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A B S T R A C T

Autocrine motility factor (AMF) is a tumor-secreted cytokine that stimulates tumor cell motility in vitro and
metastasis in vivo. AMF could be detected in serum or urine of cancer patients with worse prognosis. Reported
as a cancer biomarker, AMF secretion into body fluids might be closely related to metastases formation. In this
study, a sensitive and specific carbohydrate-based electrochemical biosensor was designed for the detection and
quantification of a protein model of AMF, namely phosphoglucose isomerase from rabbit muscle (RmPGI).
Indeed, RmPGI displays high homology with AMF and has been shown to have AMF activity. The biosensor was
constructed by covalent binding of the enzyme substrate D-fructose 6-phosphate (F6P). Immobilization was
achieved on a gold surface electrode following a bottom-up approach through an aminated surface obtained by
electrochemical patterning of ethylene diamine and terminal amine polyethylene glycol chain to prevent non-
specific interactions. Carbohydrate-protein interactions were quantified in a range of 10 fM to 100 nM. Complex
formation was analyzed through monitoring of the redox couple Fe2+/Fe3+ by electrochemical impedance
spectroscopy and square wave voltammetry. The F6P-biosensor demonstrates a detection limit of 6.6 fM and
high selectivity when compared to other non-specific glycolytic proteins such as D-glucose-6-phosphate
dehydrogenase. Detection of protein in spiked plasma was demonstrated and accuracy of 95% is obtained
compared to result obtained in PBS (phosphate buffered saline). F6P-biosensor is a very promising proof of
concept required for the design of a carbohydrate-based electrochemical biosensor using the enzyme substrate
as bioreceptor. Such biosensor could be generalized to detect other protein biomarkers of interest.

1. Introduction

Cancer is a major cause of mortality in economically developed and
developing countries. Thus development of efficient diagnostic tools is
the subject of intensive research. The discovery of efficient tumor
markers and the approach of their detection is important in the case of
diagnosis and therapy approaches. Various cancer biomarkers are now
well known and demonstrate high efficacy in prognostic of some
cancers, including proteins, antigens, hormones, receptors, genetic
markers, and microRNAs (Füzéry et al., 2013). Most biomarkers
currently in use are cell surface or secreted proteins (Brooks, 2012),
such as prostate specific antigen (PSA), interleukin 6 (IL-6), interleukin
8 (IL-8), carcino-embryonic antigen (CEA), cancer antigens (CA-125,
CA15-3, CA19-9, CA27-29), c-reactive protein (CRP), p53 protein,
thyroglobuline, and α-fetoprotein (AFP) (Chikkaveeraiah et al., 2012).

Autocrine motility factor (AMF) is an extracellular protein which
has the properties of stimulating the active migration of tumor cells in
an autocrine manner (Liotta et al., 1986; Watanabe et al., 1996). AMF

has been described to have anti-apoptotic activity (Haga et al., 2003;
Yanagawa et al., 2004), and to act in a paracrine manner for endothelial
cells as an angiogenic factor (Funasaka et al., 2001). Interaction of
AMF with the tumor cell receptor AMFR/gp78 is known as a crucial
parameter in tumor cells motility in vitro and metastases development
in vivo (Watanabe et al., 1991). It is clearly established that over-
expression of AMF and/or its receptor AMFR/gp78 is associated to
numerous types of cancers (Chiu et al., 2008) including breast
(Baumann et al., 1990; Bodansky, 1954a; Jiang et al., 2006;
Talukder et al., 2000), kidney (Baumann et al., 1990), gastrointestinal
(Baumann and Brand, 1988; Gong et al., 2005; Huang et al., 2014),
colorectal (Filella et al., 1991; Paschos et al., 2009; Tsutsumi et al.,
2009), pancreatic (Tsutsumi et al., 2004), bladder (Guirguis et al.,
1988), prostate (Schwartz et al., 1963), bone and soft tissue (Dobashi
et al., 2006), hepatocellular (Torimura et al., 2001; Bayo et al., 2014),
and lung (Funasaka et al., 2007; Patel et al., 1995; Takanami et al.,
1998) cancers, and is closely related to progression and malignancy of
tumors. AMF is found in the serum and/or urine of patients in several
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types of cancer and thus has been used as a biomarker of cancer
progression (Baumann et al., 1990; Bodansky, 1954a; Filella et al.,
1991; Guirguis et al., 1988; Schwartz et al., 1963).

Because time is a critical parameter in anticancer therapy (Iiizumi
et al., 2008), the design of an analytical tool which would allow a
systematic, fast, sensitive and specific quantification of cancer biomar-
kers in human fluids could be of high interest for the positive prognosis
of patients with cancer. Hence, such a device could contribute to allow
early detection of an ongoing metastatic process, as well as easy
monitoring of the efficiency of anticancer agents. The analytical
methods used to quantify AMF in human fluids include enzymatic
(Gracy and Tilley, 1975), colorimetric (Bodansky, 1954b), and im-
munological (Dai et al., 2010; Dobashi et al., 2006; Fan et al., 2010)
methods. However, these methods appear difficult to adapt for a rapid
and systematic analysis. Biosensor technology has the potential to
provide fast and accurate detection of cancer biomarkers (Bohunicky
and Mousa, 2010; Chikkaveeraiah et al., 2012; Li et al., 2012; Tothill,
2009; Yang et al., 2014). Among the numerous devices reported,
electrochemical biosensors are known to display excellent sensing
performances with low detection limits (LD) in the picomolar or
femtomolar ranges, notably when associated with electrochemilumi-
nescence (ECL) (Hao et al., 2012; Jie et al., 2010; Lin et al., 2011;
Zhang et al., 2012) or electrochemical impedance spectroscopy (EIS)
(Li et al., 2005a, 2005b; Dong et al., 2006; W. Wang et al.,
2015a,2015b; D. Wang et al., 2015a,2015b) as detection methods.

When expressed in cell, AMF has the behavior of phosphoglucose
isomerase (PGI) (Jeffery, 1999). PGI is the glycolytic enzyme which
reversibly interconverts D-glucose 6-phosphate (G6P) and D-fructose 6-
phosphate (F6P). Thus AMF and PGI are strictly identical proteins
which have the same structure within various functionalities. In order
to design a biosensor capable of detecting AMF, we took advantage of
intracellular properties of this protein and developed a carbohydrate
biosensor based on the immobilization of the enzyme substrate onto
the surface of electrode. The interaction of the carbohydrate with the
protein was monitored through measuring the electron transfer
properties of a redox marker by electrochemical impedance spectro-
scopy (ESI). Glycobiosensing and glyconanotechnology have made
tremendous advances in the area of glycoanalysis (Gerlach et al.,
2010; Reichardt et al., 2013; Sánchez-Pomales and Zangmeister,
2011). The association of carbohydrate-based biosensors and ESI
displays an advantage for measuring such association as electrochemi-
cal impedance spectroscopy is a powerful method to follow affinity
interactions, especially when large molecules are attached to the
surface of the electrode. Thus the use of carbohydrate−based biosen-
sors using ESI was reported for high-sensitivity detection of bacteria
(Guo et al., 2012).

In this work, we report the development of a carbohydrate
biosensor for detection of a protein model of the cancer biomarker
AMF, namely phosphoglucose isomerase from rabbit muscle (RmPGI)
for which AMF activity was indeed demonstrated. The specific recogni-
tion element of the biosensor is the enzyme substrate D-fructose 6-
phosphate (F6P). A bottom-up strategy for the construction of the
biosensor was followed including electrochemical patterning approach
through oxidation of ethylene diamine allowing aminated surface and
terminal amine polyethylene glycol chain to avoid non-specific inter-
actions. F6P has been covalently linked through a spacer to a gold
electrode via stable oxime bonding. The biolayer formation was
characterized through contact angle, FT-IR spectroscopy, SEM and
AFM. Cyclic voltammetry (CV) measurements were performed to
follow a redox process of Fe2+/Fe3+ redox couple. Monitoring of the
biolayer construction and molecular recognition between the immobi-
lized F6P bioreceptor and the protein in solution were achieved
through square wave voltammetry (SWV) and electrochemical impe-
dance spectroscopy (EIS). We demonstrate that the F6P-biosensor
represents a successful proof of concept for the design of a carbohy-
drate electrochemical biosensor based on one single sugar as substrate

of enzyme. The biosensor shows fast, efficient and accurate detection
properties of RmPGI, a protein model of the cancer biomarker AMF. It
might further contribute to the validation of AMF as a major cancer
biomarker and also open the way of using such carbohydrate biosen-
sors for other proteins of interest.

2. Experimental section

2.1. Materials and reagents

N-Hydroxysuccinimide (NHS) was purchased from Fluka
(Switzerland). Acetonitrile (ACN), ethylene diamine, lithium perchlo-
rate, pentanoic acid, N-(3-dimethylaminopropyl)-N′-ethylcarbodii-
mide hydrochloride (EDC), D-fructose 6-phosphate (F6P), bovine
serum albumin (BSA), rabbit muscle phosphoglucose isomerase
(RmPGI, 358 U·mg protein–1), and Saccharomyces cerevisiae glu-
cose-6-phosphate dehydrogenase (ScG6PDH, 237 U mg protein–1)
were purchased from Sigma-Aldrich. Phosphate buffered saline (PBS,
pH 7.4, 10 mM Na2HPO4, 1.8 mM KH2PO4, 2.7 mM KCl, 137 mM
NaCl), acetate buffer (pH 4.6, 100 mM), and Tris buffer (pH 8.0,
50 mM) were prepared with double distilled water, filtered on 0.22 µm
membranes, and stored at 4 °C before use. Human blood plasma
samples were purchased from Helena Biosciences Europe (UK).
Polyethylene glycol substituted by an amine terminal group (PEG–
NH2), namely 2-[2-(2-ethoxyethoxy)ethoxy] ethylamine (Alliband
et al., 2013) and 2-(tert-butoxycarbonyl-aminooxy) acetic acid (Miller
et al., 2005) were synthesized according to the reported procedures.

2.2. Electrochemical measurements

Electrochemical deposition and characterization were performed
using potentiostat BioLogic VMP3 controlled by EC-Lab software. The
three-electrode cell was purchased from Basi and consists of a platinum
wire as the counter electrode, a gold disk (surface =2.01·10−2 cm2) as
the working electrode and Ag/AgCl as the reference electrode. The
experiments related to electrodeposition were performed in a small
volume cell of 0.2 mL purchased from Basi equipped with porous frit
that allows connection with the large volume cell where the reference
electrode could be placed in a conductive solution to void iR drop. The
potential was checked between the two systems where all electrodes are
in the same compartment for the control. The gold electrode surface
was cleaned by polishing with diamond pate with various thickness and
then activated in 0.5 M sulfuric acid solution by scanning the potential
between 0.0 and 1.8 V, during ten cycles with the scan rate 100 mV s–1.
Cyclic voltammetry (CV) analysis was conducted in PBS with 5 mM
[Fe(CN)6]

4–/[Fe(CN)6]
3– species from 0.0 to 0.5 V using a scan rate of

50 mV s–1. Square wave voltammetry (SWV) was conducted in PBS
with 5 mM [Fe(CN)6]

4–/[Fe(CN)6]
3– species from 0.0 to 0.5 V using a

conditioning time of 180 s, a frequency of 25 Hz, and a modulation
amplitude of 20 mV. Electrochemical impedance spectroscopy (EIS)
was conducted in PBS with 5 mM [Fe(CN)6]

4–/[Fe(CN)6]
3– species at

potential of 0.0 V and with Dc potential of 10 mV using a frequency
range from 100 kHz to 0.1 Hz.

2.3. Construction of the F6P-biosensor

Biosensor construction proceeded by electrodeposition of ethylene
diamine (EDA) on the gold electrode surface. Electrodeposition was
performed by scanning the potential between 0.0 and 0.7 V vs. Ag/
AgCl, during 6 cycles with the scan rate of 50 mV s–1. During the reaction,
the working and counter electrodes were placed in the low volume cell
(Basi) containing an aqueous solution of 1 M EDA and 0.5 M LiClO4. The
same electrolyte was placed in the large volume cell with the reference
electrode. The concentration of EDA, the number of cycles and the
potential range were optimized to obtain a dense monolayer of EDA on
the gold surface and to deposit EDA at low potential range (see Supp. Info.
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SI.1–1). During the oxidation reaction, amine group of EDA forms a
radical cation which reacts with the gold surface following its immobiliza-
tion as described previously (Adenier et al., 2004). Contrary to previous
work where electrodeposition of EDA was performed at high potential
range and in organic media, we succeeded here the electrodeposition
process of EDA at low potential range in aqueous solution. To avoid non-
specific interactions, the gold surface was then modified with polyethylene
glycol substituted by an amine terminal group (PEG–NH2) using the same
method. In the same way, electrodeposition conditions of PEG were
optimized by testing the surface through adsorption of BSA (see Supp.
Info. SI.1–1). The chosen conditions are to scan the potential between 0.0
and 1.1 V vs. Ag/AgCl at a scan rate of 50 mV s–1 during ten cycles in a
solution of ACN containing 10 mM PEG–NH2 and 0.5 M LiClO4. This
leads to the attachment of PEG on the gold electrode surface. Following
these steps, the electrode was stabilized in PBS during 1 h at room
temperature. Attachment of D-fructose 6-phosphate was realized through
oxyamine link as direct reaction between the amine group on the surface
and the aldehyde group of the sugar does not work. Thereafter 2-(tert-
butoxycarbonylaminooxy) acetic acid was linked to the NH2 groups of the
modified gold surface to provide aminooxy groups on the surface. The
reaction was performed by immersing the electrode in PBS containing
10 mM of the acid reagent, 25 mM of EDC and 25 mM of NHS as
coupling agent and during 2.5 h at room temperature. Deprotection of the
Boc group was achieved using a 2 M hydrochloric acid solution in acetic
acid during 2 h at room temperature after optimization step (see Supp.
Info. SI.1–1). D-Fructose 6-phosphate was then linked to oxyamine
groups by immersing the electrode in a 2 mg mL–1 solution of D-fructose
6-phosphate in acetate buffer for 15 h at 50 °C. This reaction was
performed according to the strategy reported for immobilization of other
unmodified carbohydrates on glass and silicon surfaces (Zhang et al.,
2013). Reaction time and temperature were optimized to allow high
surface density of carbohydrate-modified surface (see Supp. Info. SI.1–1).
Non-bonded residues were successively washed with a PBS solution
containing 0.1% of Tween 20 and double distilled water. Saturation of
all non-bonded oxyamine functions was achieved by immersion of the
electrode into a PBS solution containing 10 mM pentanoic acid, 25 mM
EDC, and 25 mM NHS during 5.5 h at room temperature. In the last step,
the electrode was dipped in a 100 µM BSA solution in PBS containing
2.5% of Tween 20 for 10 min to prevent non-specific adsorption of the
protein on the electrode surface. Non-fixed enzymes were successively
washed by a PBS solution containing 0.1% of Tween 20 and double
distilled water. Following these steps, the electrode was maintained in a
PBS solution until use.

2.4. Protein detection in PBS and plasma

In order to initially validate our concept, commercially available
RmPGI has been used as a protein model of AMF. Indeed, RmPGI
shows high homology (93%) with human AMF (Lagana et al., 2000,
Lagana et al., 2005), particularly at the enzymatic active site (100%
homology). Most importantly, commercial RmPGI has been shown to
induce motility of tumor cells, and thus has AMF activity (Watanabe
et al., 1996; Lagana et al., 2000). Concerning protein detection in PBS,
RmPGI was detected and quantified in the range of concentrations
varying from 10 fM to 100 nM. ScG6PDH was detected at 100 nM. All
protein solutions were prepared in 50 mM Tris buffer at the optimal pH
8.0 for enzyme activities (Noltmann, 1964; Dyson and Noltman, 1968).
A volume of 50 µL of protein solution at the desired concentration was
added on the biosensor surface and incubated for 1 h at room
temperature. The biosensor was then successively washed with a PBS
solution containing 0.1% of Tween 20 and double distilled water.
Protein detection in human plasma was performed similarly like in PBS
using RmPGI in the range of concentrations varying from 1 fM to
10 pM, and ScG6PDH at 100 nM. Human plasma was used without
dilution in PBS and was not filtered.

3. Results and discussion

3.1. Design of the F6P-biosensor

D-Fructose 6-phosphate (F6P) was chosen as the bioreceptor
because F6P is the enzymatic substrate of PGI. Indeed, it was
demonstrated that interaction of the tumor cell receptor AMFR/gp78
with the cytokine AMF involves partial binding of the glycosylated
chain of AMFR/gp78 at the G6P-F6P substrate binding site of AMF.
Haga et al. formulated the hypothesis that the glycosylated chain of
AMFR/gp78 contains a phosphate or a sulfate sugar recognized by
AMF and that the recognition mechanism of the PGI substrate is the
primary factor in the AMF–AMFR interaction (Haga et al., 2006).
Regioselective binding of F6P has been determined from the deposited
tridimensional X-ray crystal structure of RmPGI complexed with its
substrate F6P (PDB ID 1HOX) (Lee et al., 2001). The active site
structure shows that F6P binds preferentially to the enzyme in its cyclic
form, namely β-D-fructofuranose 6-phosphate, and that the only
accessible F6P functional group for covalent linkage is the hydroxyl
group of carbon 2 (C–2). Therefore, we chose this position for covalent
linkage of the recognition sugar in the design of the F6P-biosensor.

The overall biosensor construction involves various steps (Fig. 1).
Modification of the surface was monitored by contact-angle measure-
ments, FT-IR spectroscopy analysis, SEM and AFM images and
electrochemical analysis. The first step consists in functionalization of
the gold surface. Electrodeposition of ethylene diamine (EDA) mole-
cules introduces amino groups onto the surface (Adenier et al., 2004).
This reaction was optimized in order to obtain a dense aminated stable
surface (See Supp. Info. SI.1–1, Fig. S1–1 and S1-2). It was followed by
electrodeposition of polyethylene glycol substituted by a terminal
amino group (PEG–NH2) to allow surface blocking effect for non-
specific interactions (See Supp. Info. SI.1–1, Fig. S1–3). Initially, the
activated gold electrode displayed a contact angle of 53 ± 1°. Following
functionalization with amino groups (step 1), the surface gave an angle
of 7 ± 1°, in accord with increasing of surface hydrophilic property due
to the presence of protonated amino groups (–NH3

+).
Electrodeposition of PEG-NH2 restores hydrophobicity of the surface
leading to an increase of the contact angle to 44 ± 1° (See Supp. Info.
SI.1–2, Fig. S1–4). FT-IR spectroscopy underlines the deposition of
EDA on the surface as an intense band at 3200 cm−1 related to the
stretching vibration of amine groups beside the CH2 stretching vibra-
tion observed at 2915 and 2849 cm−1 corresponding to the alkyl chain
of EDA. Subsequently, aminooxy-acetyl groups were grafted according
to the procedure reported by Zhang et al. (Zhang et al., 2013) using
Boc-aminooxyacetic acid. Deprotection of the aminooxy groups was
achieved with HCl. D-Fructose 6-phosphate was covalently bonded to
oxyamino group to form a stable link. FT-IR and contact angle were
achieved to follow biolayer formation. The attachment of F6P carbohy-
drate was well observed thanks to amide link which provided two
vibrations of amide I and amide II at respectively 1645 and 1550 cm−1

corresponding to the amide link with terminated surface and an intense
band at 3200 cm−1 corresponding to various OH vibrations present in
carbohydrate (See Supp. Info. SI.1–2, Fig. S1-5). The further step
involved blocking the non-reactive oxyamino groups with the alkyl
chain of pentanoic acid. SEM and AFM images were recorded to
analyze the topological surface of biosensors (see Supp. Info. SI.1–2,
Fig. S1-6). Images show a compact surface after biolayer formation due
to organic dense surface of the biosensor.

Characterization of the surface properties after such modification
was studied through electrochemical impedance spectra recorded after
various steps of biolayer formation. These were performed by measur-
ing the interfacial properties of the layers following charge transfer of
the redox probe [Fe(CN)6]

4-/[Fe(CN)6]
3- from the solution to the

surface (See Supp. Info. SI.1–2, Table S1). Thus, EIS measurement
provides details in the kinetics of charge transfer through the sensing
layer occurring at the electrode and gives information about the surface
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modification and complex formation. Fig. 2 shows the Nyquist plots
obtained after various steps of such surface modification. It is clear that
modification of gold with the organic layer leads the increase of
diameter of Nyquist plot. This increase, obtained after each step of
the biolayer formation, is related to the increase of charge transfer
resistance due to the blocking effect provided by the various molecules
attached on the surface. This increase is important when the bior-
eceptor D-fructose 6-phosphate was attached to the surface. This could
be related to the negative charge of the phosphate groups leading to
electrostatic repulsion with the negatively charged redox probe
[Fe(CN)6]

4-/[Fe(CN)6]
3-. In order to avoid non-specific interactions,

pentanoic acid was used in the last step for blocking the non-
functionalized oxyamino groups, and bovine serum albumin to block
all the pinhole on the surface. Comparison of the electrochemical
impedance spectra recorded following blocking of the surface with BSA
(Fig. 2) shows small modification. This is due to a small interaction of
BSA with the surface as the first steps involved deposition of ethylene
glycol which blocks most pinholes on gold surface. EIS data were fitted
satisfactory by a Randles equivalent circuit model (see inset in Fig. 2)
where Rs is electrolyte resistance, Rct is charge transfer resistance,
capacitance is replaced by constant phase element (CPE), and Zw is
Warburg impedance. Stepwise surface modification was also followed
by cyclic voltammetry measurement and gave results in accord with
EIS measurement (See Supp. Info. SI.1–2, Fig. S1-7).

3.2. Properties of F6P-biosensor in PBS

Detection of the protein was performed in the range of concentra-
tions from 10 fM to 100 nM. For this purpose, the biosensor was
dipped into the buffer containing various concentrations of enzyme.
The F6P–protein interaction was analyzed by SWV (Fig. 3A) and EIS
(Fig. 3B) in [Fe(CN)6]

4–/[Fe(CN)6]
3– solution. Fig. 3A shows that the

peak current corresponding to the redox signal of [Fe(CN)6]
4–/

[Fe(CN)6]
3– decreases upon increasing enzyme concentration. This

could be related to the decrease of electron transfer that occurs from
the solution to the electrode surface, due to changes of sensor proper-
ties caused by protein binding.

The Nyquist plots depicted in Fig. 3B give the same behavior where
impedances increase after F6P–protein complex formation. As demon-
strated by the error value (See Supp. Info. SI.2–1, Table S2), EIS data
were fitted satisfactory by the Randles equivalent circuit model shown
in inset and presented previously. The ESI measurement shows an
increase of Rct upon increasing of enzyme concentration in accordance
with SWV results. This demonstrates variation of the permeability of
the sensing layer upon attachment of a large molecule onto the surface
which affects charge transfer resistance. Detection of protein is based
on the lower permeation of redox markers to the surface of the

Fig. 1. Construction of the F6P-biosensor: (1)electrodeposition of ethylene diamine (EDA); (2) electrodeposition of polyethylene glycol substituted by an amine terminal group (PEG–
NH2); (3) grafting of 2-(tert-butoxycarbonylaminooxy) acetic acid; (4) deprotection with HCl; (5) grafting of F6P through oxime bond formation; (6) grafting of pentanoic acid; (7)
blocking by bovine serum albumin (BSA).

Fig. 2. Nyquist diagrams of the gold electrode following biosensor construction: step 2
(■), step 4 (•), step 5 (▲), and step 7 (▼) recorded in PBS with 5 mM [Fe(CN)6]

4–/
[Fe(CN)6]

3– species at potential 0.0 V vs Ag/AgCl and with Dc potential of 10 mV using a
frequency range from 100 kHz to 0.1 Hz. The symbols are the experimental data and
solids are the fitted curves using the Randles equivalent circuit model (Rs: electrolyte
resistance, Rct: charge transfer resistance, CPE: constant phase element, Zw: Warburg
impedance). Enlarged view (0–1000 Ω) in inset.
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electrode where formation of the complex prevents electronic commu-
nication with the gold surface (Miodek et al., 2013). This behavior is
amplified by dense carbohydrate monolayer surface. Less density of
carbohydrates leads to small variation of the response signal and then
less sensitivity of the biolayer to low concentration of proteins.

The calibration curve could be obtained through measurement of
the variation of Rct upon protein concentration (Fig. 3C) and standard
deviation for each measurement was determined with four indepen-
dent measurements. Rct shows a good linear correlation (R2=0.9950)
with the logarithmic scale of PGI concentration from 10 fM to 100 nM.
Variation of current intensity of the redox probe upon concentration of
PGI gives a variation in a rather large concentration range of 100 nM in
logarithmic scale (See Supp. Info. SI.2–1, Fig. S2–1). This demon-
strates the ability of ESI to perform such analytic experiment (Tlili
et al., 2008). The regression equation was ΔRct/Rct0 =0.22444 log [PGI]
+3.4011, and the detection limit was calculated to be 6.6 fM based on a
signal-to-noise ratio of 3 and taking into account the standard
deviation across four independent measurements obtained for the
lower value measured.

To explain the low detection limit obtained, the affinity constant of
F6P to the enzyme was measured. In the same way, the affinity of the
derivative of F6P modified by a methyloxime group on C-2 (Wieczorek,
2010) to mimic the lateral chain attached to biosensor (See Supp. Info.
SI.2–1, Scheme S1) was measured following standard procedures for
competitive binding assays on PGI (Hardré and Salmon, 1999). The
affinity constant of F6P methyloxime is about 40 µM and shows higher
affinity than F6P (100 µM). The affinity constants are measured in
solution where F6P is predominantly in cyclic form. On the contrary,
the methyloxime derivative of F6P in solution is predominantly in
linear form (Wieczorek, 2010). Immobilization on the surface could
indeed provide a favorable linear geometry of the F6P bioreceptor. This
hypothesis is further confirmed by the known better affinity of linear
PGI inhibitors over cyclic PGI inhibitors (Hardré, 2001). However, the
affinity constant obtained in solution is clearly not the only parameter
that explains efficiency of the protein attachment to the surface and
complex formation. Successful macromolecular organization on the
electrode surface as well as the method of measurement could also
improve sensitivity of the biosensor. Thus apparent affinity constant of
F6P/PGI obtained on the surface could be estimated through the curve
variation of signal (S) with protein concentration [PGI] (See Supp. Info.
SI.2–1, Fig. S2–2). This curve could be fitted by the Langmuir-
Freundlich model to provide the value of apparent affinity constant
Kapp on the surface with the equation:

S S K S PGI
1 1 1= +

[ ]max app max

The fitting gives a Kapp value of 4.4 ± 1.4 nM which is very low
compared to the value obtained with competitive assay. Thus it is well
known that immobilization on the surface affects conformational and
rotational behaviors of proteins and their complexes. In addition,
binding of protein is sensitive to chemical and physical environment
such as hydrophobic or ionic character. Thus F6P anchoring through
oxime ligation, beside the surface structure of the biosensor negatively
charged provided by octanoic acid and hydrophilic character obtained
by attached PEG as demonstrated previously, favors protein interaction
with the F6P monosaccharide. Molecular modeling studies under
investigation could give more information about protein amino acids
involved in such interaction.

3.3. Specificity of F6P-biosensor in PBS

Protein specificity of the F6P-biosensor for RmPGI was confirmed
through study of biosensor properties towards another sugar enzyme,

Fig. 3. (A) SWV obtained with modulation amplitude of 20 mV and frequency of 25 Hz
after protein interaction with RmPGI concentration from top to bottom: biosensor alone
(a), 10 fM (b), 100 fM (c), 1 pM (d), 10 pM (e), 100 pM (f), 1 nM (g, 10 nM (h), 100 nM
(i). (B) Nyquist plots of the RmPGI biosensor response performed in the same condition
as previously (■: biosensor alone, •: 10 fM,▲: 100 fM,▼: 1 pM,◆: 10 pM,◄: 100 pM,

►: 1 nM, : 10 nM, ⋆: 100 nM). The symbols are the experimental data and solids are

the fitted curves using the equivalent circuit model shown in inset and described
previously. (C) Calibration curve obtained from ESI data of the F6P-biosensor as a
function of RmPGI concentration. Error bars represents the standard deviation across
four independent measurements. The inset shows the calibration curve as a function of
protein concentration (logarithmic scale).
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namely D-glucose-6-phosphate dehydrogenase from Saccharomyces
cerevisiae (ScG6PDH). G6PDH reacts specifically on D-glucose 6-
phosphate, a phosphorylated carbohydrate which structure most
closely resembles F6P. The biosensor was incubated in a highly
concentrated solution of ScG6PDH (100 nM) in the same conditions
as for RmPGI. After washing step, SWV and ESI were measured.
Fig. 4A shows SWV where a weak decrease of the current intensity
corresponding to –11% was obtained compared to the same concen-
tration of PGI with a variation of –60%. Nyquist plots shown in Fig. 4B
demonstrate the same behavior. Considering the Rct values recorded in
absence of RmPGI and ScG6PDH, respectively 6.119 kΩ and 5.164 kΩ
(Supp. Info. SI.2–2, Table S3), the biosensor response for 100 nM
ScG6PDH (6.269 kΩ) could be classified as noise. With a concentration
of ScG6PDH lower than 1 nM, no variation is obtained. These results
underline the non-specific interaction of this enzyme. The F6P-
functionalized gold electrode appears highly specific for RmPGI, a
protein model of the cytokine AMF.

The reproducibility of biosensors was studied by measuring four
independent measurements with fresh biosensors. Relative standard

deviation of less than 5% was calculated. Stability of the biosensor was
tested within four independent measurements. It was achieved by
immersing the electrode in buffer solution during 10 h and the
response of the biosensor at various times were recorded. Results
show no modification of the signal, which demonstrates high stability
of the four biosensors (See Supp. Info. SI.2–3, Fig. S2–3).

3.4. Properties and specificity of F6P-biosensor in human plasma

Detection of RmPGI was further performed in human plasma in the
range of concentrations varying from 1 fM to 10 pM. The carbohydrate-
protein interaction was analyzed by SWV and EIS in [Fe(CN)6]

4–/
[Fe(CN)6]

3– solution, as previously described in PBS, using one
electrode only. The Nyquist plots reported in Supp. Info. SI.3 (Figs.
S3–1) give a similar behavior as in PBS where impedances increase
after F6P–RmPGI complex formation. The calibration curve could be
obtained by measurement of Rct upon protein concentration (see Supp.
Info. SI.3, Table S4). Smaller Rct values were recorded in human
plasma than in PBS most likely because of the medium change. Human
plasma is quite different from the PBS and lower diffusion coefficients
and kinetic constant should be expected and, thereof, lower Rct values.
However, Rct shows a good linear correlation (R2=0.9810) with the
logarithmic scale of RmPGI concentration from 1 fM to 10 pM. The
regression equation was ΔRct/Rct0 =0.19671 log[RmPGI] +3.4011, and
the detection limit was calculated to be 113 fM based on a signal-to-
noise ratio of 3 and taking into account the standard deviation obtained
from the linear regression curve (0.20447). Although sensitivity of the
F6P-biosensor is lower in human plasma than in PBS, most likely
because the sample contains a complex mixture of molecules, LD is still
in the low picomolar range. Incubation of the biosensor in human
plasma spiked with ScG6PDH at concentrations of 100 fM, 100 pM and
100 nM induces almost no variation of the square wave voltammo-
grams (see Supp. Info. SI.3, Figs. S3–2), demonstrating high-specificity
of the F6P-biosensor for RmPGI in human plasma. Recovery rates
calculated for the detection of RmPGI in human plasma versus PBS
varied from 112% at 10 pM to 131% at 10 fM. These values most likely
originates from matrice effects due to undiluted and unfiltered human
plasma (see Supp. Info. SI.3, Table S5).

3.5. Comparison of sensing performances

Detection of cancer biomarkers in human tissues and fluids is the
subject of intense research and has been thoroughly reviewed
(Bohunicky and Mousa, 2010; Chikkaveeraiah et al., 2012; Li et al.,
2012; Tothill, 2009; Yang et al., 2014). However, biosensors designed
for the detection of cancer biomarkers of clinical interest are quasi-
exclusively immunosensors (Wang et al., 2008; Jie et al., 2010; Lin
et al., 2011; Zhang et al., 2012; Hao et al., 2012; Tang et al., 2014; Ali
et al., 2015; W. Wang et al., 2015a,2015b), which could be cost-
effective for some of them. Despite the fact that our F6P-biosensor uses
affordable reagents for its design, its sensing performances are
remarkably high when compared to reported electrochemical immu-
nosensors in term of LD and linear range (Table 1). Regarding only
AMF, known enzymatic (Gracy and Tilley, 1975), colorimetric
(Bodansky, 1954b), and immunological (Dai et al., 2010; Dobashi
et al., 2006; Fan et al., 2010) methods used for quantification of the
protein in human fluids are adapted for concentrations in the pM to
nM range, well above the F6P-biosensor femtomolar range of detec-
tion. Most importantly, we report the first electrochemical biosensor
designed for the detection of a protein model of AMF. Because a
confident prognosis generally requires the detection of several cancer
biomarkers, our study might afford a valuable contribution to minimize
false-positive responses in prognosis of cancer.

In addition, only a few electrochemical carbohydrate-based biosen-
sors designed for the detection of sugar-binding proteins were reported
in the literature (Zhang et al., 2013; Gruber et al., 2011; Huang et al.,

Fig. 4. (A) SWV and (B) Nyquist plots obtained with the same conditions as previously
(the symbols are the experimental data and solids are the fitted curves using the
equivalent circuit model shown in inset and described previously): (a) biosensor alone,
(b) with ScG6PDH 100 nM, (c) with RmPGI 100 nM.
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2015; Guo et al., 2012). Most of them are based on lectins detection.
Not only is our electrochemical F6P-biosensor one of the few biosen-
sors with remarkable sensing performances designed for the detection
of a non-lectin sugar-binding protein, but also is, as far as we know, the
first biosensor ever reported developed for the detection of a phos-
phate-sugar-binding protein. In addition our biosensor performance is
obtained with direct way without the amplification step which facil-
itates its application in real samples such as plasma.

4. Conclusions

In conclusion, we report in this study the construction, character-
ization and evaluation of the first electrochemical biosensor designed
for the detection and quantification of rabbit muscle phosphoglucose
isomerase, a protein model of the cancer and potential metastatic
biomarker AMF. The F6P-biosensor was elaborated by oxime bond
formation between the RmPGI substrate F6P on its C-2 carbon, which
proves well adapted, and a modified gold electrode bearing oxyamino
groups. The designed biosensor shows high sensitivity towards RmPGI
with a limit of detection in PBS at 6.6 fM (113 fM in human plasma)
and wide range of detection between 10 fM and 100 nM (1 fM to 10 pM
in human plasma). High specificity for RmPGI with rather no detection
of the enzyme D-glucose-6-phosphate dehydrogenase from S. cerevisiae
was demonstrated in PBS, as well as in human plasma. Hence, the F6P-
biosensor appears as a highly promising proof of concept for the future
development of an electrochemical device that would allow rapid and
reliable quantification of the cytokine AMF in human fluids. To our
knowledge, and although much remains to do, such a device would be
the first analytical tool allowing easy, early and efficient detection of an
on-going metastatic process in cancer patients.
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Table 1
Comparison of sensing performances for the electrochemical detection of selected cancer biomarkers in clinical use.a.

Bio-marker Cancer type Detection method Linear range LD (pg mL−1) LD (fM) Materials used/epitope linked Reference

BRCA1 Breast EIS 50 fM–1.0 nM – 1.72 AuNP/PEG-ssDNA (W. D Wang et al., 2015; W Wang et al., 2015)
ErbB2 Breast EIS 1.0 fM–500 nM – 1.0 ZnOnF/anti-ErbB2 (Ali et al., 2015)
PSA Prostate DPV – 6 – AuPD/Ab1 (Tang et al., 2014)

ECL 0.001–50 ng/mL 0.6 – CNT-Chitosan-AuNP/Ab1 (Zhang et al., 2012)

CEA several ECL 0.05–200 ng/mL 10 – CdTe-QD (Jie et al., 2010)
0.005–0.35 pg/
mL

0.002 – Ru(bpy)3
2+-GN/Ab1-QD (Hao et al., 2012)

AFP several ECL 0.14 fM–14 pM 0.001 0.014 AuNP/Ab2-DNA-hemin (Lin et al., 2011)
p53 several CV 2.2 pM–5.6 nM 120 2200 AuNW/ODN-AuNP-Strep (Wang et al., 2008)
AMF several EIS-SWV 10 fM–100 nM 0.09 0.7 Au/PEG-F6P our study

a AFP: Alpha-fetoprotein, CEA: Carcinoembryonic antigen, CNT: Carbon nanotube, CV: cyclic voltammetry, DPV: differential pulse voltammetry, ECL: Electrochemiluminescence,
EIS: electrochemical impedance spectroscopy, GN: Graphene-Nafion, LD: limit of detection, NP: nanoparticules, nF: nanofibers, PD: paper disk, QD: Quantum dots, Strep:
streptavidine, SWV: square wave voltammetry.
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