicant differences were observed
between standard and oxidised PANI/graphene–SPE.

The next stage of the sensor fabrication was antibody
binding to the PANI layer. Antibodies have several functional
groups that facilitate adsorption to PANI, meaning that
the antibody solution could simply be deposited on this
layer. However, this procedure would lead to random posi-
tioning of the antibodies on the surface. Consequently, many
antibodies could be deactivated or partially deactivated with
respect to antigen binding, through stereochemical
constraints.

Thus, covalent binding of the antibody to the PANI–gra-
phene SPE was performed in order to achieve a more stable and
homogenous orientation of the antibodies. This covalent
binding can be accomplished through the –COOH terminated
Fc site of the antibody. Attachment via the Fc site ensures that
both Fab sites are free for subsequent antigen binding. Anti-
bodies were rst activated by EDAC/NHS chemistry, forming a
highly reactive O-acylisourea intermediate that reacted rapidly
with NHS to produce a stable succinimidyl ester.37 This ester
then undergoes a nucleophilic substitution reaction with the
amine groups on the PANI, leading to the formation of an
antibody graed PANI layer (Fig. 1(iii)).

The nal stage of the assembly was devoted to blocking any
free amine sites which could otherwise allow non-specic
binding to biomolecules other than hCG. Amino groups were
blocked by adding BSA, a simple and low-cost protein, to the
sensor surface. BSA was adsorbed to regions of non-specic
protein binding, preventing subsequent binding of the
compounds different than HCG. At the same time, this reaction
deactivated the carboxylic functions that remained active aer
antibody binding, also contributing to eliminating side-
responses from the immunosensor.
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Fig. 2 CV data taken at the assembly of the immunosensor (A and B) and EIS spectra of calibration (C) along with its calibration plot (D). (A)
Synthesis of polyaniline on the graphene–SPE electrode (10 cycles were performed with a scan rate of 50 mV s�1); (B) CV records after
modification of PANI/graphene–SPE with antibody and BSA; (C) Nyquist plots of the BSA/anti-hCG/PANI/graphene–SPE sensor, previously
incubated in increasing concentrations of hCG, obtained in 5.0 mM [Fe(CN)6]

3�/5.0 mM [Fe(CN)6]
4�/PBS buffer pH 7.4; (D) the Rct values of the

previous calibration plotted against log hCG concentration.
3.2 Electrochemical follow-up of the immunosensor

The chemical modications taking place at the graphene
surface were monitored using CV and EIS (Fig. 2), character-
ising changes in electron transfer properties against the redox
probe.38 The EIS data were analyzed by Nyquist plots. Nyquist
plots showed the frequency response of the electrode/electrolyte
system and area plot of the imaginary component (Z0 0) of the
impedance against the real component (Z0). The charge-transfer
resistance (Rct) at the electrode surface is given by the semicircle
diameter obtained in EIS and can be used to dene the interface
Fig. 3 FTIR spectra of modified graphene–SPE before and after polyani
properties of the electrode. The graphene surface showed a
small semicircle at the Nyquist plot, which indicated the pres-
ence of a very fast electron-transfer process. This process had no
diffusion limited step, which suggests a non-Faradaic process.

CV analysis of the formation of a PANI layer on graphene, via
electropolymerization, yielded a decrease in current with an
increasing number of cycles (Fig. 2A). Aer 10 cycles, the
current density of the oxidation peak was greatly reduced, thus
conrming the formation of a PANI lm. Electrochemical data,
obtained by using an iron redox probe with the newly formed
line.

http://dx.doi.org/10.1039/c3tb21235a


Fig. 4 Raman spectra of (A) graphene–SPE, (B) PANI/graphene–SPE, (C) anti-hCG/PANI/graphene and (D) BSA/anti-hCG/PANI/graphene–SPE.
PANI layer, showed Nyquist plots where the Rct increased 
compared to unmodied graphene which was in agreement 
with the CV data obtained at the electropolymerization stage.

Subsequent antibody and BSA binding (both proteins) 
promoted a substantial increase in the barrier to the redox 
probe accessing the PANI/graphene–SPE surface, thus leading 
to an additional increase in Rct. CV assays supported the results 
of EIS studies (Fig. 2B), with decreased current peaks aer 
protein binding and an increase in the peak-to-peak potential 
separation.
3.3 Qualitative analysis of the immunosensor surface

Fig. 3 shows the FTIR spectra of the graphene–SPE before any 
modication (A) and aer coating the electrode through elec-
tropolymerisation to form the PANI/graphene–SPE (B). The 
graphene–SPE spectrum acted here as a control reference 
spectrum, from which changes related to the PANI layer in the 
FTIR spectrum of the PANI–graphene–SPE can clearly be 
distinguished.

Overall, the introduction of the PANI lm on graphene gave 
rise to a wide range of absorption bands/peaks not present in 
the control sample spectrum, thus conrming the presence of 
the PANI layer. The two bands in the vicinity of 1500 cm�1 and 
1600 cm�1 were assigned to the 6 carbon stretching modes of 
the bezenoid (B) and quinoid (Q) rings, respectively.39,40 The 
peaks in the vicinity of 1250 and 750 cm�1 were assigned to 
vibrations associated with the C–N stretching vibration of 
aromatic amine and C–H vibrations.41 The absorption peak near 
1150 cm�1 could be assigned to B–NH–B and d(C–H) 
vibrations.42

Raman spectroscopic measurements (Fig. 4) were also per-
formed aer each stage of the immunosensor functionalization
process. The spectra of the control graphene–SPE showed three
Raman bands at 1350, 1600 and 2700 cm�1 that were assigned
to the well-documented D, G and 2D bands in standard gra-
phene. The G peaks represent the in-plane bond-stretching
vibrations of sp2-hybridized carbon atoms, while the D peak is
related to the vibrations of the carbon atoms of dangling bonds
or sp3-hybridised carbon atoms of disordered and/or defected
graphite.43 The intensity ratio of IG/ID bands is typically used for
quantifying the defect density in graphene, and the small ratio
extracted from Fig. 4 indicates signicant disorder, arising from
structural defects, despite recent evidence that the IG intensity
increases with increasing laser excitation energy.44,45 Since the
intensity of the G band increases almost linearly as the gra-
phene thickness increases, the ratio of IG/I2D could be used to
determine the number of layers in graphene.46,47 The ratio of IG/
I2D obtained was �0.4, this showing that the graphene is just a
few layers thick (less than 5).

Aer electrochemical polymerization of aniline, all of the
Raman spectra showed distinct bands attributable to PANI [45],
which overlap the characteristic bands of standard graphene (at
1300 and 1600 cm�1). The sp3 peak of graphene becomes more
intense and broad aer PANI deposition.36 This broadening of
the sp3 peak gives a signicant increase in the intensity ratio of
D/G bands.

Compared with graphene, the sp3 peak of PANI showed a
slight shi to higher frequencies, probably due to the electro-
static interaction between aniline monomers and graphene–
SPE, both displaying aromatic features. Overall, the obtained
Raman spectra indicated the successful modication of the
graphene–SPE, which considering the chemical modications
implied should suggest the formation of a PANI lm.

Subsequent antibody and BSA binding introduced an addi-
tional increase in the Raman intensity, related to uorescence
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Fig. 5 Raman spectra mapping of (A) PANI/graphene–SPE and (B) anti-hCG/PANI/graphene–SPE, along with the corresponding surface spatial
distribution (bottom 3D graphics).
generation accounting the residues in the protein structure.
This implied the need of specic uorescence correction, which
is detrimental to the quality of the resulting spectra. Despite
this, clear changes were observed at each stage of the modi-
cation process with each protein.
3.4 Polyaniline and antibody coverage

The antibody coverage over the surface was assessed by
mapping a 610 � 500 mm area of the PANI/graphene–SPE and
Fig. 6 Calibration curve of the immunosensor in real urine. Left: Nyquist
5.0 mM [Fe(CN)6]

3� and [Fe(CN)6]
4� in PBS buffer pH 6.5, after incubatin

indicated in the graphic, ng mL�1). Right: Rct values extracted from the N
anti-hCG/PANI/graphene–SPE devices using a Raman spec-
trometer coupled to confocal microscopy and an automated XY
stage.

Fig. 5 shows a typical colour coverage distribution map aer
graphene PANI electropolymerization (le side). This is a spatial
map of the intensity of the PANI-related Raman peak at 1663
cm�1 and indicates that 83% of the analysed area was covered
with PANI, considering that each spectrum entering this
calculation displayed a Raman shi at 1663 cm�1 of PANI
spectra with Raman intensity higher than 90 (a.u.). This region
plots of the BSA/anti-hCG/PANI/graphene–SPE sensor in a solution of
g the sensor in increasing concentrations of hCG (concentration levels
yquist plots against log hCG concentration.
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was used for being completely different from that of graphene–
SPEs.

The colour coverage distribution map of anti-hCG/PANI/
graphene–SPE (right side) was obtained in a similar way, 
considering this time the intensities of Raman peaks at 1484 
cm�1, because this was not present in graphene. The anti-hCG 
coverage of the surface was 97%, extracted by spectral mapping 
of the Raman peaks at 1484 cm�1 with intensities greater than 
27%.

3.5 Analytical performance

Fig. 2C shows the Nyquist plots of the immunosensor Ab/PANI/
graphene–SPE against increasing hCG concentrations, while 
Fig. 2D shows the corresponding EIS calibration curve, plotting 
Rct Ab/PANI/graphene–SPE against the logarithm of hCG 
concentration. The concentration range of hCG used for cali-
bration was 0.01 to 5 ng mL�1. No diffusion-controlled effect 
was observed in the EIS spectrum, and the diameter of the 
semicircle increased with increasing hCG concentrations. This 
suggests that a non-Faradaic process was present.

The Rct in the Nyquist plot increased linearly with the increase 
of the logarithm of hCG concentration. This is as expected 
because protein structures bound to the surface of an electrode 
typically act as barriers to electrical transfer. The average slope of 
the Rct versus log[hCG] was 3.6 kU/[hCG, ng mL�1] with an  R2

correlation coefficient of 0.98. The limit of detection (LOD) was 
determined to be 0.286 pg mL�1. This represents a  signicantly 
lower detection limit than those of previously reported graphene 
and anti-hCG sensors.

3.6 Selectivity of the sensor

Typically, selectivity is assessed by evaluating the effect of 
compounds present in the test solution, other than the target 
analyte (hCG), on the analytical response of a sensor device. To 
simulate the effect of real biological conditions, and ascertain 
the effect of urine on the performance of the sensor, the 
immunosensor was exposed to solutions of synthetic urine 
spiked with hCG. The selectivity of the sensor was thus inves-
tigated by monitoring its response to the synthetic urine. The 
synthetic urine was prepared according to recipes from ref. 48 
and contained creatinine, magnesium chloride, calcium chlo-
ride, sodium dihydrogen phosphate, ammonium chloride, 
potassium sulphate and sodium chloride.

The EIS  calibration curve  of  the immunosensor  in response t
increasing concentrations of hCG in synthetic urine was very 
similar to that of the sensor in PBS. Thus, no interference in the 
sensor, related to synthetic urine, was observed. This suggests that 
the sensor would be capable of selective and specic detection of 
hCG in real urine samples. The calibration curve was made for 
hCG concentrations ranging from 0.001 to 100 ng mL�1, showing 
a linear dependence on log[hCG] from 0.001 to 50 ng mL�1, with a  
slope of 14.8 kU/[hCG, ng mL�1].

3.7 Application to urine samples

The values of hCG in real urine samples were determined by EIS 
measurements aer previous calibration of the Ab/PANI/
graphene–SPE device. The typical Nyquist plots obtained are
shown in Fig. 6, along with the corresponding calibration curve.
The sensor exhibited linear behaviour from 0.001 to 50 ng
mL�1, when the standard hCG solutions were prepared in urine
of non-pregnant women. When another sensor Ab/PANI/gra-
phene–SPE was tested using urine of a pregnant woman, the
obtained concentration was 63 ng mL�1 (315 mIU mL�1), which
corresponded to a pregnancy period lying within 3 weeks to 2
months, which is also in agreement with the patients term of
pregnancy status. The format of the Rct curve was close to that of
the standards (Fig. 6), suggesting that the system was operating
well when applied under real sample conditions.

4. Conclusions

In summary, a new impedimetric biosensor for hCG was
fabricated based on antibody–antigen binding to a PANI-
modied screen-printed graphene electrode. In this work, it was
shown that polyaniline was successfully deposited on gra-
phene–SPE. The simple approach for antibody binding enabled
attachment of the antibody to the sensing layer, and provided
excellent reproducibility and stability. The electrode impedance
increased linearly with increasing hCG protein concentrations
and was not signicantly affected by interference from chemical
components present in synthetic urine.

Compared to other immunosensors that employ graphene
(Table 1), this is the only device that uses graphene as a
conductive support and preserves the native chemical structure
of graphene that is responsible for its excellent electrical
properties. This simple aspect may have contributed to the good
analytical features achieved here, mostly regarding the wide
linear range and the low lower limit of linear response.

Compared to other immunosensors presented in the litera-
ture, shown in Tables 2 and 3,49–82 the presented device offers a
simple design, requiring only electropolymerization of aniline
and subsequent binding of an antibody to this layer that has
activated –COOH functions. This simple approach contributed
as well to a suitable orientation of the antibodies over the
platform, which may also have been a major contributor to the
sensitivity of the immunosensor. An antibody should be bound
to the sensing layer through its Fc terminal (that is composed of
–COOH functions), ensuring that Fab regions (with –NH2

functions) remain free and accessible to antigens. Almost all
previous studies give no importance to this feature, binding the
antibody randomly, but some others use an amine function for
this purpose, which means that the antibody is linked upside-
down. Only a few studies use specic proteins that show specic
affinity to the Fc terminal antibody sites, ensuring that a suit-
able orientation is achieved, but this approach is however much
more expensive than the one presented here and leads to amore
complex immunosensor assembly.

The most complex processes presented in the literature are
typically linked to the presence of chemical labels (Table 3). The
presented labels involved usually an antibody species, which
means that the nal detection of hCG required an additional
incubation period, besides that of the antigen. In the present
work, the already simple device was coupled to EIS detection,
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26, 679–688.
2 D. R. Theavenot, K. Tóth, R. A. Durst and G. S. Wilson, Pure
Appl. Chem., 1999, 71, 2333–2348.

3 S. I. Stoeva, J. S. Lee, J. E. Smith, S. T. Rosen and C. A. Mirkin,
J. Am. Chem. Soc., 2006, 128, 8378–8379.

4 F. Darain, S. U. Park and Y. B. Shim, Biosens. Bioelectron.,
2003, 18, 773–780.

5 Y. Takahashi, A. I. Shevchuk, P. Novak, Y. Murakami,
H. Shiku, Y. E. Korchev and T. Matsue, J. Am. Chem. Soc.,
2010, 132, 10118–10126.

6 H. J. Lee, S. H. Lee, T. Yasukawa, J. Ramón-Azcón,
F. Mizutani, K. Ino, H. Shiku and T. Matsue, Talanta, 2010,
81, 657–663.

7 P. Martin, Mater. Today, 2011, 14, 308–315.
8 G. Liu and Y. Lin, Talanta, 2007, 74, 308–317.
9 S. Sánchez, M. Roldán, S. Pérez and E. Fàbregas, Anal. Chem.,
2008, 80, 6508–6514.

10 N. Liu and X. Guo, NPG Asia Mater., 2012, 4, e23, DOI:
10.1038/am.2012.42.

11 A. Plume, es. Trends, 2010, 18, 5–7.
12 Y. Li, L. Tang and J. Li, Electrochem. Commun., 2009, 11, 846–

849.
13 J. Li, S. Guo, Y. Zhai and E. Wang, Electrochem. Commun.,

2009, 11, 1085–1088.
14 D. Li, M. B. Muller, S. Gilje, R. B. Kaner and G. G. Wallace,

Nat. Nanotechnol., 2008, 3, 101–105.
15 Q. Wei, R. Li, B. Du, D. Wu, Y. Han, Y. Cai, Y. Zhao, X. Xin,

H. Li and M. Yang, Sens. Actuators, B, 2011, 153, 256–260.
16 R. McCreery, Chem. Rev., 2008, 108, 2646–2687.
17 M. Li, R. Li, C. Li and N. Wu, Frontiers in Bioscience, 2011, 3,

1308–1331.
18 Y. Shao, J. Wang, H. Wu, J. Liu, I. A. Aksay and Y. Lin,

Electroanal., 2010, 22, 1027–1036.

avoiding the need for a chemical label, and thus leading to a 
simpler and quicker analytical procedure.

Overall, PANI modied graphene may also be a promising 
sensing platform for assembling other immunosensing devices. 
The sensor has been used to successfully detect hCG concentra-
tions in the urine of pregnant women, which concurs with the 
pregnancy status. The presented results and the accuracy and 
precision of the analytical data from the antibody/PANI modied 
graphene sensors proposed in this work suggest that these 
sensors may be used in POC diagnostics in the near future.
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