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A B S T R A C T

Glycosylphosphatidylinositol anchored proteins (GPI-APs) are natural conjugates in the plasma membrane of
eukaryotic cells that result from the attachment of a glycolipid to the C-terminus of many proteins. GPI-APs play
a crucial role in cell signaling and adhesion and have implications in health and diseases. GPI-APs and GPIs
without protein (free GPIs) are found in abundance on the surface of the protozoan parasite Toxoplasma gondii.
The detection of anti-GPI IgG and IgM antibodies allows differentiation between toxoplasmosis patients and
healthy individuals using serological assays. However, these methods are limited by their poor efficiency, cross-
reactivity and need for sophisticated laboratory equipment and qualified personnel. Here, we established a label-
free electrochemical glycobiosensor for the detection of anti-GPI IgG and IgM antibodies in serum from tox-
oplasmosis seropositive patients. This biosensor uses a synthetic GPI phosphoglycan bioreceptor immobilized on
screen-printed gold electrodes through a linear alkane thiol phosphodiester. The antigen-antibody interaction
was detected and quantified by electrochemical impedance spectroscopy (EIS). The resultant device showed a
linear dynamic range of anti-GPI antibodies in serum ranging from 1.0 to 10.0 IU mL−1, with a limit of detection
of 0.31 IU mL−1. This method also holds great potential for the detection of IgG antibodies related to other
multiple medical conditions characterized by overexpression of antibodies.

1. Introduction

Many proteins of eukaryotic cells are tethered to the plasma mem-
brane via a glycosylphosphatidylinositol glycolipid (GPI) attached to
the C-terminus of the proteins, forming the so-called GPI-anchored
proteins (GPI-APs) [1]. GPI-APs play a crucial role in cell commu-
nication, signaling and adhesion and act as immunomodulators during
infectious diseases. GPI-APs and GPIs without protein (free GPIs) are
found in abundance on the surface of the protozoan Trypanosoma brucei,
Plasmodium falciparum, Toxoplasma gondii [2], and Trypanosome cruzi
[3]. Protozoan GPIs modulate the host immune system and elicit an
early anti-GPI antibody (IgG and IgM) response in human infection by
T. gondii [4,5]. Recently, a synthetic GPI phosphoglycan printed on
microarrays was used for the detection of anti-GPI IgG and IgM anti-
bodies in serum. This test allowed a distinction of T. gondii seropositive
from healthy individuals and differentiation between sera from patients
having an acute or a latent stage of the infection [6,7]. In this context,
antibody levels in serum correlate well with host-pathogen interactions
and the development of infectious diseases [8,9], as well as with the
development of other more complex diseases, such as inflammatory

responses and cancer [10–14].
The Enzyme-Linked Immunosorbent Assay (ELISA) is the gold

standard method to determine antibody levels in serum and for the
diagnosis of a variety of infectious diseases, including Toxoplasmosis
[15–17]. Other commonly used methods to detect antibodies against
T.gondii antigens are the Indirect Fluorescent Antibody Test assay
(IFAT), Indirect hemagglutination test (IHA), Immunosorbent aggluti-
nation assay (ISAGA) and Western Blotting (WB) [18]. However, these
methods have some limitations, including reduced efficiency, cross-re-
activity, and the need for sophisticated laboratory equipment, and
qualified personnel [19,20]. Therefore, cost-efficient and rapid tests
with high accuracy, specificity and sensitivity must be implemented for
the timely diagnosis of multiple diseases [21].

Electrochemical biosensors offer a valuable alternative for bio-
markers detection with high specificity, sensitivity, low cost and the
possibility of implementation at the point-of-care [22]. Biosensors have
been developed for the detection of multiple pathogens using a myriad
of bioreceptors, such as antibodies, nucleic acids, aptamers and pep-
tides, among others [23–26]. However, the use of glycans as bior-
eceptors in biosensor platforms is less explored despite their potential
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application for the development of new diagnostic tests [6,7].
Biosensing based on electrochemical impedance spectroscopy (EIS)

is sensitive, allows detection of analytes at low concentrations, and does
not require labeling to follow the biorecognition event [27–29]. The EIS
requires a pair-redox solution and a sinusoidal potential with a small
amplitude over a broad frequency range to determine the quantitative
parameters of the electrochemical processes that are taking place.
Parameters are estimated by using a Randles-type equivalent circuit,
which explains both bulk and interfacial electrical properties of the
system, by fitting the experimental data [29,30]. In the development of
an impedimetric biosensor, the bioreceptors that bind specifically to the
target molecules are immobilized on the working electrode surface. If
the biorecognition event occurs on the functionalized surface, the
analyte molecules bound to the bioreceptor change the interfacial
properties in an analyte concentration-dependent manner [27,30].

Here, we report a simple label-free electrochemical biosensor for
monitoring anti-glycan IgG antibodies in serum from toxoplasmosis
seropositive patients. The biosensor uses a synthetic GPI phosphoglycan
bioreceptor immobilized on screen-printed gold electrodes (SPAuEs)
through a linear alkane thiol phosphodiester. The antigen-antibody
interaction was detected and quantified by electrochemical impedance
spectroscopy (EIS). The resultant device showed a linear dynamic range
of anti-GPI antibodies in serum ranging from 1.0 to 10.0 IU mL−1, with
a limit of detection of 0.31 IU mL−1 and less than 4% of deviation with
respect to quantification by IFAT assay. The glycobiosensor was specific
for T. gondii, detecting and quantifying anti-GPI antibodies from tox-
oplasmosis seropositive patients. This method allows for the detection
of Toxoplasmosis and offers considerable potential for quantification of
anti-glycan antibodies using other biomarkers and the development of
other glycan-based diagnostic tests closer to the patient.

2. Materials and methods

2.1. Reagents and solutions

Tris(2-carboxyethyl) phosphine hydrochloride (TCEP), bovine
serum albumin (BSA), potassium ferricyanide (K3[Fe(CN)6]) and po-
tassium ferrocyanide (K4[Fe(CN)6]·3H2O) were purchased from Merck
Millipore. Tween-20 and disodium hydrogen phosphate (Na2HPO4)
were acquired from Panreac AppliChem. Potassium dihydrogen phos-
phate (KH2PO4), potassium chloride (KCl) and sodium chloride (NaCl),
were purchased from J. T Baker. Sulphuric acid (H2SO4) was acquired
from Fluka TM. All reagents were used as received and the solutions
were prepared using deionized water of 18 MΩ cm from a Smart2Pure 3
UV/UF Milli-Q system. Phosphate Buffered Saline (PBS, 1X, pH 7.4)
was used to prepare the bioreceptor solution and serum samples.

2.2. Preparation of the synthetic GPI solution

The phosphoglycan from the free GPI of T. gondii, also called as low
molecular weight antigen, was synthesized containing a thiol-linker by
a convergent strategy following previously reported protocols
[7,31,32]. 100 μg of the GPI phosphoglycan (MW: 1470 g mol−1) were
dissolved in 340 μL of PBS to prepare a 200 μM glycan stock solution.
TCEP was added at a final concentration of 200 μM to reduce thiol
groups from the GPI that may be oxidized.

2.3. Equipment and pretreatment of SPAuEs

All the electrochemical measurements were performed in a po-
tentiostat/galvanostat VersaSTAT 3 and the EIS Spectrum Analyser
software was used for EIS analysis. SPAuEs were purchased from
DropSens (ref. 250 BT). They consist of a 4 mm working electrode, a
platinum counter electrode, and a silver pseudo-reference electrode,
respectively arranged all together in a ceramic substrate.

SPAuEs were electrochemically activated in 0.1 M H2SO4 by using

Cyclic Voltammetry (CV) in a potential window between +1.6 V and
0 V (vs Ag pseudo-reference electrode) at a scan rate of 0.1 Vs-1 until the
CV becomes stable (approximately 12 cycles). The effective area was
estimated by taking into account that the reductive peak from the gold
surface has a charge of 400 μC cm−2 [33,34]. The electroactive area (A)
of the electrodes was calculated from the CV experiments in 1 mM
K3[Fe(CN)6]/0.1 M KNO3, at 50 mV/s by using the Randles-Sevcik
equation [35].

2.4. Quantification of IgG antibody by IFAT assay

Serum samples from healthy individuals (non-reactive for T. gondii)
and patients diagnosed with Toxoplasmosis were kindly provided with
the corresponding antibody titers by the biobank of the Parasitology
Group from the Faculty of Medicine at the University of Antioquia
(Medellín-Colombia). The antibody concentrations (250, 500 and 1000
IU mL−1) were quantified by IFAT assay [36]. This methodology is
briefly described as follows. Trophozoites of T. gondii were propagated
in mice peritoneum and then harvested 3–4 days post-inoculation. Next,
trophozoites were fixed on a glass slide and incubated with different
test serum dilutions. An anti-IgG antibody labeled with fluorescein
isothiocyanate (anti-human IgG/FITC) was added and left to react with
the antibodies attached to the surface of the trophozoites cellular
membrane. The labeled samples were observed under a fluorescence
microscope. The antibody concentration was determined by comparing
with serial dilutions of a commercial IgG positive control of 200 IU
mL−1 (Toxotrol-F, bioMérieux, Ref. 75411).

2.5. Preparation of test serum samples and assembling of the biosensor

All experiments were performed in triplicate for each condition. The
gold working electrode from the SPAuEs was functionalized with the
GPI phosphoglycan by chemisorption of the thiol-linker attached to the
myo-inositol. The functionalization was achieved by adding 4 μL of the
GPI glycan stock solution on the gold working electrode and incubated
for 1 h at room temperature in a humid chamber. Different con-
centrations of glycan (50, 100 and 200 μM) were evaluated to obtain
the optimal conditions based on the highest signal/noise ratio. The
phosphoglycan solution was either drop cast on the SPAuE or diluted in
a 1X PBS pH 7.4 solution down to the final concentration of 50 and
100 μM, as appropriate. The electrode was washed twice with PBS and
deionized water to remove unbound glycan molecules. Finally, the
nonspecific binding sites of the electrode were blocked by incubation
with 5 μL of 1% BSA solution for 30 min at room temperature in the
humid chamber. BSA and GPI (estimated by the Glycan Reader &
Modeler and the Glycolipid modeler) [37] have a size of the same order
of magnitude, and similar to observations in previous reports [38,39].
We expect the phosphoglycan to remain accessible for binding to an-
tibodies.

The sera were diluted 1:100 with PBS containing 0.1% Tween-20
(v/v) and 3% BSA (w/v). They were then pretreated by vortexing for
15 s and incubated at 37 °C for 15 min to dissolve the possible lipid
aggregates that may be present in the matrix. The insoluble residual
components of the sample were removed by centrifugation at
13000 rpm for 5 min. 5 μL of pretreated serum samples were dropped
cast onto the modified working electrode and incubated in the humidity
chamber for 15 min at 37 °C to bind anti-GPI antibodies. Finally, a
series of washing steps with PBS 1X pH 7.4 and deionized water were
performed to remove the antibodies that did not bind to the GPI-bior-
eceptor.

2.6. Electrochemical measurements

The electrochemical performance of the as-functionalized platform
was evaluated by CV by using the redox pair 5 mM [Fe(CN)6]3-/4-/PBS
1X, pH 7.4 in a potential window between +0.5 V and −0.1 V, at a
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scanning rate of 0.05 Vs-1 for 5 consecutive cycles. This measurement
was made initially with the bare electrode and later after each step of
the functionalization process.

EIS measurements were carried out in the presence of the redox pair
5 mM [Fe(CN)6]3-/4-/PBS 1X, pH 7.4, by applying a potential of
+0.18 V with an amplitude of 10 mV and frequencies ranging from
50 kHz to 0.01 Hz. The impedance measurements were performed after
modifying the surface of the SPAuE with the GPI-glycan by chemi-
sorption and after each step of the biosensor development, i.e. func-
tionalization of the electrodes with the GPI, blocking the electrodes
with BSA; and incubation with seronegative and seropositive serum
samples.

Different serum dilutions with known IgG antibody concentrations
(titers measured by the IFAT assay) were evaluated by EIS using the
difference in charge transfer resistance (ΔRct) as the response variable
for quantification and building the biosensor calibration curve. Changes
in resistance were calculated according to ΔRct = Rct (GPI-BSA-Ab) - Rct

(GPI-BSA), where Rct (GPI-BSA) is the value of the charge transfer re-
sistance having the GPI and BSA immobilized on the electrode and Rct

(GPI-BSA-Ab) is the resistance value after the interaction with the
serum [40]. Proper volumes of 1000 IU mL−1 of reactive serum were
diluted up to 1 mL of buffer to get 1.0, 2.5, 5.0, 7.5 and 10 IU mL−1 and
the resultant solutions were pretreated as mentioned in the 2.5 section.
The limit of detection (LOD) and the limit of quantification (LOQ) of the
biosensor were determined by using the 3-sigma and 10-sigma criteria,
respectively [41], with LOD = 3Sb/m and LOQ = 10Sb/m, where Sb is
the standard deviation for the signal obtained from non-reactive serum
and m is the slope of the calibration curve.

2.7. Quantification of antibodies in human serum and specificity studies

As proof of concept, the concentration of antibodies in serum from
patients diagnosed with toxoplasmosis was quantified. Three different
serum samples with antibody titers of 250, 500 and 1000 IU mL−1

diluted and pretreated as in section 2.5 were evaluated. These titers
were measured by using the IFAT assay, as mentioned above.

To assess the specificity of the anti-GPI antibodies detection for
toxoplasmosis, we evaluated the cross-reactivity of the GPI-based gly-
cobiosensor to antibodies in serum from seropositive patients for P.
falciparum and T. cruzi infections. This analysis was completed by using
the protocols for the detection of antibodies in the T. gondii seropositive
samples and EIS to follow the interaction. To evaluate the statistical
significance between the samples, a paired t-test and a 1-way ANOVA
with a level of statistical significance of 99% (ANOVA) was performed,
using the Excel software.

3. Results and discussion

3.1. Development of the detection system

We selected the phosphoglycan of the free GPI of T. gondii as a
biomarker for the development of a biosensor to detect anti-glycan
antibodies in serum. The structure of this phosphoglycan consists of the
GPI core, (a lipid, a phospho-myo-inositol (Ino), a glucosamine (GlcN),
three mannoses (Man) and a phosphoethanolamine (PEtN) forming the
EtNP-6Man-α-(1 → 2)-Man-α-(1 → 6)-Man-α-(1 → 4)-GlcN-α-(1 → 6)-
Ino-phospholipid glycolipid), having an α-Glc-(1 → 4)-β-GalNAc side
branch at the O4-position of the first mannose, Fig. 1 [1,2,42,43]. The
α-Glc unit presents in the side branch is highly immunogenic and
triggers an immunoglobulin (IgM) antibody response in human infec-
tion with T. gondii [5,7,44]. Instead of the naturally attached phos-
pholipid attached to the myo-inositol unit, the GPI was modified with a
phosphodiester having a thiol-alkyl linker. This modification ensures
the GPI regio- and chemo-selective immobilization on a solid support
preserving the amine groups of the GPI intact and available to interact
with the antibodies [7,45].

We started the glycobiosensor development with the chemisorption
of the phosphoglycan on the SPAuE surface (Fig. 1, left side). To obtain
an efficient, reproducible and controlled formation of a self-assembled
monolayer of the GPI on the SPAuE [46], the surface of the SPAuE was
first activated by CV in acidic conditions. The resultant effective area
was estimated by using a gold surface charge of 400 μC cm−2. The
effective area (Ae = 305.0 ± 2.9 mm2) was compared with the geo-
metric area of the working electrode reported by the manufacturer
(Ag = 12.6 mm2) and the surface roughness factor (Ae/Ag) was main-
tained at 24.2 ± 0.2 to ensure a constant Ae in each SPAuE. An
electroactive area (A) of 12.5 ± 0.05 mm2 was calculated from the CV
experiments in 1 mM K3[Fe(CN)6]/0.1 M KNO3, at 50 mV/s by using
the Randles-Sevcik equation, which corresponded to 99% of Ag. This
result indicated the proper activation of the electrode surface [47] with
an interelectrode relative standard deviation lower than 3% (n = 10) in
all cases. The effective area involves the surface roughness and het-
erogeneous points, energetically different, where current may pass
through depending on the phase boundary. The electrochemical area
accounts for the area available for the oxidation and reduction of the
electrochemical probe [48,49].

The activated gold working electrode was successively treated with
the phosphoglycan and BSA and was characterized by CV and EIS. Only
small changes of the electrochemical behavior (CVs) and slightly lower
current intensity were observed after the SPAuE modification with a
200 μM solution the GPI, after the blocking with 1% BSA and after the
incubation of the modified electrode with a non-reactive serum or with
a reactive serum having 10 IU mL−1 concentration (Fig. 2A). However,
changes in the electrochemical behavior were more evident using EIS,
which showed an increase in the charge transfer resistance after each
modification step (Fig. 2B).

The changes in the electrical properties are evidence of biomole-
cules' immobilization on the working electrode surface, thereby hin-
dering the conduction of electrons from the bulk solution to the elec-
trode surface. The electrochemical process is represented by the
equivalent circuit depicted in Fig. 2B (inset), where Rs is the electrolyte
solution resistance, Rct is the charge transfer resistance and CPE is the
constant phase element. CPE depends on a pre-exponential factor (P)
and an exponent (n). It is used herein instead of the typical double-layer
capacitance to take into account the interfacial heterogeneity of the
electrode surface [50]. P values indicated a decrease in the capacitive
behavior of the system, and n values for modified electrodes were less
that one, consistent with a pseudo interfacial double layer capacitance
at the electrode/electrolyte interface [51]. Rct was estimated from the
semicircle of the impedance spectra in the high-frequency region,
which corresponds to the limited electron transfer process that indicates
the electrode surface is blocking the electrons flow from the redox
probe. We used the Rct signal to follow the bioreceptor-analyte inter-
action [52].

The EIS from the bare electrode in Fig. 2B shows that the semicircle
diameter in the Nyquist plot is very similar to the charge transfer re-
sistance, Rct = 131 ± 28 Ω, because the Rs = 22 ± 0.3 Ω is very low
[53]. In contrast, Rct increased considerably (up to 4870 ± 446 Ω)
after the phosphoglycan immobilization on the electrode due to an
increase in the interface thickness that insulated the conductive support
and blocked the interfacial electron transfer. This change also indicates
the successful absorption of the phosphoglycan on the electrode [54].
The blocking of the non-specific adsorption sites on the SPAuE with BSA
induced a slightly additional increase in the insulation and Rct value
(Fig. 2B).

We evaluated the effect of the interaction of the modified electrode
with a seronegative and seropositive serum for toxoplasmosis in its
electrochemical parameters. When the GPI-electrode was incubated
with the non-reactive serum, there was no significant increase in the Rct

value, consistent with the lack of recognition event. However, when the
GPI-electrode was incubated with the reactive serum, a glycan-antibody
binding induced an increase of the Rct to a value of 11778 ± 483 Ω.
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The very small values of Chi-squared function (χ2) for the best-fitted
equivalent circuit, lower than 1.5 × 10−2, demonstrated that the curve
showed herein (the raw values) and the experimental data from the

mathematical fitting agreed (S.I. Figure S1). Therefore, EIS results will
show only raw data from now on. Table 1 summarizes all the fitted
electrochemical parameters.

3.2. Optimization of GPI concentration

Once the functionality of the biosensor platform was established,
the glycan concentration was optimized based on the best signal/noise
ratio to differentiate binding of antibodies to the glycan, in a reactive
serum with 10 IU mL−1 with respect to a non-reactive serum (0 IU
mL−1) (Fig. 3). The behavior of the electrode functionalized with dif-
ferent concentrations of the glycan was evaluated after BSA blocking
and incubation with the serum. The best signal-to-noise ratio (S/
N = 1.6) and a bigger ΔRct was obtained by chemisorption of the
bioreceptor at 200 μM; therefore, this concentration was selected for
the next experiments (building of the calibration curve). At this con-
centration, a higher amount of glycan should be immobilized on the
electrode surface and be available for interaction with the antibodies in
the sera. Furthermore, a high glycan density may enhance the blocking
of the surface and decrease the nonspecific adsorption of proteins.

3.3. Analytical parameters and calibration curve

Having an optimal glycan concentration, we evaluated the glyco-
biosensor analytical performance by analyzing different dilutions from
the 1000 IU mL−1 reactive serum solution, containing final con-
centrations of antibodies ranging from 1.0 to 10.0 IU mL−1 and pre-
treated as detailed in the materials and methods section. We built a
calibration curve by estimating the ΔRct for each antibody concentra-
tion solution (Fig. 4). The data showed a linear correlation described by
the equation ΔRct = 475*[Ab] + 106 and a correlation coefficient
R2 = 0.999 (Fig. 4B). The LOD was estimated to be 0.31 IU mL−1 and
the LOQ 1.00 IU mL−1. After considering the 100-fold serum dilution
factor from the pretreatment and taking into account that levels of IgG
in serum>300 IU mL−1 suggests a recent infection [55], our results
indicate that the glycan-based biosensor is able to detect clinically re-
levant antibody concentrations. In this context, the device can be used
not only for the serological diagnosis of toxoplasmosis in the active
stage of the infection but can detect seropositive status with a cut-off
index> 30 IU mL−1 [56]. Besides, it has been reported that IgG serum
levels in healthy individuals can be in the range of 91–118 IU mL−1

[57], which can be detected by our biosensor. Furthermore, the sensi-
tivity of the biosensor could be further enhanced by implementing an
amplification strategy such as an enzyme-labeled secondary antibody
[58,59] or by immobilizing the GPI onto a modified nanomaterial of
larger surface, thereby enhancing its electrochemical properties and

Fig. 1. Schematic representation of the functional platform development.

Fig. 2. A) Cyclic voltammograms for each modification step at a scan rate of
50 mV/s (the bare electrode is in the inset), B) Nyquist plot with frequency
range 50 kHz to 0.01 Hz, amplitude 10 mV (the bare electrode and the
equivalent Randles circuit are in the inset). The redox probe is 5 mM [Fe
(CN)6]3-/4-/PBS 1X, pH 7.4.
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increasing its analytical performance [60,61].

3.4. Biosensor specificity, repeatability and reproducibility

The specificity of the glycobiosensor is essential to reduce or avoid a
false positive assignment. We considered herein the cross-reactivity of
the phosphoglycan to T. gondii with respect to antibodies in serum from
people who were positive for malaria and Chagas’ disease by the
Polymerase Chain Reaction (PCR) gold standard method. These infec-
tions are caused by the protozoa P. falciparum and T. cruzi that have
high amounts of GPIs on their cell surface. These GPIs lack the ga-
lactosamine-glucose side branch, but they also induce the production of
anti-GPI antibodies that may interact with the synthetic GPI phos-
phoglycan from T. gondii used as bioreceptor. The Nyquist plot from the
EIS measurements shows that the corresponding ΔRct was higher for the
reactive serum-containing antibodies against T. gondii GPI
(ΔRct = 4864 ± 29 Ω) compared to those that may contain antibodies
against P. falciparum (ΔRct = 996 ± 231 Ω) and T. cruzi
(ΔRct = 1274 ± 238 Ω) GPIs, corresponding to concentrations of
1001, 190 and 250 IU mL−1, respectively (Fig. 5A). The resultant EIS
signals exhibited a differential response with significant statistical dif-
ferences when analyzed by a paired t-test and a 1-way ANOVA with a
level of statistical significance of 99%. Yet, the slight cross-reactivity

indicates a slight interaction of the phosphoglycan from T. gondii with
antibodies against P. falciparum and T. cruzi, which could be explained
by the immunodominant role of GPI glycolipids and the structural si-
milarities between all GPIs. Furthermore, high levels of IgG anti-GPI
have been associated with an increased risk of malaria, thus suggesting
that they are biomarkers of increased exposure to P. falciparum infec-
tions [62]. Similarly, during infection with T. cruzi, GPIs activates the
innate and adaptive immune responses, resulting in the production of
IgG antibodies [63]. The results suggest that our device can detect anti-
GPI antibody concentrations higher than 31 IU mL−1, which will cover
most of the seropositive sample from acute infections, and it is in
agreement with the determination of seropositive sera using other tests
[56,64]. Higher levels can be considered reactive and lower levels can
be either indeterminate or non-reactive [56]. Further optimization of
the assay is necessary to reduce the LOD of the glycobiosensor and
cover samples with lower antibody concentrations. In further applica-
tions, the observations mentioned above should be considered to use
the detection of antibodies and determine the presence of an infection.

We evaluated the repeatability and inter-electrode reproducibility
of our device by measuring the response of freshly prepared electrodes
with 200 μM GPI - 1% BSA to 10 IU mL−1 of antibody concentration.
These values were compared to the response of electrodes in non-re-
active serum (0 IU mL−1) and used to estimate the ΔRct. The

Table 1
Electrochemical characterization of the modified electrodes. Data from EIS experiments. Charge-transfer resistance (Rct), electrolytic solution resistance (Rs), constant
phase element (CPE) with pre-exponential factor (P) and exponent (n) and Chi-squared function (χ2).

SPAuE Rct (kΩ) Rs (Ω) CPE χ2

P (F) n

GPI 4.87 ± 0.446 24.8 ± 1.06 1.11 × 10−4 0.806 5.80 × 10−3

GPI/BSA 7.48 ± 0.339 22.5 ± 0.650 9.07 × 10−5 0.813 5.47 × 10−3

GPI/BSA/0 IU mL−1 7.53 ± 0.585 23.1 ± 1.21 5.82 × 10−5 0.840 2.38 × 10−3

GPI/BSA/10a IU mL−1 11.8 ± 0.483 23.7 ± 0.944 6.02 × 10−5 0.867 1.48 × 10−2

a Concentration obtained from a dilution 1:100 from the stock.

Fig. 3. Nyquist plots recorded using the
redox probe 5 mM [Fe(CN)6]3-/4-/PBS 1X,
pH 7.4. Frequency from 50 kHz to 0.01Hz
and amplitude 10 mV. [GPI]: (A) 50 μM, (B)
100 μM and (C) 200 μM. (D) The difference
in the charge transfer resistance of reactive
and non-reactive serum for the different
concentrations of GPI bioreceptor.
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repeatability and inter-electrode reproducibility were estimated to be
2.41% (n = 3) and 3.27% (n = 4), respectively. Different strategies
have been reported to regenerate the gold electrode surface [33,65].
However, we did not reuse the SPAuE to avoid changes of the electrical
properties at the transducer surface that may be detected by the highly
sensitive EIS over regeneration cycles [65]. Therefore, all measure-
ments use fresh-prepared sensitized surfaces.

3.5. Quantification of antibodies in human serum

To test the potential of the developed glycobiosensor for the de-
termination of toxoplasmosis serostatus, we compared the response of
the biosensor in toxoplasmosis seropositive samples with different an-
tibodies titers determined by the IFAT assay. The antibody concentra-
tion was calculated by extrapolation of the ΔRct values obtained for
each serum sample in the calibration curve depicted in Fig. 4B. A cor-
relation of the concentration of antibodies in human serum determined
by EIS showed a relative error lower than 4% with respect to the IFAT
method (Table 2). Furthermore, the ANOVA test suggests that there are
no significant differences comparing the two methods (p > 0.01). It is
important to remark that whereas the IFAT assay measures the anti-IgG
anti-toxoplasma antibody concentration, the glycobiosensor measures a

mix of IgG and IgM antibodies instead; therefore an overestimation of
the concentration of IgG may be related to IgMs.

The serum antibody levels quantified with the electrochemical gy-
cobiosensor correlate well with the seropositive diagnosis, thus al-
lowing for differentiation between healthy individuals and infected
patients. Furthermore, results demonstrated the glycan structure spe-
cifically recognized all reactive serum that showed high levels of IgG
antibodies, in agreement with Götze et al. In contrast, results from the
non-reactive serum samples correlated well with low levels of these
antibodies [7].

Fig. 4. (A) Nyquist plots for different antibody concentrations (IU mL−1) with
5 mM [Fe(CN)6]3-/4-/PBS 1X, pH 7.4 as redox probe, frequency range from
50 kHz to 0.01Hz and amplitude 10 mV; and (B) Resultant calibration curve,
with the difference in charge transfer resistance as a response variable.

Fig. 5. (A) Nyquist plots of reactive serum samples for P. falciparum, T. cruzi
and T. gondii and non-reactive serum (NR) with 5 mM [Fe(CN)6]3-/4-/PBS 1X,
pH 7.4 as redox probe, frequency range from 50 kHz to 0.01Hz, amplitude
10 mV. (B) The difference in the charge transfer resistance for each serum
sample. (**a) Significantly different respect to the non-reactive serum
(p < 0.01). (**b) Significantly different respect to the T. gondii reactive serum
(p < 0.01).

Table 2
Antibody measurements in human serum using the electrochemical biosensor
and the corresponding error concerning the measurement from the standard
IFAT method.

[IgG and IgM] by EIS (ΔRct (kΩ)) [IgG] by IFAT Relative Error (%)

260 IU mL−1 (1.34 ± 0.093) 250 IU mL−1 4.0
520 IU mL−1 (2.59 ± 0.145) 500 IU mL−1 4.0
1014 IU mL−1 (4.93 ± 0.231) 1000 IU mL−1 1.4
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4. Conclusions

We developed a glycobiosensor that allows the detection and
quantification of IgG and IgM anti-GPI antibodies, which are bio-
markers currently used for the diagnosis of diseases. The sensing plat-
form uses a synthetic GPI from T. gondii that recognized serum anti-
bodies and lead to differentiation between healthy individuals and
patients diagnosed with toxoplasmosis. The phosphoglycan has been
reported as a specific antigen for toxoplasmosis diagnosis in a micro-
array- and bead-based format. The electrochemical method reported
herein offers new opportunities for diagnosis in decentralized settings.
The high performance of the glycobiosensor allowed us to detect a
concentration of antibodies of clinical relevance in serum samples and
determine positive serostatus reactive against T. gondii. An augmented
glycobiosensor response was related to an increase of toxoplasma an-
tibodies, thus demonstrating that our method would be suitable for the
diagnosis of acute toxoplasmosis. Overall, the quantification of IgG and
IgM antibodies in serum samples and the discrimination of tox-
oplasmosis infectious were demonstrated by the label-free EIS method.
However, the glycobiosensor offers also opportunities for diagnosis of
multiple medical conditions that are based on antibody detection.
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