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a b s t r a c t
Reduced graphene oxide–carboxymethylcellulose hybrid (CMC–rGO) was used for the development of a
novel electrochemical immunosensor for the determination of adiponectin (APN) cytokine. The hybrid
material was synthesized by covalent binding of oxidized CMC to GO layers followed by chemical reduction with sodium borohydride. A sandwich-type immunoassay was employed involving the commercial
metal-complexes based polymer Mix & GoTM for the stable and oriented immobilization of anti-APN
capture antibody. Biotinylated-anti-APN and HRP-Strept were used for the assay configuration. The APN
quantification was performed by amperometry at −200 mV using the hydrogen peroxide/hydroquinone
enzyme substrate/mediator system. A sigmoidal calibration plot for APN in the 0.1–50 !g/mL range,
with a linear portion in the 0.5–10.0 !g/mL APN concentration range was obtained. The calculated limit
of detection (3sb /m) was 61 ng/mL APN. The usefulness of the immunosensor was evaluated by analyzing
human serum from hypercholesterolemia or diabetes patients.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Graphene is nowadays widely accepted as an extremely suitable
and versatile nanomaterial for electroanalytical applications [1].
However, characteristics such as high hydrophobicity of graphene
nanosheets, low solubility, and aggregation occurrence are well
known drawbacks for the practical use of this material. In particular, a major obstacle in the field of biosensors is the absence
of functional moieties on graphene surface thus limiting the easy
and efficient immobilization of biomolecules. This problem has
been overcome by chemical derivatization although, in this case,
structural damage of graphene nanosheets affecting their properties should be prevented. A convenient alternative to address
this point consists of preparing graphene–polymer hybrids using
macromolecules such as chitosan [2], hydroxypropyl cellulose [3],
gelatin [4], or carboxymethylcellulose (CMC) [5]. In particular, CMC
is a linear polymeric water-soluble cellulose derivative which has
been employed to prepare graphene dispersions [6]. CMC–rGO
hybrids combine the properties of both materials resulting in a
highly conductive, hydrophilic, and biocompatible hybrid nanomaterial. A method for the synthesis of CMC–rGO hybrids by covalent
binding of oxidized CMC to graphene oxide layers followed by
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chemical reduction with sodium borohydride was recently developed by our group. The resulting oxygen-rich conducting material
was used for the fabrication of enzyme biosensors [5]. A different
synthetic approach was that based on simple mixing of CMC and GO
and CMC grafting by "–" stacking. The hybrid was used as coating
material for glassy carbon electrodes and for the immobilization of
hemoglobin investigating the direct electron transfer of the protein
and its bioelectroactivity toward the reduction of NO and H2 O2 [7].
Very recently, our group also used CMC–rGO hybrid for the preparation of an electrochemical DNA sensor for the detection of a target
DNA sequence on the p53 tumor suppressor (TP53) gene [8].
In this paper, the CMC–rGO hybrid (synthesized as in Ref.
[5]) was used for the first time to prepare an electrochemical
immunosensor taking advantage of the excellent electrochemical
behavior observed for the electrodes modified with this nanohybrid. Moreover, in order to ensure the stable and oriented binding
of capture antibodies, a strategy involving the use of the Mix&GoTM
reagent was implemented. This reagent is a commercial polymeric
coating that contains several metallic complexes selected for their
efficiency to bind proteins [9,10]. The polymer forms strong multivalent interactions with electron donating groups [11] such as the
carboxylic moieties existing in CMC–rGO hybrids, where it can be
retained. To immobilize antibodies, Mix&GoTM uses small molecule
ligands to bind Fc domains as anchoring point. These ligands mimic
binding domains from proteins A and G, and extend as two adjacent side-chains from a polymer backbone. In addition, the metal
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complexes integrated into the polymer chains enhance binding of Fc domains providing a higher stability. The combination
of CMC–rGO hybrids with the use of Mix&GoTM for antibody
immobilization resulted in a convenient methodology to be
used as a general route for the preparation of electrochemical
immunosensors.
On the other hand, there is increasing evidence that the adipose
processes are associated with alterations of several immunologic
functions [12]. Adipose tissue has been revealed as an important endocrine organ producing various cytokines and hormones,
among which adiponectin (APN) and leptin are the most abundant adipocyte products [13]. APN is a 244 amino acid protein
involved in glucose and lipid metabolism [14] with a central role in
the regulation of insulin resistance [15]. Average levels of several
units [16] or tens [17,18] !g/mL APN in serum of healthy men and
women have been found. In addition, increased APN concentrations
have been observed with high-density lipoprotein-cholesterol levels. APN levels also correlate negatively with glucose and insulin
concentrations, with low values in diabetic patients, as well as
with liver fat content or visceral adiposity. All these relationships
have led to consider APN as a possible biomarker for metabolic
syndrome [15]. Therefore, monitoring of APN levels is proposed
as a promising target for prevention and treatment of obesity,
insulin resistance, hyperlipidemia and atherosclerosis. Currently,
colorimetric immunoassays involving various commercially available ELISA kits are the usual methods for the determination of
APN. These consist predominantly of sandwich-type immunoassays using HRP-labeled IgG or HRP-streptavidin to bind with
anti-APN or biotinylated anti-APN secondary antibodies, respectively, and color development by using hydrogen peroxide and
tetramethylbenzidine (TMB). These methods require long times of
analysis which in some cases last more than 4 h.
In this work, a novel electrochemical immunosensor for APN,
where anti-APN antibodies were immobilized using the Mix&GoTM
polymer onto a CMC–rGO-modified screen-printed carbon electrode (SPCE), is reported. A sandwich-type immunoassay with
biotinylated-anti-APN and HRP-Strept was implemented and the
APN determination was performed by amperometry at −200 mV
upon addition of hydrogen peroxide in the presence of hydroquinone. The usefulness of the immunosensor was evaluated by
analyzing human serum from hypercholesterolemia or diabetes
patients, and the results were successfully compared with those
provided by a commercial ELISA kit.

solution (PBS) of pH 7.4, 50 mM PBS of pH 6.0, and 25 mM 2-(Nmorpholino)ethanesulfonic acid (MES) of pH 5.0. Cholesterol and
insulin (Sigma) were tested as potentially interfering compounds.
Deionized water was obtained from a Millipore Milli-Q purification
system (18.2 M! cm).
2.2. Samples
Human serum samples from cholesterol and diabetic Type 2
patients were purchased from Abyntek (Refs. SG376-2 and SG1872, respectively). For comparison purposes, the APN concentration
in the samples was also determined by using a colorimetric ELISA
kit from Abcam (Ref. ab 108786).
2.3. Apparatus and electrodes
All electrochemical measurements were made with a PGSTAT
12 potentiostat from Autolab. The electrochemical software was
the general-purpose electrochemical system (GPES) (EcoChemie
B.V.). Screen printed carbon electrodes (SPCEs, 110 DRP, ∅4 mm)
were purchased from DropSens (Oviedo, Spain). These electrodes
include a silver pseudoreference electrode and a carbon counter
electrode. For homogenization of the solutions, an Optic Ivymen
System constant temperature incubator shaker (Comecta S.A.) was
used. All experiments were performed at room temperature.
2.4. Procedures

2.1. Reagents and solutions

2.4.1. Preparation of the CMC–rGO/SPCEs
The CMC–rGO hybrid was prepared as described previously [5].
Briefly, a dispersion of 100 mg GO in 500 mL ethanol was prepared
by ultrasonic stirring for 1 h. Then, 50 mL of an ethanolic 1% (v/v)
APTES solution were added and GO was sylanized by continuous
stirring for 12 h at 60–65 ◦ C. Subsequently, the solvent was eliminated in a roto-evaporator and the resulting product was washed
with ethanol, centrifuged, and let to dry in a desiccator. Separately,
a solution of 500 mg CMC per 100 mL water was prepared. Then
540 mg NaIO4 were added keeping under stirring for 12 h in the
dark. Then, 1 mL ethyleneglycol was added and stirring was kept for
1 h. The resulting oxidized CMC was dialyzed in absence of light and
mixed with the sylanized GO previously obtained, leaving under
stirring during 1 h. Further, 2.5 g NaBH4 were added and the mixture was stirred for 12 h. Subsequently, the solvent was eliminated
and the resulting product was washed with a 0.1 M phosphate
buffer solution of pH 6.0 and allowed drying. CMC–rGO/SPCEs were
prepared by dropping 20 !L of a 10 !g/mL CMC–rGO aqueous solution onto the SPCE surface and allowing to dry.

Mouse polyclonal human anti-adiponectin (anti-APN) was purchased from Abnova. Human adiponectin peptide (APN) and
rabbit polyclonal biotinylated anti-APN antibody (Biotin-antiAPN) were purchased from Abcam. Streptavidin labeled with HRP
(HRP-Strept) was purchased from Roche. Hydroquinone (HQ) and
hydrogen peroxide (30% w/v) were purchased from Sigma–Aldrich.
Mix&GoTM polymer was from Anteo Diagnostics. Graphene oxide
(NIT.GO.M.140.10) from Nanoinnova Technologies, low viscosity
sodium carboxymethylcellulose (CMC, MW 29600 Da, 0.7 substitution degree, BDH), (3-aminopropyl)triethoxysilane (APTES,
99% Sigma), ethylene glycol (Merck), sodium periodate (Sigma),
and sodium borohydride (Sigma), were also used. Sodium dihydrogen phosphate and di-sodium hydrogen phosphate were
purchased from Scharlau. Bovine serum albumin (BSA) was purchased from GERBU Biotechnik, GmbH. Casein from bovine milk
(Sigma) and semi-skimmed milk purchased in a local supermarket
were also used. Buffer solutions used were 0.1 M phosphate buffer

2.4.2. Preparation of HRP-Strept-Biotin-anti-APN-APN-antiAPN-CMC-rGO/SPCE immunosensors
10 !L of Mix&GoTM polymer solution were dropped onto the
CMC–rGO/SPCE surface and let stand for 30 min at room temperature. The modified electrode was then washed with deionized
water and dried at room temperature. All further washing and drying steps were carried out similarly. Next, 5 !L of anti-APN 1/300
diluted with 25 mM MES of pH 5.0 were added and incubated during 60 min. After washing, 5 !L of a 5% BSA solution were added
allowing incubation for 30 min. Then, 5 !L of a standard APN solution or the sample in 0.1 M PBS of pH 7.4 was dropped onto the
electrode surface and left standing for 40 min. After washing, 5 !L
of 2.0 !g/mL Biotin-anti-APN solution prepared in the presence
of 0.5% BSA were added to the APN-anti-APN-CMC-rGO/SPCE and
incubated for 20 min. Finally, 5 !L of a 1/1000 diluted HRP-Strept
solution prepared in the presence of 0.5% BSA in PBS 0.1 M pH 7.4
were drop casted and incubated for 15 min.

2. Experimental
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2.4.3. Determination of APN
45 !L of a 1 mM HQ solution in PBS 50 mM pH 6.0 were dropped
onto the surface of the HRP-Strept-Biotin-anti-APN-APN-anti-APNCMC-rGO/SPCE immunosensor which was horizontally positioned,
and a detection potential of −0.20 V was applied. The background
current was allowed to stabilize (approx. 100 s) and 5 !L of a 50 mM
H2 O2 solution prepared in 50 mM PBS of pH 6.0 were added and
incubation was allowed for 200 s. The steady-state current corresponding to the electrochemical reduction of benzoquinone was
used as the analytical readout.
2.4.4. Samples analysis
The serum samples were homogenized by manual stirring. A
1:50 dilution with PBS buffer of pH 7.4 was carried out. The standard
additions method adding APN in the 0–2 !g/mL concentration
range was used for the analyte quantification.
3. Results and discussion
The different steps involved in the preparation and functioning of the developed immunosensor are illustrated in Fig. 1. Firstly,
(step 1) graphene oxide was sylanized with APTES and the oxidized
CMC was attached to the free amino groups on the graphene surface
by reductive alkylation with NaBH4 [5]. This protocol also caused
reduction of the epoxy and carbonyl groups in the GO nanosheets.
After dropping CMC–rGO onto SPCE (step 2), Mix&GoTM was
added and anti-APN antibodies were immobilized. After a blocking step with BSA, the immunoreaction with APN was performed
(step 3) and the analyte was sandwiched with Biotin-anti-APN.
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HRP-Strept was then employed as the detection conjugate. As it
was described in Section 2.4.3, once the HRP-Strept-Biotin-antiAPN-APN-anti-APN-CMC-rGO/SPCE immunosensor was prepared,
the determination of APN (step 4) was carried out by amperometry at −0.2 V upon addition of H2 O2 as HRP substrate and using
hydroquinone as redox mediator.
In order to evaluate the suitability of the rGO–CMC hybrid as
electrode scaffold for the preparation of the immunosensor, different nanostructuration approaches of the SPCEs were compared.
Various APN immunosensors were constructed where the APN capture antibodies were immobilized using the polymer Mix&GoTM
and SPCEs were modified with carboxylated MWCNTs, reduced
graphene oxide (rGO), and CMC–rGO.
Moreover, for comparison purposes, anti-APN antibodies were
immobilized without using Mix&GoTM . Immobilization was accomplished covalently by EDC/NHSS onto the –COOH rich CMC–rGO
nanostructured electrode platform. Fig. 2 shows the amperometric currents measured for 0 and 2 !g/mL APN as well as
the corresponding signal-to-background current ratios. As it can
be observed, a larger ratio was obtained when the electrode
platform was prepared with the hybrid nanomaterial. This can
be attributed to the large amount of oxygenated groups on
the CMC–rGO-modified electrode surface thus providing an efficient scaffold for large capture antibody immobilization loadings.
This can be performed also by activation of carboxyl moieties
by EDC/NHS chemistry allowing covalent binding through the
amine groups. However, this usual methodology does not assure
the proper orientation of the antibody. Conversely, the use of
the Mix&GoTM polymer for anti-APN immobilization allows an

Fig. 1. Schematic display of the different steps involved in the construction of an electrochemical immunosensor for APN involving covalent immobilization of anti-APN
onto Mix&GoTM -CMC-rGO/SPCE.
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Fig. 2. Amperometric currents for 0 and 2 !g/mL APN measured with the HRP-Strept-Biotin-anti-APN-APN-anti-APN-CMC-rGO/SPCE immunosensor prepared by covalent
immobilization of APN: (a) using Mix&GoTM onto CMC–rGO/SPCE (1), carboxylated MWCNTs/SPCE (2), and rGO/SPCE (3); (b) by activation with EDC/NHSS onto CMC–rGO/SPCE.
See text and Table 1 for the experimental conditions.
Table 1
Variables optimized and selected values regarding the performance of the HRPStrept-Biotin-anti-APN-APN-anti-APN-CMC-rGO/SPCEs immunosensor.

5000
Z'', Ω
4000

3000

2000

8

Variable

Tested range

Selected value

Incubation time of Mix&Go (min)
Anti-APN loading (dilution)
Blocking agent type
Biotin-anti-APN (!g/mL)
Incubation time for blocking (min)
HRP-Strept, dilution
Incubation time for APN

30, 60
1/37.5–1/450
BSA, casein, milk
1–4
15–60
1/500–1/2000
20, 40, 60

30
1/300
BSA
2
30
1/1000
40

1000
1
0

0

2000

4000

Z', Ω

6000

8000

10000

Fig. 3. Nyquist plots obtained by electrochemical impedance spectroscopy at (1)
SPCE, (2) CMC–rGO/SPCE, (3) Mix&Go-CMC-rGO/SPCE, (4) anti-APN-CMC-rGO/SPCE,
(5) anti-APN-(BSA)-Mix&Go-CMC-rGO/SPCE, (6) APN-anti-APN-(BSA)-Mix&GoCMC-rGO/SPCE, (7) Biotin-anti-APN-APN-anti-APN-(BSA)-Mix&Go-CMC-rGO/SPCE,
and (8) HRP-Strept-Biotin-anti-APN-APN-anti-APN-(BSA)-Mix&Go-CMC-rGO/SPCE
in 5 mM Fe(CN)6 3−/4− 0.1 M PBS pH 7.4 solution.

enhanced specific-to-background current ratio to be obtained
(Fig. 2) due to the remarkably low background current arising
from unspecific adsorptions. Accordingly, this combined strategy
of using the CMC–rGO hybrid nanomaterial as electrode scaffold
(this nanomaterial was exploited for the first time in this work
for the construction of an electrochemical immunosensor) and
the Mix&GoTM polymer for capture antibody immobilization was
employed for the preparation of the APN immunosensor.
Electrochemical impedance spectroscopy (EIS) was employed
to monitor the steps involved in the electrode modification.
Fig. 3 shows the Nyquist plots recorded at SPCE, CMC–rGO/SPCE,
Mix&Go-CMC-rGO/SPCE, anti-APN-Mix&Go-CMC-rGO/SPCE, antiAPN-(BSA)-Mix&Go-CMC-rGO/SPCE, APN-anti-APN-(BSA)-Mix&
Go-CMC-rGO/SPCE, Biotin-anti-APN-APN-anti-APN-(BSA)-Mix&
Go-CMC-rGO/SPCE and HRP-Strept-Biotin-anti-APN-APN-antiAPN-(BSA)-Mix&Go-CMC-rGO/SPCE using 5 mM Fe(CN)6 4− /
Fe(CN)6 3− as the redox probe in 0.1 M PBS pH 7.4. As expected, SPCE
modification with the hybrid material to obtain CMC–rGO/SPCE
produced an increase in the charge transfer resistance, from 682 !
up to 1013 !, as a consequence of the electrostatic repulsion
between the redox probe and the negatively charged carboxylate
groups. The subsequent incorporation of Mix&GoTM polymer led
to a further resistance increase (RCT = 1334 !) due to the lower
conductivity of the modified electrode surface. The immobilization
of the capture antibody provoked also a remarkable increase
in the RCT value up to 2247 !, which confirmed the efficiency

of the immobilization procedure. The subsequent steps in the
immunosensor preparation gave rise to larger RCT values as a
consequence of the incorporation of non-conducting compounds.
3.1. Optimization of the experimental variables
The different variables affecting the performance of the developed immunosensor were evaluated. These studies involved
testing: (a) the incubation time with the Mix&GoTM polymer on
the CMC–rGO/SPCE; (b) the loading of anti-APN and (c) the effect
of pH value on the immobilization of anti-APN onto CMC–rGO/SPCE
coated with Mix&GoTM polymer; (d) the blocking step; (e) the concentration of Biotin-anti-APN onto APN-anti-APN-CMC-rGO/SPCE;
(f) the concentration of HRP-Strept onto Biotin-anti-APN-APNanti-APN-CMC-rGO/SPCE; (g) the time for incubation of APN onto
anti-APN-CMC-rGO/SPCE. Details on these optimization tests can
be found in Supplementary material and in Figs. S1–S7. Table 1
summarizes the ranges checked for all the variables as well as the
selected values for further work.
It should be mentioned here that other selected variables such as
the pH and the detection potential values were the same than those
optimized previously by our group using the same enzyme/redox
mediator electrochemical detection system [19].
3.2. Analytical figures of merit of the immunosensor
Fig. 4 shows the calibration plot constructed by amperometry
in stirred solutions using a detection potential of −0.20 V. A range
of linearity (r2 = 0.995) extending between 0.5 and 10 !g/mL was
found according to the equation i nA = 1033 ln[APN] !g/mL + 1265.
This range is suitable for the determination of the target analyte in
human serum as the normal concentration levels are from several
units to tens of !g/mL. The limit of detection was calculated according to the 3sb /m criterion, where sb was the standard deviation of
the blank responses (in the absence of APN), s = ±21 nA (n = 10),
and m was the slope of the linear range, 1033 nA per decade of
concentration in !g/mL. The obtained value was 61 ng/mL. When
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Fig. 4. Calibration plot for APN constructed with the HRP-Strept-Biotin-antiAPN-APN-anti-APN-CMC-rGO/SPCE immunosensor. See text and Table 1 for the
experimental conditions.

these analytical characteristics are compared with data provided
in the protocols of commercial ELISA kits using similar immunoreagents, some noticeable differences were apparent. Theses kits
offer dynamic ranges that usually cover up to tenths of ng/mL
with minimum detectable concentrations around tens of ng/mL.
However, these parameters are calculated mostly from nonlinear logarithmic ranges and the precision levels are around 10% or
higher. It is important to note that the criteria used to calculate the
LOD values in the commercial protocols are rarely given. Moreover,
the time lasted for the assay was remarkably longer with ELISA kits
extending even over 5 h. Therefore, it could be concluded that the
analytical characteristics of the developed immunosensor, covering a wide linear range of APN concentrations within the clinically
relevant interval, improved, in general terms, those achieved with
ELISA kits.
The reproducibility of the amperometric measurements was
evaluated for 0 and 2 !g/mL APN solutions both on the same day
and on different days with immunosensors prepared each time
for each test. Relative standard deviation, RSD, values of 6.3 and
7.3% were obtained for 0 and 2 !g/mL for measurements carried
out on the same day, respectively, whereas RSD values were 5.2
and 5.9%, respectively, for measurements on different days. These
results showed that an acceptable precision was achieved regarding
the whole procedure for immunosensor preparation.
The storage stability of the anti-APN-CMC-rGO/SPCE was also
tested. In order to do that, different immunosensors were prepared
on the same day, stored in dry at −20 ◦ C, and employed to measure 7.5 !g/mL APN on different days according to the procedure
described in Section 2. The control chart constructed (Fig. S7) by setting as control limits ±3s, were s was the standard deviation of the
measurements (n = 10) carried out on the first day, indicated that
the immunosensor responses remained inside the control limits for
at least 12 days (no longer storage times were tested) demonstrating the good stability of the constructed anti-APN-CMC-rGO/SPCE.
The antibody used exhibited a great selectivity against other
proteins different than APN. As it can be clearly seen in Fig. 5, the
responses of the immunoelectrode in the absence and in the presence of 3 !g/mL APN, and in the presence of BSA, ceruloplasmin
(Cp), C-reactive protein (CRP), ghrelin (GHRL) or tumor necrosis
factor alpha (TNF-") were not significantly different. Moreover, at
the detection potential used, interference from electroactive substances such as ascorbic and uric acids was not observed either.
3.3. Determination of APN in human serum with the developed
immunosensor
As it is described in Section 2.4.4, the serum samples were 1:50
diluted with the PBS buffer solution. A strong matrix effect was

Without
BSA,
Cp,
GHRL,
TNFα,
CRP,
Interferent 5 mg/mL 500 µg/mL 1 µg/mL 0.5 ng/mL 100 pg/mL

Fig. 5. Effect of the presence of BSA, ceruloplasmin (Cp), protein C-reactive (CRP),
tumor necrosis factor alpha (TNF"), and ghrelin (GHRL) on the amperometric
responses obtained for 0 (light gray) and 3 (dark gray) !g/mL APN at the HRP-StreptBiotin-anti-APN-APN-anti-APN-(BSA)-Mix&Go-CMC-rGO/SPCE immunosensor.

observed for these samples and, therefore, a dilution step was carried out in order to minimize such effect. Smaller dilution factors
provoked a noticeable decrease in the slope value of the calibration plot and therefore in the sensitivity of the assay. Although
the strong matrix effect was minimized upon the selected dilution factor, it could not be completely avoided. Accordingly, the
determination of APN in the serum samples was accomplished by
applying the standard additions method which involved the addition of 1–3 !g/mL APN and using a different immunosensor for each
point of the standard additions plot.
The mean APN concentration values found (n = 3) were 15 ± 2
and 10 ± 2 !g/mL from sera of cholesterol and diabetic Type 2
patients, respectively. These results were compared with those
obtained by using the Abcam ELISA kit for human adiponectin.
The mean APN concentrations found (n = 3) were 17 ± 3 !g/mL
(cholesterol) and 9 ± 2 !g/mL (diabetic) which were not statistically different from the values obtained with the immunosensor,
thus demonstrating the usefulness of this approach for the determination of APN in this kind of clinical samples.
4. Conclusions
The first disposable electrochemical immunosensor making use
of a rGO/CMC hybrid nanostructured electrode scaffold is described
in this work. The excellent electrochemical behavior of this hybrid
nanomaterial together with the ability of the metal-complexes
based polymer Mix&GoTM for the stable and oriented immobilization of specific capture antibody allowed the development of
an immunosensor for the APN protein involved in glucose and
lipid metabolism. The analytical performance of the developed
immunosensor, with a detection limit of 61 ng/mL and great storage stability, was appropriate for the determination of the target
analyte in human serum as it was demonstrated by comparing
the results with those provided by a commercial ELISA kit. It
is important to remark that a very significant advantage of the
immunosensor versus the ELISA kit is related to the required time
for the whole assay. While it takes less than 2 h from the antibody immobilization, the time when the ELISA kit is employed lasts
almost 5 h.
Acknowledgments
Financial support of Spanish Ministerio de Economía y Competitividad, Research Project CTQ 2012-35041, and NANOAVANSENS
Program from Comunidad de Madrid (S2013/MT-3029) is gratefully
acknowledged.

94

C.B. Arenas et al. / Sensors and Actuators B 223 (2016) 89–94

Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.snb.2015.09.055.
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Supplementary material
3.1. Optimization of the experimental variables
a) Effect of the incubation time with the Mix&Go polymer
10 µL of Mix&GoTM solution were deposited onto the SPCE modified with 20 µL
of rGO-CMC allowing incubation for 30 or 60 min. Thereafter, 5 µL of anti-APN 1/300
diluted in 25 mM MES of pH 5.0 were added, and the electrode was kept at room
temperature for one hour under humid conditions. Then, 5 µL of a 5% BSA solution and
5 µL of 2 µg/mL APN solution (specific response), or 5 µL of 0.1 M PBS of pH 7.4
(unspecific response) were added and incubated for 40 min. Next, 5 µL of a solution
containing 2 µg/mL biotin-anti-APN and 0.5 % BSA in 0.1 M PBS of pH 7.4 were drop
casted and incubated for 20 min. Finally, 5 µL of 1:1000 diluted HRP-Strept solution
prepared in the same buffer containing 0.5 % BSA, were added and allowed standing
for 15 min. Figure S1 shows the amperometric responses obtained under the conditions
described in section 2.4.3 after the addition of 5 mM H2O2 in the presence of 1 mM
hydroquinone. As it can be seen, a similar behavior was found with both incubation
times although a slightly higher specific-to-unspecific currents ratio occurred for 30
min. Therefore, this incubation time which also permitted a faster protocol was selected
for further work.
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Figure S1. Effect of the incubation time of Mix&GoTM polymer solution on the
amperometric responses of the HRP-Strept-Biotin-anti-APN-APN-anti-APN-CMCrGO/SPCE immunosensor: 2µg/mL APN (dark gray) and 0 µg/mL APN (light gray);
Eapp = -200 mV. See the text for more information. Results for triplicate analysis with
error bars at ± s values.

b) Effect of the immobilized anti-APN loading
Under the experimental conditions described above, the optimum concentration of antiAPN for the immunosensor preparation was selected after evaluation of the specific and
unspecific responses obtained using different antibody dilutions over the 1/37.5 to 1/450
range. The amperometric responses (Figure S2) exhibited the highest specific-tounspecific current ratio for a 1/300 antibody dilution. Larger antibody concentrations
gave rise to a decrease of the specific response probably due to a more pronounced
hindering of the electrochemical reaction. Accordingly, the mentioned dilution was
selected to construct the immunosensor.
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Figure S2. Effect of the immobilized anti-APN loading on the amperometric
responses

of

the

HRP-Strept-Biotin-anti-APN-APN-anti-APN-CMC-rGO/SPCE

immunosensor: 2 µg/mL APN (dark gray) and 0 µg/mL APN (light gray). Other
conditions as in Fig. 1

c) Effect of pH on the immobilization of anti-APN
As it can be seen in Figure S3, although small differences in the specific-to-unspecific ratio
were observed between pH 5.0 and 5.5, it was slightly larger at pH 5.0 and, therefore, this pH
value was selected to carry out the anti-APN immobilization.

Figure S3. Effect of the pH value used in the anti-APN immobilization on the
amperometric responses of the HRP-Strept-Biotin-anti-APN-APN-anti-APN-CMCrGO/SPCE immunosensor: 10µg/mL APN (dark gray) and 0 µg/mL APN (light gray).
Other conditions as in Fig. 1

d) Optimization of the blocking step
In order to minimize non-specific adsorptions of immunoreagents on the electrode
surface, a blocking step of the unmodified free sites on the anti-APN-CMC-rGO/SPCE
surface (unspecific responses) was accomplished. Optimization of this step included the

nature of the blocking agent, its concentration, and the incubation time employed. 2%
casein prepared in 0.1 M KOH and diluted in 0.1 M PBS pH 7.4, as well as 5% BSA
and 50% semi-skimmed milk prepared in the same buffer solution were tested as the
blocking agents. The

the blocking solution on the

anti-APN-CMC-rGO/SPCE and allowing incubation for a pre-established time of 30
min. The obtained results are shown in Figure S4a. As it can be observed, the best
blocking conditions, permitting lower unspecific and higher specific responses to be
achieved corresponded to the use of the 5% BSA solution. Under these conditions, the
specific-to-unspecific current ratio was around 15.
The effect of the presence or not of BSA in the secondary antibody (Biotin-anti-APN)
and HRP-Strept solutions was also checked. Figure S4b shows as larger unspecific
currents occurred when the reagents solutions did not contain BSA. Most likely, the
addition of blocking agent only onto the anti-APN-CMC-rGO/SPCE was not sufficient
to minimize in a large extent non-specific adsorptions produced onto the electrode
surface. Therefore, the Biotin-anti.APN and HRP-Strept solutions were prepared
containing 0.5 % BSA, as it was described in section 2.4.2.
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Figure S4. Effect of (a) the type of blocking agent; (b) the presence or not of BSA in
the Biotin-anti-APN and HRP-Strept solutions, on the amperometric responses of the
HRP-Strept-Biotin-anti-APN-APN-anti-APN-CMC-rGO/SPCE immunosensor: 2 µg /
mL APN (dark gray) and 0 µg/mL APN (light gray). Other conditions as in Fig. 1

e) Effect of the concentration of Biotin-anti-APN onto APN-anti-APN-CMCrGO/SPCE, and the time for incubation
The concentration of Biotin-anti-APN was optimized by comparing the specific and
unspecific responses obtained with different immunosensors prepared using biotinylated
antibody concentrations in the 1 to 4

5 shows as the specific

responses increased with the Biotin-anti-APN concentration, as a consequence of the
ability to incorporate larger HRP-Strept loadings. However, higher unspecific currents
were also found. Therefore, taking into account the largest specific-to-unspecific current
ratio,

-anti-APN were selected for further work. Under these conditions,

such a ratio was approximately 15, with the current value from unspecific responses
representing only about 5% of th
concentration.
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Figure S5. Effect of the Biotin-anti-APN concentration on the amperometric
responses

of

the

HRP-Strept-Biotin-anti-APN-APN-anti-APN-CMC-rGO/SPCE

immunosensor: 2µg/mL APN (dark gray) and 0 µg/mL APN (light gray). Other
conditions as in Fig. 1

f) Effect of the HRP-Strept concentration
Figure S6 shows the results obtained with immunosensors constructed using HRPStrept solutions prepared for different dilution factors over the 1/500 and 1/2000 range.
The largest difference between the currents measured in the presence or in the absence
of APN was obtained for a 1/1000 dilution and, therefore, this parameter was selected
for further work.

HRP-Strept dilution
Figure S6. Effect of the HRP-Strept dilution factor on the amperometric responses of
the HRP-Strept-Biotin-anti-APN-APN-anti-APN-CMC-rGO/SPCE immunosensor: 2
µg/mL APN (dark gray) and 0 µg/mL APN (light gray). Other conditions as in Fig. 1

g) Effect of the APN incubation time
This variable was optimized by depositing the antigen onto anti-APN-CMCrGO/SPCEs and allowing incubation for 20, 40 or 60 minutes before proceeding with
the further steps. Figure S7 shows as the longer incubation times provided the larger
specific-to-unspecific current ratio. As this value was rather similar for 40 and 60 min,
the former value was selected for the preparation of the immunosensor in order to
shorten the whole procedure.
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Figure S7. Effect of the APN incubation time on the amperometric responses of the
HRP-Strept-Biotin-anti-APN-APN-anti-APN-CMC-rGO/SPCE immunosensor: 2 µg/
mL APN (dark gray) and 0 µg/mL APN (light gray). Other conditions as in Fig. 1

4000
i, nA

+3s

3500
3000

-3s

2500
2000
1500
1000
500
0
0

5

10

15
days

Figure S8. Control chart constructed to evaluate the storage stability of anti-APNCMC-rGO/SPCE bioelectrodes. Each point corresponds to the mean value of three
successive measurements in the presence of 7.5

