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ABSTRACT

Glycoproteins play important roles in biological systems such as in process related to cell binding, sig-
naling and disease. Consequently, novel, potentially quantitative, and rapid electroanalytical approaches
capable of detecting protein binding are welcome. Herein, we introduce a methodology that is both fast
and sensitive, and capable of quantification of the binding affinity in glycoprotein-lectin molecular
models. The proposed methodology is based on the electrochemical impedance spectroscopy technique
focused on the immittance function approach, wherein a library of analytical parameters can be com-
puted from the raw impedance data obtained, and automatically processed in a label-free, quantifiable
and very sensitive assay platform. This approach also avoids redox probe pre-doping of the analytical
sample.

Avoiding redox pre-doping of the analytical sample is achievable designing an appropriate redox-
tagging monolayer containing lectin interface (a carbohydrate binding protein, herein ArtinM) as the bio-
receptor, endowing high sensitivity of electrochemical signal when specifically detecting glycoproteins of
interest (presently horseradish peroxidase, HRP, a mannose glycoprotein) as the biochemical target for
ArtinM. The electroanalytical curves demonstrated that the binding affinity constant could be evaluated
as equivalent for all library (immittance function) parameters, allowing optimized single frequency (or a
range of frequencies) assessment with high sensitivity. In other words, binding affinity constants be-
tween ArtinM and HRP for each of the parameters in the immittance function library at given optimized
frequencies were similar, independently of the parameter. Thus, the feasibility of using this immittance
function approach for electroanalytical glycoarrays by accessing bio-recognition processes on a rapid
(optimized) single frequency and highly multiplexable platform was demonstrated.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

diabetes (Dias and Hart, 2007), neurodegenerative disorders (Dias
and Hart, 2007), cancer (Adamczyk et al., 2012), and metastasis

Glycoproteins and glycolipids are complex carbohydrate-con-
taining chemical structures that play important roles in biological
systems (Dwek, 1996; Nelson and Cox, 2012). Among numerous
biological processes, carbohydrate units have vital importance in
biochemical activities, for instance, in controlling physicochemical
phenomena related to protein adsorption/interaction or binding
(cell-cell and biomolecule-cell) that involve cell-signaling (Zachara
and Hart, 2006) and pathogen invasion (Marchant et al., 2012). The
carbohydrates present in glycoproteins are also associated with
protein stability (folding and structure conformation) (Laurent
et al., 2008) and abnormal alterations in glycosylation patterns are
related with various diseases (Dennis et al., 1999) including

* Corresponding author.
E-mail address: prbueno@iq.unesp.br (P.R. Bueno).
URL: http://www.nanobionics.pro.br (A. Santos).

http://dx.doi.org/10.1016/j.bios.2016.04.043
0956-5663/© 2016 Elsevier B.V. All rights reserved.

(Silva, 2015). Indeed several cancer protein biomarkers (proteins
related to trauma, infections, and disease onset or progression
(Mayeux, 2004; Strimbu and Tavel, 2010)) are glycoproteins pre-
senting with aberrant changes in carbohydrate content such as the
prostatic specific antigen (PSA, for prostatic cancer) and CA125 (for
ovarian cancer) (Adamczyk et al., 2012; Silva, 2015). Accordingly,
the methods for both carbohydrate/glycoprotein detection and
qualification/quantification of carbohydrate/glycoprotein-protein/
cell interaction are greatly studied in literature (Pierce et al., 1999;
Laurent et al., 2008; Yakovleva et al., 2010; Safina et al., 2011;
Bertok et al., 2013a, 2013b; Carvalho et al., 2014; Santos et al.,
2014a; Surinova et al., 2015).

Early detection of cancer biomarkers is highly desirable in
clinical applications since it increases patient survival rate as a
consequence of raising the probability of successful treatment.
Several techniques have been developed in order to either validate
or detect such biomarkers in early disease stages (Bohunicky and
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Mousa, 2011; Reddy et al., 2012; Uludag and Tothill, 2012; Chiriaco
et al., 2013; Asav and Sezgintiirk, 2014; Taleat et al., 2014; Yang
et al,, 2014; Johari-Ahar et al., 2015) by non-invasive methods
which are alternative for biopsy. For example, Surinova et al.
(2015) described a mass spectrometry methodology to screen and
validate a set of glycoproteins for colorectal cancer (CRC) diagnosis
and Safina et al. (2011) developed a surface plasmon resonance
(SPR) assay for glycoprotein screening. Furthermore, traditional
and commercial immunoassays such as ELISA and radio-
immunoassay (Voller et al., 1978; Berson and Yalow, 2006), al-
though essentially label-based approaches are extensively used in
clinical applications and glycoarrays (Laurent et al., 2008). None-
theless, ELISA and radio-based immunoassays have the incon-
venience of being highly and typically time-consuming (Voller
et al.,, 1978; Luo and Davis, 2013) or costly (Luo and Davis, 2013),
and are difficult to be developed for bedside applications (Rusling
et al., 2010), and require well-trained technical staff (Wang, 2006).
Several label-free bioassays have been extensively explored as an
alternative. Some of these assays include piezoelectric (Su et al.,
2013), optical (Reddy et al., 2012) and electrochemical assays
(Ronkainen et al., 2010; Luo and Davis, 2013). Among assays based
on electroanalytical signals, electrochemical impedance-based
bioassays (electrochemical impedance/capacitance spectroscopy,
EIS/ECS) are receiving special attention due their sensitivity, label-
free multiplexing, and miniaturizing capabilities (Daniels and
Pourmand, 2007; Lisdat and Schafer, 2008; Santos et al., 2014b).

Two main different real-time and label-free techniques have
been used in quantifying lectin-glycoprotein binding interactions
such as isothermal titration calorimetry (ITC) (Pierce et al., 1999;
Dam and Brewer, 2002; Takeda and Matsuo, 2014) and quartz
crystal microbalance (QCM) (Speight and Cooper, 2012). The ad-
vantage of these techniques is the capability to investigate inter-
action kinetics in real-time (Lebed et al., 2006; Pedroso et al.,
2008; Pesquero et al., 2010). This technique can also incorporate
analysis of the energy dissipation factor (QCM-D), additionally
allowing investigation of the viscoelastic properties of protein-
protein binding/interactions (H66k and Kasemo, 2007), eventually
associated with different binding processes or recognition events
(Giménez-Romero et al., 2013; Santos et al, 2015a). Similar
to QCM, Surface Plasmon Resonance (SPR) is a technique in which
the transducing signal is intrinsically and related to changes in
the optical properties of the investigated receptive surface. It al-
lows detection of changes in the optical properties as a con-
sequence of protein adsorption that can be applied in affinity
studies (Homola et al., 1999; Laurent et al., 2008; Safina et al.,
2011). Nonetheless, the development of glycoarrays based either
QCM or SPR is time-consuming, presenting with higher cost and
lower sensitivity compared to competing electroanalytical tech-
niques such as impedance electrochemical assays (Carvalho et al.,
2014; Santos et al., 2014a).

Impedance-based bioassays comprise mostly of two different
methods: faradaic and non-faradaic (Daniels and Pourmand, 2007;
Lisdat and Schafer, 2008; Santos et al., 2014b). In both these ap-
proaches of impedance-based bioassays, useful analytical in-
formation is generally obtained only after applying the equivalent
circuit analysis (for instance, by using a Randles equivalent circuit)
to fit/adjust the raw impedance spectra data to an appropriated
circuit model (Daniels and Pourmand, 2007; Lisdat and Schaéfer,
2008; Santos et al., 2014b). Faradaic assays necessarily use redox
probes in the analytical solution to generate the electrochemical
transducer signal of interest, which is further related to and
quantified by the specific binding of the analyte. The major charge
transducer signal of interest is associated with the change of the
charge transfer resistance ( R.), which is expected to rise as the
target concentration in the analytical solution increases. This ex-
pectative comes from the fact that in capturing the target by the

receptive interface a more effective isolating layer (to those elec-
troactive ionic species doping/added to the solution phase) is
formed as the binding event occurs so that the increasing in R, is
as consequence of a chemical (steric) blocking of the interface.

On the other hand, in non-faradaic based assays, the redox
probe is not required since the transduction signal is capacitive,
and primarily originates from changes in the dielectric (double
layer-like) properties of the interface (Berggren et al., 2001; Goes
et al,, 2012). In non-faradaic assays, charge distribution is mainly
caused by ionic relaxation effects and ionic concentration (asso-
ciated with the electrolyte) changes on the interface as target
binding increases (Berggren et al., 2001; Berney, 2004; Santos
et al., 2014b). Interfacial capacitance in such assays is modeled as a
parallel-plate contained in an equivalent circuit model of the in-
terface, where the electrolyte resistance appears in series with this
interfacial capacitance (Berggren et al., 2001). It is worth noting
that while the faradaic approach has disadvantages based on the
needs of pre-doping the solution with a redox probe, the non-
faradaic approach shows some disadvantages/issues related to
receptor surface design (Berggren et al., 2001) and usually suffers
from lack of selectivity (Daniels and Pourmand, 2007) and
sensitivity.

As an alternative to both the approaches mentioned, redox
capacitive assays combine high sensitivity and the lack of need for
pre-doping the solution with a redox probe. In redox capacitive
assays the probe is responsible for generating a sensitive electro-
chemical signal which is already (previously added) contained in
the receptive interface; however, instead of using the charge
transfer resistive signal, a useful transducer electrochemical signal
is associated with the redox capacitance (a kind of faradaic capa-
citive signal, C;) (Fernandes et al., 2013; Fernandes et al., 2014;
Lehr et al., 2014). This capacitance can sometimes be (depending
on the project of redox self-assembly monolayer designing) one or
two orders of magnitude higher than those associated with non-
faradaic capacitive events (Fernandes et al., 2014; Marques et al.,
2015; Santos et al., 2015b). Redox (or electrochemical) capacitance
is a measure of electrochemical density of the states of a redox
active monolayer which was demonstrated to be highly sensitive
to binding events (antigen-antibody coupling) (Fernandes et al.,
2013; Fernandes et al., 2014; Lehr et al., 2014), and to changes in
environmental dielectrics (Bueno and Davis, 2014a). However, as
already mentioned it is not associated with non-faradaic double-
layer capacitive effects (it exists additionally to double-layer ef-
fects and can sometimes dominate the capacitive signal) (Fer-
nandes et al., 2014; Marques et al., 2015).

In spite of a considerable number of impedance bioassays re-
ported in literature for either cancer detection (specially glyco-
proteins or cancer cells) (Bertok et al., 2013a, 2013b; Hu et al,,
2013) or biological affinity studies (lectin-glycoprotein and lectin-
cell binding) (Carvalho et al., 2014; Santos et al., 2014a), there are
only few studies which do not require the modeling of interface
with an equivalent circuit (Bedatty Fernandes et al., 2015; Patil
et al., 2015). These applications are supported by the use of im-
mittance function approaches (ImFs) (Bedatty Fernandes et al.,
2015; Patil et al., 2015) or the use of redox capacitance signals
obtained directly from Nyquist or Bode capacitive diagrams (San-
tos et al., 2014a; Marques et al., 2015). Accordingly, the main goal
of the present work is to extend the use of ImFs beyond those
associated with antigen-antibody bioassays (Bedatty Fernandes
et al, 2015; Patil et al, 2015) to glycoprotein-lectins. Con-
comitantly using the Langmuir isotherm adsorption model and the
ImFs approach, it is thus demonstrated here that it is possible ei-
ther to detect and/or quantify the binding affinity of glycoproteins-
lectins systems. More details on the Langmuir isotherm approach
will be described in the results and discussion section.

Regarding the immittance functions approach, it can be shortly
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said that it is comprised of the possibility of assessing a library of
different complex functions (Z*, Y*, M*, and C¥*, i.e. complex im-
pedance, admittance, modulus, and capacitance). These complex
functions contain their imaginary and real components that can
also be applied as transduction signals and their empirical (or pure
electroanalytical) use is possible without considering any inter-
facial (circuit or physical chemistry) model (Bedatty Fernandes
et al, 2015; Patil et al,, 2015). For instance, a given set of im-
pedance raw data as the fingerprint of an interfacial sensing pro-
cess generate immittance function parameters that respond quite
sensitively but differently for the same interface (Bedatty Fer-
nandes et al., 2015; Patil et al., 2015). Since ImFs are mathemati-
cally related (Bedatty Fernandes et al., 2015; Patil et al., 2015), the
associated approach consists of collecting frequency-dependent
impedance data at a given DC electrochemical potential and con-
vert them (using appropriate home-made mathematical software)
into related immittance-target functions, thus generating a library
of accessible and analytically useful immittance functions, ImF (w),
as well as their associated parameters, as detailed in the experi-
mental section. Obviously, each ImF (w) can be evaluated at dif-
ferent target concentrations and thus analytical curves (for spe-
cifically chosen or all frequencies) can be constructed and ana-
lyzed. The potential of creating a library of ImF (@) is based in the
fact that some functions are more sensitive than others for the
same interfacial changes (due the target-receptor interaction) in a
correspondent chosen frequency (Patil et al., 2015). Consequently,
a specific frequency (or preferably a range of frequencies, typically
from 100 to 1.0 Hz, as will be demonstrated) can be used in ana-
lytical procedures, thus reducing the acquisition-time ( <3 min)
with optimized sensitivities and automatized/optimized limit of
detection (LOD) (Patil et al., 2015).

Specifically we reinforce that we use the immittance function
concept here for both detecting and quantifying the lectin-glyco-
protein binding affinity. As a biochemical interaction model, we
constructed a label-free ArtinM based bioassay receptive interface
containing a tethered redox probe self-assembled monolayer. The
priority was to detect HRP glycoprotein (horseradish peroxidase),
a high-mannose content glycoprotein (Straus, 1981), by using the
electrochemical activity associated with redox centers to amplify
the signal. ArtinM was preferable as the lectin model due to its
importance, being a non-glycosylated tetrameric lectin (a carbo-
hydrate binding protein) composed of identical 16-kDa protomers
which exhibit a high specificity for mannose in N-glycans (Rosa
et al., 1999; Nakamura-Tsuruta et al., 2008) presented in the cell
membranes (Pereira-Da-Silva et al,, 2012). It is also well known
that the lectin ArtinM is involved in cell death of NB4 promyelo-
cytic acute leukemia cells through recognition of aberrant glyco-
sylation (p1,6-GlcNAc branched N-glycans) on the cell membrane
(Carvalho et al.,, 2011), demonstrating feasibility for important
clinical applications.

In summary, in this work we derivate, concomitantly con-
sidering Langmuir isotherm assumptions, mathematic relations
between the ImFs (as transduction signal) and target concentra-
tions, which enable us to calculate the affinity constant (K;) of the
biorecognition of HRP-ArtinM in an optimized manner, leading to
the highest sensitivity possible. From all ImFs studied in this work,
it was possible to obtain sensitive assays within pico to nanomolar
limits of detection (LOD) and equivalent K, values (as physical and
chemically expected), clearly highlighting the promise of the ImFs
approach in glycoprotein detection (including glycoarrays future
developments) and quantitative multiplexable bio-interaction
evaluation.

2. Experimental section
2.1. Chemicals and biochemical reagents

All reagents described in this section were purchased from
Sigma-Aldrich except the lectin ArtinM, which was extracted from
Artocarpus heterophyllus seeds by affinity chromatography with
immobilized D-mannose (Santos-De-Oliveira et al., 1994).

Solutions of ArtinM (0.15 mg mL™!), gelatin (0.1%, m/v), and
bovine serum albumin (BSA) 0.1% (m/v) were prepared in phos-
phate buffered saline (PBS), pH 7.4, with the composition: NaCl,
137 mmol L~ 1; KCl, 2.7 mmol L~ ; Na,HPO, - 12H,0, 10 mmol L~ 1;
KH,PO,, 1.8 mmol L~". Solutions of PBS, 500 mmol L~' NaOH,
500 mmol L~! KOH, and 500 mmol L~ 'H,SO, were prepared in
Milli-Q water (Simplicity UV ultrapure water system from Milli-
pore with 18.2 MQ cm at 25 °C). The mixtures of 16-mercapto-
hexadecanoic acid (16-MHDA) 0.2 mmol L~! and 11-(ferrocenyl)-
undecanethiol (11-Fc) 2 mmol L~! were prepared in anhydrous
ethanol. Mixtures of 200 mmol L~! N-(3-dimethylaminopropyl)-N
"-ethylcarbodiimide =~ (EDC) and 50mmolL~!  N-hydro-
xysuccinimide (NHS) were prepared in Milli-Q water. Supporting
electrolyte solution of 20 mmol L~! tetrabutylammonium per-
chlorate (TBA-CIO,4) for electrochemical measurements was pre-
pared in a mixture of acetonitrile: Milli-Q water (20/80, v/v).

2.2. Electrochemical measurements

All experiments were performed at room temperature (25 °C)
using TBA-ClO4 solution. Cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS) measurements were per-
formed using an AUTOLAB potentiostat, model PGSTAT302N,
equipped with a frequency response analysis (FRA) module, and
the NOVA software from Metrohm. A three-electrode system was
used, including the gold electrode as the working electrode (2 mm
diameter), a platinum mesh as the counter electrode and a
homemade Ag/AgCl, saturated with KCl solution as the reference
electrode. All potentials referred to in this work are relative to Ag/
AgC(l, (saturated KCl).

2.3. Surface engineering

Firstly, gold electrodes were mechanically polished with 1.0,
0.3, and 0.05 pm grain-sized aluminum oxide aqueous suspensions
(Buehler) followed by sonication in deionized water for 5 min to
remove adherent particles. CVs for the electrochemical desorption
step were performed in 500 mmolL~! NaOH, from —1.7 to
—0.7V, 300 cycles, at a scan rate of 100 mV s~ . After this, the
electrodes were immersed in stirred anhydrous ethanol for 20 min
to reduce gold oxide (Tkac and Davis, 2008). Finally, a CV elec-
trochemical cleaning step was performed in 500 mmol L~! H,S0,4
from —0.2 to 1.5V, 25 cycles, at a scan rate of 100 mV s~!, fol-
lowed by CV gold oxide stripping in H,SO, 500 mmol L~! from
0.7 to 0.2V, 10 cycles, at a scan rate of 100 mV s~ . Electroactive
areas were calculated based on the cyclic voltammograms from
the electrochemical cleaning step by integrating the cathodic peak
on the last scan (25th cycle) using a value of 482 uC cm~2 (Goes
et al, 2012; Marques et al, 2015). These determinations
(0.036 + 0.002 cm?) were used to normalize the electrochemical
immittance functions.

As described previously, the ArtinM immobilization strategy
was based on a bifunctional self-assembled monolayer (SAM)
(Santos et al., 2014a) consisting of a spacer tethered redox probe
thiol for signal transduction (11-Fc) and a carboxylic end group
thiol (16-MHDA) for lectin attachment. Using this approach, pre-
doping of the analytical solution with a redox probe for electro-
chemical signal analysis and measurements is not necessary. The
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Fig. 1. Schematic stepwise description of ArtinM electrode preparation before HRP detection and biosensing analysis. (a) Functionalization of gold surface with a mixed
solution containing 11-Fc (to be used as transduction electrochemical signal) and 16-MHDA (ArtinM attachment). (b) Activation of carboxylic groups using EDC/NHS standard
chemistry procedure, forming the NHS ester to react with amino groups present in ArtinM as shown in (c). (d) Blocking of non-specific sites with gelatin 0.1% to minimize

interference (molecules not drawn to scale).

electroactive bifunctional SAMs were constructed by immersing a
cleaned gold electrode in a mixture of 0.2 mmol L~ 16-MHDA and
2.0mmol L~' 11-Fc in ethanol for 16 h at 25°C. The carboxyl
groups of 16-MHDA were activated with an aqueous solution
containing 0.4 mol L~ EDC and 0.1 molL~! NHS for 30 min in
order to obtain NHS ester. Subsequently, the electrode was washed
in PBS, dried with nitrogen gas, and immersed in 0.15 mg mL~!
ArtinM solution for 1 h. Finally, the ArtinM electrodes were im-
mersed in a 0.1% gelatin solution for 30 min to block unspecific
sites (Fig. 1).

It must be stressed that it was not used any substrate (such as
hydrogen peroxide) that could provoke HRP parallel enzymatic
redox catalytic signal and thus interference during impedance
analysis. Consequently, the HRP redox activity is absent in our
experiments and does not interfere with that electrochemical
signal of the tethered redox couple. Indeed, previously investiga-
tion of H,O, enzymatic reaction catalyzed by HRP immobilized
interface demonstrates and confirms this statement (Pesquero
et al., 2010).

Impedance analysis and cyclic voltammetry measurements
were taken after each step of the bioassay interface design to
confirm an appropriate receptive surface construction. After SAM
formation, CV was performed from 0.0 to 0.7 V in three cycles at a
scan rate of 100mVs~! to obtain the redox-in potential

Ein=(Eox+Ereq)/2, where E,, and E,.4 are the oxidation and reduction
peak potentials, respectively. Impedance analyses were performed
at Ej, in a frequency range of 0.01-100,000 Hz (60 frequencies
logarithmically arranged), peak-to-peak amplitude of 10 mV,
0.125 s of maximum integration time and one cycle as minimum
number of cycles to integrate.

CV electrochemical desorption step was performed in
500 mmol L~ KOH with potential ranging from —0.8 to —1.4V,
15 cycles at a scan rate of 100 mV s~ ! to obtain the bi-functional
SAM surface coverage (I'sam). 11-Fc surface coverage (I'11-gc) was
estimated by anodic peak integration of the CV as described in
more detail previously (Marques et al., 2015).

2.4. Assessment of ArtinM-HRP interaction and HRP detection by
immittance functions

After receptive and redox active surface construction, and its
characterization by CV and EIS, the ArtinM functional electrodes
were exposed for 30 min to eight different concentrations of the
HRP glycoprotein, ranging from 0.5 to 100 nmol L~ prepared in
PBS solution. After exposure to each HRP concentration, the elec-
trodes were washed in PBS and impedance analysis was carried-
out at Ej, using TBA-ClO, as the supporting electrolyte, wherein
modulation frequency varied in 60 steps (frequency range of 0.01—



372 A. Santos, PR. Bueno / Biosensors and Bioelectronics 83 (2016) 368-378

a)
1.0 i
Au bare /
—— SAM redox in
0.5 -
< oo0.
3 0.0
_05 i
-1.0 - !

-0.2 0.0 0.2 0.4 0.6 0.8

V (x Ag|AgCl)

300
O SAM
2501 O ArtinM
O Gelatin
200 4
150 -

C' (uF cm2)

Fig. 2. (a) Cyclic voltammogram (3rd cycle) obtained before (bare Au) and after the formation of an electroactive SAM over the gold electrode. Note the presence of redox
peaks in CV related to formation of the electroactive SAM, which is clearly absent for the bare gold response. The dashed line demarcates the Ej; potential, where impedance

analyses were performed (corresponding to 0.47 V). CVs were obtained in 20 mmol L~! of TBA-CIO, in potentials ranging from 0 to 0.7 V at a scan rate of 100 mV s
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(b) Nyquist diagram obtained at Ej, potential corresponding to different steps: formation of electroactive SAM, incorporation of ArtinM, and blocking in 0.1% gelatin. G, is
easily obtained from the diameter semicircle for each step (Marques et al., 2015), as shown in the Nyquist capacitive diagram.

100,000 Hz), with peak-to-peak amplitude of 10 mV. A typical
acquisition of impedance data over the full frequency range (as
described in Section 2.3), considering the incubation time, is ap-
proximately 50 min. Consequently, acquisition of eight-point ca-
libration curve, including blank measurement, requires approxi-
mately 7.5 h for a full analytical curve. All the assays were per-
formed in triplicate (three different electrodes).

The analytical complex immittance functions ( ImFs*) used in
this work were impedance (Z*), admittance (Y*), capacitance (C*)
and modulus (M*). Their phasorial relationships are, in consider-
ing impedance complex (Z*(w) = Z' + jZ") (Patil et al., 2015):

C*=1[jwZ* )
YisjoC*=1/2* @
M#*=jwZ* 3)

where j=+-1 and w=2xf.

As can be observed, all complex immittance functions are re-
lated to impedance (Z*) and since they have modulus (lImFsl), real
(ImFs'), and imaginary parts (ImFs"), it constitutes 12 different
parameters for any sample frequency. In this work, in addition to
these functions, six more parameters were added, based on the
relationship between imaginary and real parts of ImFs and the
inverse of both real and imaginary parts of capacitance (Z"/Z', C"|C,
Y'lY, M"|M', 1/C and 1/C"). Consequently, there were 18 different
parameters overall as the analytical signal for each frequency for
different HRP concentrations.

The response (R) obtained for each parameter was evaluated
across a frequency range as the target concentration (HRP) was
varied. In order to normalize the transduction signal for each ImF
the relative response was used. The relative response (RR), for each
HRP concentration in a certain frequency ( f), was, for all ImFs,
defined as:

RR ey 9 = [ (Rier=RE ) I1RE ] x 100 @

where Rof represents the initial value of ImF in the absence of
analyte (blank measurement) and R[{,RP] is the value of ImF after
exposure of the ArtinM functionalized electrode to the corre-
sponding HRP concentration at the same frequency f. Collecting
RR over a range of target concentrations, it was possible to plot n
analytical curves for each ImF, wherein n represents the number of
frequencies used in the assay. The optimal frequency corresponds
to the analytical curve which has a higher (in modulus) correlation
coefficient (Pearson, rIyy), higher determination coefficient (R?),
higher sensitivity (angular coefficient), lowest limit of detection
(LOD, defined as 3.3 x SD, where SD means standard deviation of
the blank (Long and Winefordner, 1983)), and lowest relative
standard deviation (RSD). In this work, the optimized frequencies
for each parameter were reported from those corresponding to
Irgy! > 0.97, R?>0.95 and RSD < 18%. In order to evaluate non-
specific interaction, BSA (a non-glycosylated protein) was used at
100 nmol L™,

3. Results and discussion
3.1. Design of the bioassay interface

Despite the facility to construct functionalized SAMs on gold
surfaces, several studies have demonstrated the importance of the
pre-cleaning protocol to assure reproducibility and appropriate
density packing of these monolayers (Tkac and Davis, 2008). In
this work, chemical reduction (in basic media), mechanical, elec-
trochemical polishing, and electrochemical gold oxide stripping
were combined as suggested by Tkac and Davis (2008). Using this
protocol, the bifunctional SAM (with redox and glycopro-
tein receptive function) presented a surface coverage of
(5+1)x 107 mol cm~2, a value in the same order of magnitude
as that of alkanethiol SAMs (7.5 x 10~ mol cm~2) (Love et al.,
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2005). The 11-Fc surface coverage (I'i1.rc) estimated by using
the anodic peak of the CV (SAM in Fig. 2a) was of
(2.5+0.3)x 107 mol cm~2 (more details are given in Supple-
mentary Material). Both values correlate with those obtained in a
previous study using the same bi-functionalized SAM (Marques
et al,, 2015).

The SAM functionalization step was evaluated by CV and EIS,
with the latter converted to complex capacitance (Eq. (1)). From
the Nyquist complex capacitance diagrams it was possible to ob-
tain/access the redox capacitance signal (C), which is related to
the ability of the redox SAM in storage energy when a certain
electrical potential is applied and the redox centers are pro-
portionally occupied (Bueno et al., 2012; Bueno and Davis, 2014b;
Santos et al., 2014b; Bueno et al., 2015). The C; signal is sensitive to
environmental changes caused by antibody-antigen interaction on
the interface (Fernandes et al., 2013, 2014; Lehr et al., 2014;
Marques et al., 2015; Santos et al., 2015b). As mentioned pre-
viously, this can alternatively be used as the transduction signal for
glycoprotein binding on interfaces containing ArtinM as the re-
ceptive centers. The binding event usually represents a decrease in
C; signal (Fernandes et al., 2014; Santos et al., 2014a, 2014b;
Marques et al., 2015, Santos et al., 2015b). More details regarding
equivalent circuit modeling of electrochemical capacitive inter-
faces comprising of redox electroactive films are provided in lit-
erature (Fernandes et al., 2014; Lehr et al., 2014; Marques et al.,
2015).

As depicted in Fig. 2a, CV responses obtained before SAM for-
mation over the gold surface does not show any redox activity (any
redox peaks are identified) as expected. However, when SAM is
formed (chemically or covalently attached) on the gold electrode,
two clear peaks are evidenced on CV response, exhibiting a re-
versible redox process with the anodic and cathodic current peak
approaching the unit (ipy/ipc ~1) and with a very small potential
difference between these peaks, ~30 mV. The vertical line in
Fig. 2a demarcates the redox-in potential (E;, ~0.47 V) which
corresponds to the formal potential of this highly reversible elec-
trochemical process. This redox-in potential is very useful since it
is the potential in which the maximum redox capacitive activity is
achieved. Fig. 2b shows the Nyquist capacitive plots obtained at E;,
for each step of construction of the redox active and glycoprotein
bio-receptive interfaces. At E;, it can be seen that the electroactive
SAM, without bio-receptive centers, exhibits a C. value of ~200 p
F cm™2. After ArtinM is attached or immobilized on the interface,
the redox capacitance decreased to C, ~178 uF cm~2 which in-
dicates environmental perturbation around ferrocenyl groups due
to lectin attachment/binding to this interface. Subsequently gelatin
was added to block the remaining non-specific sites and as ex-
pected an additional decrease was observed C, ~150 uF cm™2.
Altogether, these results demonstrate proper electrode modifica-
tion (or construction of the appropriate receptive interface) for
detection of HRP as the target glycoprotein.

3.2. Glycoprotein detection, analytical curves, and sensitivity

Redox tagged and either ArtinM functionalized electrodes,
prepared as described in the previous section, were exposed for
30 min to different HRP concentrations (0.5, 1.0, 5.0, 10.0, 25.0,
50.0, 75.0, 100.0 nmol L~ 1) in PBS (pH 7.4). After this, the elec-
trodes were washed with PBS and impedance analysis were per-
formed (in the supporting electrolyte solution containing
20 mmol L~ TBA-ClO,4, 20:80, acetonitrile: water) at Ej,.

The principle of ImFs electroanalysis is based on measuring the
impedance spectrum to obtain its real (Z') and imaginary (Z")
components, obviously at different frequencies. After this, using
mathematically defined immittance functions (Egs. (1)—(3)), the
real (ImFs'), imaginary (ImFs"), and the modulus (I ImFl) of all ImFs

can be obtained. By adding the ratios (imaginary component di-
vided by its real part) and the inverse of imaginary and real parts
of capacitance, it was herein possible to obtain 18 analytical
parameters that could be used to construct analytical curves by
measuring the impedance spectrum of the interface chemically
incubated at different target concentrations, as detailed in the
experimental section.

The advantages of using ImFs as the electroanalytical trans-
duction signal in clinical or bioassays is sustained on the capability
of optimizing the frequency for each ImF, which corresponds to
accomplishing the most sensitive transduction signal with the
lowest LODs possible (usually it has been achieved pico to nano-
molar range). Thus reproducibility and the fastest assays (corre-
sponded to highest frequency) (Patil et al., 2015) are obtained for a
given impedance (or electrical transfer function) spectrum.

In order to compare all ImFs, the relative response (RR) which,
essentially, consists in measuring changes (in percentage) in ImF
signal obtained for certain HRP concentration in comparison with
the blank signal, was used (Eq. (4)). Once all ImF parameters can
be used as the transduction signal and are obtained over a fre-
quency range (Fig. 3), it is easy to determine the optimal frequency
(or frequency range) where sensitivity is maximized and the linear
regression presents R? > 0.95, Iryyl > 0.97 (strong linear relation-
ship) and RSD < 18%.

For example, while analyzing the RR signal for 1/C" parameter
(Fig. 4) it is possible to verify that the optimized frequency range
response is between 0.1 and 20 Hz (hachured area). By converting
impedance raw data spectrum in all 18 analytical parameters, it is
possible to verify the optimized frequency for each parameter used
for signal transduction (as summarized in Table 1). All analytical
curves are shown in Fig. 3S in Supplementary Material. HRP de-
tection and sensitivity the 1/C” parameter at 7.04 Hz represents the
most sensitive frequency (a sensitivity of 37% per decade of HRP
concentration) with a LOD of 0.4 nmol L™ !, a value in the same
order of magnitude as that obtained by the redox capacitive ap-
proach (0.2 nmol L™"). In contrast, in analyzing the real part of
admittance (Y'), a lower LOD of 0.06 nmol L' at a higher fre-
quency (9.24 Hz) is obtained. Notably, all parameters are un-
responsive to BSA, a non-glycosylated protein used here as the
negative control (see Fig. 4S in Supplementary Material), demon-
strating the selectivity of this assay methodology independently of
any elected parameter.

Since the redox capacitance signal is spectroscopically (through
capacitance spectroscopy analysis) assessed at low frequencies
(Bueno and Davis, 2014b), it is clear that the signal of 1/C ap-
proaches that obtained directly by extracting the redox capaci-
tance signal (1/C), at low frequencies. Indeed, 1/C' signal pre-
sented similar value for LOD (~0.30 nmol L~') at 0.6 Hz either
with a similar sensitivity of 23% decade~! when compared with
values obtained by 1/C.. This not only validates the proposed
methodology but also demonstrates its consistency. Nonetheless,
the time required (to construct an analytical curve with eight
concentration points) in a complete analysis by using redox ca-
pacitance methodology, considering a frequency range from
100,000 Hz to 0.01 Hz (60 frequencies) and an incubation time of
30 min, is about 7.5 h (details in Section 2.3). On the other hand, by
using 1/C parameter at 0.6 Hz, for example, this will take ap-
proximately 4.5 h, which is a significant gain of time in con-
structing an electroanalytical calibration curve.

Interestingly, further analysis on a given set of ImFs clearly
demonstrates the existence of an optimal range of frequencies
where sensitivity does not change considerably. For example, the
imaginary components of impedance and modulus (Z’ and M")
presents a broad constant sensitivity across a frequency range of
0.15-962 Hz (with a sensitivity in % decade~! of 26 +4). The
maximum sensitivity value is 30 at 245 Hz, R?=96% (Fig. 5). This
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Fig. 3. Relative response (RR) of 18 parameters analyzed across a frequency range of 0.01-100,000 Hz for varying HRP concentrations from 0.5 to 100.0 nmol L~". Since C*,
Y* and M* are phasorially derived from Z*, several functions show a similar response (For example, compare IZ and IM|, ICl and IYI.

feature allows analysis of a full range of frequencies instead of a (1/C; signal). In addition, this optimized frequency range (from
single frequency without any loss of sensitivity and yet, in this 0.15 to 962 Hz) is time-advantageous when compared with a full
case, higher than that obtained for redox capacitance approach frequency range (usually from 0.01 to 100,000 Hz in redox
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Fig. 4. 1/C" response as a function of HRP concentration at the full range of fre-
quencies. The hachured area demarcates the frequency range (0.1-20 Hz) corre-
sponding to frequencies where the most sensitive analytical plots can be con-
structed (R? > 95%).

capacitance), since in the former it necessarily takes five minutes
of measurement while in the latter it generally needs about 17 min
in a similar setup procedure.

In summary, similar to previous results and analyses performed
using ImFs as transduction signal for protein target detection (Patil
et al., 2015), the same methodology was successfully applied here
to provide a faster yet sensitive analysis/detection for glycopro-
teins in comparison with redox capacitance (Santos et al., 2014a)
and classical impedance measurements (Bertok et al., 2013b). In
the next section, we expand the application of ImFs by quantifying
the affinity interaction of the glycoprotein-lectin system, a biolo-
gical system which is of relevant importance in some biomedical
studies and applications (Mihara et al.,, 2010; Nelson and Cox,
2012).

Table 1

3.3. Glycoprotein-lectin binding affinity studies

The adsorption of proteins to functionalized surfaces has re-
ceived great attention (Fang et al., 2005; Chen et al., 2010; Rabe
et al.,, 2011; Wiseman and Frank, 2012; Santos et al., 2015a) due to
the possibility of quantifying bio-interaction (or bio-recognition)
thus providing new insights in comprehending the role of certain
proteins in biological systems (Nelson and Cox, 2012), specifically
in cell-cell interactions (Ramburth and Dwek, 2011; Marchant
et al., 2012; Carvalho et al., 2014). For example, lectins, a class of
carbohydrate binding proteins, have been used as biorecognition
elements for cancer cell detection (Ramburth and Dwek, 2011; Hu
et al., 2013) which suffer some structural changes clearly as a
consequence of disease onset (Reis et al., 2010; Clark and Mao,
2012). In addition, lectins are responsible for cell-cell adhesion in
infectious processes and protozoan invasion (Monteiro et al., 1998;
Marchant et al,, 2012), and knowledge about the mechanism
might help develop vaccines (Lourenco et al., 2006) and contribute
to improvement of social health.

Although electrochemical methods such as electrochemical
impedance spectroscopy (EIS) and electrochemical capacitance
spectroscopy (ECS) have recently received special attention due
their high sensitivity (Carvalho et al., 2014; Santos et al., 2014a,
2014b), they are typically long-term experiments, and especially in
the faradaic impedance approach, the redox probe needs to be
used as doping in the analytical solution as previously mentioned
(Daniels and Pourmand, 2007; Lisdat and Schdfer, 2008). As pre-
viously discussed, in a simple impedance assay (range of fre-
quencies from 0.01 Hz to 100,000 Hz, 60 frequencies), about
17 min are required for each experimental point, disregarding the
time for the incubation step (of about 30 min). On the other hand,
use of an appropriate and optimized immittance function might
reduce this time to a few seconds (even less) and represents an
interesting alternative for protein-protein interaction studies (Patil
et al.,, 2015). However, until now, there are no studies regarding
the use of immittance functions and their parameters to construct
isotherm curves for quantifying binding affinities. It is true that
faradaic impedance (through R signal) (Carvalho et al, 2014;
Fernandes et al., 2014) and redox capacitance (1/C; signal) (Santos
et al., 2014a) were used in the past, but due to optimization ca-
pacity of immittance functions, as observed in the previous sec-
tion, we present herein an additional applicability of the

Optimized frequencies for different ImFs. The K, values obtained (details are given in Section 3.3) are similar to those calculated previously by using redox capacitive

approach (p > 0.09) considering a significance level of 5%.

ImF Optimized frequency (Hz) R? Tyy (Pearson) Sensitivity LOD K,
(% decade™1) (nmol L~ 1) (x108 L mol-1)
1Z| 2.35 0.96 0.98 24 0.30 12+04
VA 0.45 0.96 0.98 26 0.40 12+03
4 045 0.96 0.98 22 030 13+04
z'|z 108.12 0.96 0.98 27 1.08 11+03
1Yl 235 0.99 -0.99 -13 0.08 21+0.7
Y 9.24 0.99 -0.99 -16 0.06 23+0.7
Y’ 0.05 0.99 -0.99 -12 0.06 23+0.8
Y|y 108.12 0.96 0.98 27 1.08 11+03
[a] 235 0.99 -0.99 -13 0.08 21+0.7
C 0.05 0.99 -0.99 -12 0.06 23+0.8
(ad 9.24 0.99 -0.99 -16 0.06 23+0.7
clc 4953 0.98 -0.99 -21 0.30 12+0.2
1/C 0.60 0.96 0.98 23 0.30 13+04
1/C 7.04 0.96 0.98 37 0.40 11+04
IMI 235 0.96 0.98 24 0.30 12+04
M 0.45 0.96 0.98 22 0.30 13+04
M" 045 0.96 0.98 26 0.40 1.2+03
MM 4953 0.98 -0.99 -21 0.30 12+02
1/C - 0.97 0.98 23 0.20 1.8 +0.7
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Fig. 5. Comparative transduction signal sensitivities in the full range of frequencies used in this work. Analysis for (a) Z*, M* and M"/M' Z’|Z'; (b) Y* and Y"|Y' and (c) C*, C"|C,
1/C and 1/C". All sensitivities were extracted from analytical plots with R? > 0.95 in a certain frequency range.

immittance function approach related to quantification of protein-
protein (specifically glycoprotein-lectin) binding interaction in
diluted conditions, i.e. clearly within the Langmuir assumptions.
The Langmuir isotherm is the most used model to understand
adsorption processes between a ligand in solution and an im-
mobilized receptor on a receptive functionalized surface (Rabe
et al., 2011). This isotherm model assumes that the molecular
adsorbate behaves as an ideal gas, which means that adsorbates do
not interact with their neighbors in solution or in the adsorbed
form. In addition, the unit occupancy of the binding sites (i.e. only
one site is available per adsorbate) with equal adsorption energy
in isothermal conditions is assumed (Foo and Hameed, 2010; Rabe
et al.,, 2011). Except for the latter assumption, in dilute conditions
the previously described criteria can be achieved, and this condi-
tion is the main concern in using Langmuir model for the assess-
ment and quantification of protein-protein binding interaction. In
this work, nanomolar ligand (HRP) concentrations were used to
minimize adsorbate-adsorbate interaction, considering that such
dilute condition is only possible due to the highly sensitivity of
frequency-response techniques such as EIS, ECS, and immittance
function. This assumption facilitates analysis tremendously.
Considering the Langmuir model, the dynamic equilibrium
between the ligand glycoprotein (G) and glycoprotein-lectin
complex (G — L) is described by Eq. (5) (Santos et al., 2014a):

G+L = G-L (5)
The affinity constant (K,) for this process is given by Eq. (6):

_G-1)
(GIIL] ©)

a

where [ ] represents concentration. Assuming a surface coverage
occupancy percentage given by ¢ and a percentage of available
sites as 1 — 0, Eq. (6) can be rewritten as

[
Kq[Gl=——
AC=1 0 ™
Solving Eq. (7) for 6, it is possible to obtain the following ex-
pression:

_ Ka[G)
1+K,[G] ®

Since the transduction signal value (S) corresponds to a certain
amount of adsorbed ligand on the surface (discounting/subtracting
the blank intrinsic signal), it is intrinsically proportional to the
surface coverage (I', mol cm~2). In assuming S = 6S,,, where S, is
the maximum response of adsorption, when @ approaches unity
we reach Eq. (9):

5= SmKq[G]
1+K,[G] 9
That can be linearized as

1G1_[G], 1

S Sm KiSm (10)

Thus, the K, (binding affinity constant) value can be now easily
obtained by the quotient between the angular (1/S;;) and linear
(1/K4Sm) coefficients of the linear function comprising [G]/S versus
[G].

Interestingly, by using optimized frequencies for each im-
mittance function, similar and characteristic saturation curves as
theoretically expected for the Langmuir adsorption processes
could be obtained, as exemplified in Fig. 6 for 1Z| at 2.35 Hz (more
details in Fig. 5S in Supplementary Material). Indeed the trans-
duction signal could be associated with the amount of protein
adsorbed on the sensor surface and the maximum signal corre-
sponding to the saturation value, i.e. when no considerable signal
variation is observed after a given saturated concentration. Using
relative response RR as transduction signal (i.e.S=RR), the K, value
for the HRP-ArtinM interaction using all immittance functions was
calculated (Table 1).

As shown, all values were compared with that obtained using
the redox capacitance approach [for which obtained value was
(1.8 £ 0.7) x 108 Lmol~, in good agreement with that previously
reported, (1.6 + 0.6) x 108 L mol~1) (Santos et al., 2014a)] and they
are invariably similar (p > 0.09, «=0.05). This demonstrates the
feasibility of this approach in obtaining K, values in a faster and
simpler manner by the immittance function compared with pro-
cesses using redox capacitance (Santos et al., 2014a) or charge
transfer resistance (Carvalho et al., 2014; Fernandes et al., 2014).
For example, in using 1/C" parameter obtained from the complex
capacitive function, the optimized frequency was 7.04 Hz, which
corresponds to a rapid measurement (4s) for each point using
similar setup procedure as described in Section 2.3, clearly de-
monstrating the viability of the approach to be applied in devel-
opment of rapid and reliable glycoarrays.

4. Final remarks and conclusions

Glycoprotein detection is very important for clinical applica-
tions since alterations in carbohydrate structure content (aberrant
glycosylation) is associated with diseases, especially neurodegen-
erative events and cancer. These macromolecules play important
roles in biological phenomena, such as cell signaling and cell-cell
interaction in invasive processes. Since lectins are carbohydrate-
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Fig. 6. Exemplification of (a) saturation curve and (b) its linearized form using the data of 1ZI at 2.35 Hz (Eq. (10)), R®=0.99. Note that RR is the relative response defined by

Eq. (4).

binding proteins, they can be used for both glycoprotein detection
and evaluation of glycoprotein-lectin interaction. Electroanalytical
techniques are a promising approach in quantification of glyco-
protein-lectin interaction. Impedance assays are a promising
technique among electrochemical approaches that have the sen-
sitive and multiplexible capability to be used in the quantification
of protein-protein interactions, in addition to being cost-effective
and simple for automation. However, the need of collecting a full
range of frequencies due to the necessary adjustment of raw data
to a suitable equivalent circuit for extracting the analytical para-
meter (usually R, in faradaic impedance and capacitance in non-
faradaic approach), and the need of initial presumption in fitting
analysis are the limiting factors for these assays.

In this paper we overcome these limiting factors by extending
immittance function electroanalysis and its applicability to glyco-
protein-lectin assays for both highly sensitive glycoprotein detec-
tion and glycoprotein-lection interaction quantification without
the requirement of equivalent circuit models or analysis of
equivalent circuit parameters. Using this approach, we demon-
strated that the time of measurement could be significantly re-
duced while maintaining high sensitivity below nanomolar limits
of detection. Additionally, it was demonstrated that the affinity
constant (K,) can be obtained using any or all of the immittance
function parameters, clearly demonstrating the feasibility of this
approach in glycoprotein-lection studies and the need for future
development of fully automatized and optimized glycoarrays.
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