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Graphene oxide-based electrochemical label-free
detection of glycoproteins down to aM level using
a lectin biosensor†

L. Klukova,a J. Filip,b S. Belicky,a A. Vikartovskaa and J. Tkac*a

A label-free ultrasensitive impedimetric biosensor with lectin

immobilised on graphene oxide (GO) for the detection of glyco-

proteins from 1 aM is shown here. This is the first time a functional

lectin biosensor with lectin directly immobilised on a graphene-

based interface without any polymer modifier has been described.

The study also shows that hydrophilic oxidative debris present on

GO has a beneficial effect on the sensitivity of (8.46 ± 0.20)% per

decade for the lectin biosensor compared to the sensitivity of (4.52

± 0.23)% per decade for the lectin biosensor built up from GO with

the oxidative debris washed out.

Introduction

Saccharides are the most ubiquitous organic molecules in
nature and, along with proteins, lipids and nucleic acids, form
all living systems.1 Therefore, it is not surprising that glycans
(complex saccharides formed by monosaccharides connected
via glycosidic bonds) play a crucial role in various vital
processes.2–4 Moreover, in comparison to proteins or DNA,
glycans are better equipped to be an information coding tool,
because information can be effectively stored by the large
variability in saccharidic building blocks that are put together
to form glycans.5

Furthermore, glycans play a crucial role in the aetiology of
all human diseases.6–8 Glycans are often attached to proteins
(more than 70% of human proteins are glycosylated) or lipids
and thus glycans are present on cell surfaces at every level of
life and create a “sweet” coat reflecting the physiological state
of the individual cell.9 It has been proven that changes in
glycosylation patterns of proteins are closely related to the
origin and development of various types of cancer or auto-
immune disorders.10 Consequently, the majority of already

approved cancer biomarkers are glycoproteins.11 This means
that monitoring of aberrant glycosylation can distinguish
healthy individuals from sick patients and has a great poten-
tial to be successfully applied in early-stage diagnostics.12

The current trend in modern diagnostics is toward simpli-
city, speed and cost-effectiveness of analyses, with a possibility
of point-of-care testing. However, it is quite challenging to
meet all the requirements mentioned above. Traditional
analytical methods often require complex instrumentation or
labelling of molecules, which makes the whole process time
and reagent consuming.13 Contrary to this, electrochemical
and other methods, including quartz crystal microbalance,
electrochemical impedance spectroscopy (EIS), cyclic voltam-
perometry or field-effect transistor (FET) based sensing,
provide a very smart way to overcome some of the drawbacks
of instrumental-based approaches.12,14

Nowadays, there is an expansion of electrochemical plat-
forms utilizing graphene and graphene-based materials, which
improve the sensing performance of biosensors.15–19 Since
200420 these novel materials have attracted worldwide atten-
tion thanks to their impressive properties, especially their high
sensing area and conductivity.21–23 Moreover, graphene oxide
(GO) prepared by Hummers’ method24 is commercially available
at low cost and due to the richness of its functional groups it
can be easily functionalised.25–29 Several research groups have
demonstrated that GO contains a complex mixture of highly oxi-
dized polyaromatic carboxylated fragments (oxidative debris –

OD, discovered in 2011 by Wilson’s group)30 which can signifi-
cantly tune the interfacial behaviour of graphene materials.31,32

All of these attributes make graphene-based materials suitable
for electrochemical biosensing.33–35

There are some bioassays reported which combine lectins
(carbohydrate binding proteins)36 and graphene material.
Most of them, however, employ lectins as a probe for immobili-
sation/adsorption of antibodies,37 cells38,39 or enzymes,40

instead of direct biorecognition of glycoproteins. Recently, it
was described that the ability of Concanavalin A (Con A)
immobilised on pure graphene to bind its analyte was strongly
negatively affected, compared to Con A immobilised on gra-
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phene covered by a self-assembled layer.41 This suggests strong
adsorption of Con A onto a hydrophobic graphene surface,
negatively influencing the structural integrity of Con A. This is
why in the current work we wanted to show that an increased
hydrophilicity of graphenic material can have a beneficial role
on the binding ability of immobilised Con A. In order to prove
this hypothesis, two different graphenic materials were tested
as a support for the immobilisation of Con A: a highly hydro-
philic GO and base-washed GO (GObw) with a moderate hydro-
phobicity achieved by the removal of highly hydrophilic
oxidative debris from the surface of GO. Finally, by the careful
building of an interface based on GO with immobilised lectin,
an ultrasensitive detection of glycoproteins could be achieved,
observed previously only on modified gold electrodes.42,43

Here we show for the first time that glycoproteins could be
detected with EIS applied as a transducing platform down to
attomolar concentration using lectins directly immobilised on
a GO modified interface (Scheme 1).

Results and discussion
UV-Vis characterisation of GO and GObw

The first experiment performed either with GO or GObw was
the investigation of the UV-Vis properties of a commercially
available GO solution and a GObw aqueous solution prepared
from lyophilised powder. The results indicate that the GO solu-
tion exhibits two maxima, at 230 nm (due to π–π transitions of
the aromatic CvC bond) and at 300 nm (due to n–π tran-
sitions of the CvO bond) (Fig. S1a†) in agreement with data
in the literature,39 while GObw exhibited only one maximum
at 256 nm (Fig. S2a†).

Calibration curves, i.e. absorbance peak heights vs. sample
concentration, could also be applied to extract extinction
coefficients for both types of sample. A calibration curve for

GO (Fig. S1b†) is a straight line with R2 = 0.978 and an extinc-
tion coefficient of (0.0986 ± 0.0067) ml μg−1 cm−1, while a cali-
bration curve for GObw (Fig. S2b†) is a perfectly straight line
with R2 = 0.999 and an extinction coefficient of (0.0190 ±
0.0001) ml μg−1 cm−1, suggesting that GObw is an optically
less dense material than GO. Such characterisations of GO and
GObw allowed us to work with the same concentration of both
materials (GO and GObw) in the subsequent experiments.

FTIR and Raman characterisation of GO and GObw

Fourier transform infrared (FTIR) experiments (Fig. S3a†)
revealed the presence of a broad peak from 2800 to 3800 cm−1

for GO, attributable to ν(C–OH, COOH, H2O) and several sharp
peaks between 1000 and 1800 cm−1. A peak appearing at
1630 cm−1 previously assigned to in-plane vibrations of an sp2-
hybridised C–C bond30 is present in the GO sample with a
mild shift to 1580 cm−1 for the GObw sample. Peaks appearing
for GO could be assigned to ν(C–O–C) at 1076 cm−1, to ν(C–
OH) at 1258 cm−1, to ν(carboxy C–O) at 1411 cm−1 and to
ν(CvO) at 1723 cm−1, in agreement with data in the litera-
ture.40,44 Peaks for GObw could be assigned to ν(C–OH) at
1239 cm−1 and to ν(CvO) at 1718 cm−1, suggesting that a
certain amount of oxygen-containing moieties resisted the
harsh conditions during base washing. Their diversity,
however, was significantly decreased.

The quality of graphene-based samples is often studied by
analysis of the D-band peak at around 1300 cm−1 (due to
breathing modes in C–C structures indicating defects) and of
the G-band peak at 1600 cm−1 (due to C(sp2)–C(sp2) bond
stretching vibrations).30 Raman experiments (Fig. S3b†)
showed peaks for GO at 1349 cm−1 and 1600 cm−1, in agree-
ment with the literature30,45 and for the GObw sample slightly
changed positions of the peaks at 1339 cm−1 and 1605 cm−1

were observed, again in agreement with data in the literature
for base-washed GO.30 Base washing of GO did not result in a
change in the D/G ratio, with a value of 0.995 for GO and 1.011
for GObw, in agreement with the literature.30 This confirms
that base washing only displaced OD from the GO surface,
without reduction of GO.

AFM measurements

Atomic force microscopy (AFM) was applied to look at the
interfacial features during the build-up of the lectin biosensor,
involving subsequent modifications of the interface (Fig. 1a)
by GO (Fig. 1b), Con A (Fig. 1c), a blocking agent (Fig. 1d), and
with a final incubation of the interface with analyte invertase
(INV) (Fig. 1e).

Typical features to be seen on the interface during modifi-
cation of the planar surface are shown in Fig. 1f. The mean
square surface roughness (Rq) of the bare interface decreased
from 0.36 nm to 0.12 nm upon incubation with a GO solution
and the surface was covered with flat GO sheets, but some
small features were visible (Fig. 1b). After covalent immobili-
sation of Con A lectin on a GO modified interface using a stan-
dard amine coupling (i.e. EDC/NHS coupling chemistry),
the roughness of the interface increased sharply with

Scheme 1 A scheme showing several modification steps needed for
the construction of an impedimetric lectin biosensor involving: 1. modifi-
cation of the glassy carbon electrode by GO; 2. activation of –COOH
groups present on the surface by EDC/NHS; 3. covalent immobilisation
of Con A lectin; 4. blocking of the interface by a carbo-free blocking
agent. Step 5 is incubation of the biosensor with its analyte.
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Rq = 2.62 nm, with a possibility of seeing individual Con A pro-
teins on the surface (Fig. 1c and f, green line). The features
with heights around or below 10 nm seen on the surface after
immobilisation of Con A are consistent with the molecular
size of intact Con A (6.7 × 11.3 × 12.2 nm) being a tetramer
with Mw = 104 kDa, while Con A on the surface can also dis-
sociate into dimers (6.1 × 8.6 × 9.1 nm) or monomers (4.2 ×
4.0 × 3.9 nm).42 In the next step the surface was blocked by a
carbo-free blocking agent to prepare an interface resistant to
non-specific interactions, and the surface roughness again
decreased to an Rq value of 0.73 nm. When the surface was
incubated with an analyte, i.e. INV, the surface roughness
sharply increased to an Rq value of 6.86 nm. INV is a much
larger protein with Mw = 270 kDa compared to Con A, and it
can form oligomers as shown recently,46 and thus it is not sur-
prising to see much larger features after interaction of the
surface with INV (Fig. 1f, brown line) compared to the presence
of Con A on the surface (Fig. 1f, green line).

Biosensor development

Two different Con A biosensors based on either GO or GObw
were prepared, but the biosensor based on GObw was less sen-
sitive towards its analyte (INV), with a sensitivity of (4.52 ±
0.23)% per decade, while the biosensor based on GO offered a
sensitivity of (8.46 ± 0.20)% per decade (R2 = 0.996 for INV2,
Fig. 2b). Moreover, the lectin biosensor based on GO offered
highly reproducible detection of its analyte INV, with RSD in
the range from 0.2% to 3.5% with an average RSD of 1.6%.

The lower sensitivity of the lectin biosensor based on GObw
could be due to the increased hydrophobicity of GObw com-
pared to GO by the removal of highly oxidised OD. Recently it
was shown that the binding ability of Con A immobilised on
pure graphene was severely affected, with a 12-fold decrease of
Con A’s binding ability compared to Con A immobilised on gra-
phene covered by a self-assembled layer.41 The Con A biosensor
based on GO offers a linear working range spanning at least
7 orders of magnitude from a concentration of 10 aM up to
100 pM (curve INV2, Fig. 2b). Two independent calibration
curves (INV1 and INV2) with the biosensor devices prepared on
different days are shown in Fig. 2b, indicating high reliability of
biosensor preparation as judged from similar sensitivities:
(8.46 ± 0.20)% per decade (INV2) and (9.13 ± 2.19)% per decade
(INV1 with RSD in the range from 0.7% to 9.9% with an average
RSD of 5.4%). Quite interestingly, when oxidised INV (oxINV)
was incubated with the biosensor, a low and stable response in
the whole concentration window investigated was observed,
suggesting a low non-specific protein binding.

The equilibrium dissociation constants KDsurf of the lectin
biosensor with immobilised Con A towards its analyte (INV)
and a non-specific binding probe (oxINV) were evaluated using
a non-linear fitting of linear calibration curves (i.e. ΔRct = f (c))
for both proteins using a Hill1 model employing OriginPro9.1
software with a number of cooperative sites fixed (n = 1). As
shown in Fig. S4,† the equilibrium dissociation constant for
INV was evaluated as KDsurf = (9.3 ± 4.4) aM with R2 = 0.988
and for oxINV as KDsurf = (9.1 ± 6.0) fM with R2 = 0.916. This
means that the affinity of the immobilised Con A for INV is 3
orders of magnitude stronger compared to oxINV and that
oxINV can be considered to be a reliable non-specific binding
probe. Typical Nyquist plots showing the EIS response of the
biosensor towards its analyte INV are shown in Fig. 2a.

The impedimetric lectin biosensor presented here is among
the most sensitive electrochemical biosensor devices described
so far,12,14 with a detection limit better than or comparable
to electrochemical lectin-based detection platforms
developed on modified gold electrodes with tuned interfacial
properties.42,43,47

Fig. 1 Atomic force microscopy (AFM) of (a) a bare surface, (b) a GO-
modified interface, (c) the surface with covalently immobilised Con A,
(d) the interface blocked with a carbo-free blocking solution, (e) the
surface after incubation with its analyte invertase (INV) and (f ) a topo-
graphical profile of surfaces depicted in (a–e).

Fig. 2 (a) Nyquist plots after incubation of the Con A lectin biosensor
with INV as an analyte in a concentration window from 1 aM to 100 pM
and (b) two independent calibration curves of the Con A lectin biosensor
towards an analyte INV (INV1 and INV2) and a negative control, which
was an oxidised form of INV (oxINV).
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Bioanalytical approaches based on the integration of lectins
and graphene or GO have been described in the literature, but
have not been applied to the detection of glycoproteins in a
label-free format of analysis with Con A directly immobilised
on graphene or GO. For example, GO or reduced GO patterned
by glycans/carbohydrates has been employed for the detection
of lectins (including Con A) using electrochemical,45,48 elec-
tric49 and electrochemiluminiscent50,51 detection platforms.
Con A linked to graphene or GO via glycans or polymers has
been employed for the immobilisation of antibodies to the
electrode surface for electrochemical immunosensing of
various analytes including cancer biomarkers37,52,53 or for
enzyme-less electrochemical detection of glucose.54,55

The most similar concepts to ours were described recently
of Con A immobilised on graphene or reduced GO using an
organic linker, but involving labels in a sandwich configur-
ation.38,56 Thus, the approach we have developed is the first to
describe the direct immobilisation of Con A on a graphenic
material (GO) for label-free detection of glycoproteins.

Finally, two serum samples (with details provided in the
ESI† file) diluted 1000 times – one from a healthy individual
and the other one from a patient with rheumatoid arthritis
(RA) were analysed by the impedimetric lectin biosensor. The
results showed that the biosensor response was larger: (154 ±
14)% for the RA patient compared to the response of (68 ± 9)%
observed for the healthy individual. This observation is in
good agreement with our previous results, showing a larger
response of the biosensor in the case of the sample from the
RA patient compared to analysis of a serum sample from a
healthy individual.42

Conclusions

The study shows the importance of oxidation debris present
on GO surface to keep immobilised Con A lectin functional for
bioaffinity interactions with its analyte. Moreover, when oxi-
dation debris is present on GO, the high density of oxygen-
containing functional groups could be effectively employed for
covalent immobilisation of the lectin. Thus, here we have
shown for the first time that Con A immobilised to GO without
any polymer modifier could be used for ultrasensitive detec-
tion of glycoproteins from an aM concentration range. Further-
more, since EIS was employed as a transducing platform,
label-free detection was possible, offering a wide working con-
centration window for glycoprotein analysis. This study is a
solid foundation for others, suggesting that a direct immobili-
sation of biorecognition elements to graphenic interfaces is
feasible, but adsorption of the biorecognition elements to
hydrophobic graphenic surfaces should be avoided to keep the
biointerface functional as described recently.41 This has to be
taken into account, especially for biorecognition of elements
that have only one binding site, since the denaturation of such
binding elements could affect their binding ability to a higher
extent than Con A containing four binding sites.
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