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Abstract Electrochemical sandwich immunoassay strategies
involving the use of carboxyl-functionalized magnetic
microbeads (cMBs) and magnetic nanoparticles (cMNPs) have
been evaluated and compared. The proteolytically cleaved sol-
uble tyrosine kinase receptor sAXL was used as the target ana-
lyte. Antibodies against AXL were covalently immobilized on
cMBs or cMNPs. Immunobinding of AXL was detected by
means of a secondary biotinylated antibody and a streptavidin-
horseradish peroxidase conjugate. The electrochemical trans-
duction was accomplished by capturing the cMBs or cMNPs
bearing the immunoconjugates onto screen-printed carbon elec-
trodes (SPCEs) by using a small magnet. The amperometric
response was measured at −0.20 V (vs the silver pseudo-
reference electrode of the SPCE) upon the addition of H2O2 in
the presence of hydroquinone as the redox mediator. The cali-
bration plots for AXL extended up to 7.5 ng mL−1 when cMBs

were used for the preparation of the immunosensor and up to
40 ng mL−1 in the case of using cMNPs. The respective slope
values were 158 (cMBs) and 43 nA mL ng−1 (cMNPs), while
the achieved LODs were 74 (cMBs) and 75 pg mL−1 (cMNPs).
Although the immunosensors prepared with cMBs provided a
shorter range of linearity, they exhibited a 3.7-times larger sen-
sitivity than those constructed with cMNPs. The successful ap-
plication of the new strategies was demonstrated for the deter-
mination of the endogenous content of sAXL in real human
serum samples (a cut-off value of 71 ng mL−1 have been
established for patients with risk of heart failure). The
immunosensors constructed using cMBs or cMNPs can be
advanta geously compared, in terms of sensitivity and fabrica-
tion time, with the only immunosensor for AXL previously
reported. In addition, these new immunosensors took approxi-
mately half time than ELISA to perform the assay.
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Introduction

The attractive features offered by magnetic microbeads (MBs)
in the development of electrochemical immunosensors with
improved performance [1–3] have made the number of appli-
cations grow considerably [4]. On the contrary, far fewer re-
ports involving the use of magnetic nanoparticles (MNPs)
have been found so far in the literature [5]. Immobilization
of immunoreagents onto functionalized magnetic particles in-
stead of the electrode surface minimizes some drawbacks re-
lated to practical application of immunosensors such as the
long time required for immobilization, the steric hindrance
of the electron transfer, or their reusability [4]. Moreover, the
easy capturing of magneto-conjugates by simple application
of a magnetic field diminishes nonspecific adsorptions and
makes possible the analysis of complex samples by improving
the selectivity and avoiding in a great extent matrix effects.
Other interesting advantages of the use of MBs include the
possibility to achieve high loadings of immobilized biomole-
cules due to the large surface area of these particles, which
contributes to decrease the limits of detection, and faster assay
kinetics because the beads are under continuous stirring in
suspension thus reducing largely the assay time. The efficient
magnetic capture of MBs on the electrode surface also implies
that detectable products, usually generated through an enzyme
reaction, are formed very close to the electrode surface, thus
allowing the electrochemical response to be reached rapidly.
Pividori’s group compared the application of magnetic parti-
cles with diameters of 1 μm and 300 nm for the construction
of electrochemical immunosensors using magneto graphite-
epoxy composite electrodes for the determination of
Plasmodium falciparum [6]. An improved reactivity with en-
hanced efficiency in coupling the capture antibody and higher
sensitivity were observed when the smaller diameter particles
were employed. Same authors prepared immunomagnetic
sensors for the determination of Salmonella Typhimurium in
whole milk, where the smaller magnetic particles provided
lower limits of detection but also suffered from higher matrix
effects in the analysis of samples [7].

With the double objective to develop immunosensors using
magnetic particles as solid supports where the immunoreactions
are carried out and to give useful insights about the influence of
themagnetic particle size on the immunosensor performance, in
this work, we have compared two different electrochemical
sandwich immunoassay strategies usingmagnetic particles sim-
ilarly functionalized but with significant differences in size.
Commercial carboxylated magnetic microbeads (cMBs) and
magnetic nanoparticles (cMNPs), with diameters of 2.8 μm

and 20 nm, respectively, were employed. It is worth to highlight
at this point the differences between this study and those men-
tioned above [6, 7]. Apart from the use of disposable SPCEs
instead of graphite-epoxy composite electrodes to perform the
electrochemical transduction, the size of the used cMNPs is
more than 10 times smaller than that tested before.

As the target protein for this study, we selected the tyrosine
phosphorylated protein AXL [8]. The proteolytically proc-
essed extracellular fraction of this protein (sAXL) is consid-
ered a relevant biomarker in cancer [9], inflammatory process-
es [10] and pathophysiology of heart failure (HF) [11]. In fact,
elevated serum levels of sAXL have been found in HF patients
with an established cut-off value of 71 ngmL−1 with respect to
healthy individuals [12], and they are also associated to in-
flammatory biomarkers in cardiovascular disease [12, 13].

Although various ELISA kits allow the detection of sAXL
concentrations as low as 2 pg mL−1, the reproducibility of the
measurements yields coefficients of variation around 10% and
require long assay times (more than 4 h) and expensive and
non-portable instrumentation. In this context, electrochemical
immunosensors are considered as a very attractive alternative
due to inherent high sensitivity and selectivity, precision and
accuracy, relatively low cost, minimum sample requirement,
simplicity of operation and possible integration in compact
analytical devices [14, 15]. It is worth to mention at this point
that the only one electrochemical immunosensor for sAXL
reported so far was developed by our group [16] and involved
a sandwich assay at screen-printed carbon electrodes modified
with electropolymerized poly(pyrrole-propionic acid).

The comparison of the electrochemical sandwich immuno-
assay strategies involving the use of cMBs and cMNPs carried
out in this work relied on the amperometric transduction, upon
magnetic capture of the magnetoimmunocomplexes, on
SPCEs at −0.20 V (vs Ag pseudoreference electrode) using
the H2O2/HQ system. Once their analytical characteristics
were critically compared, both immunosensors were applied
to the analysis of human serum samples.

Experimental

Apparatus and electrodes

Amperometric measurements were performed with a CHI 812
B potentiostat (CH Instruments, www.chinstruments.com)
controlled by CHI 812 B software. Cyclic voltammograms
and electrochemical impedance spectroscopy (IES) measure-
ments were made using a PGSTAT 101 potentiostat from
Autolab controlled by Nova 1.6 electrochemical software,
and an Antolab type III controlled by FRA2 software
(EcoChemie, www.ecochemie.nl), respectively. The screen-
printed carbon electrodes (SPCEs) (DRP-110, 4 mm ∅
DropSens, S.L., www.dropsens.com) included a carbon
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counter electrode and an Ag pseudo-reference electrode. A
specific cable connector (DRP-CAC, DropSens, S.L.) acted
as interface between the SPCEs and the potentiostat. All mea-
surements were carried out at room temperature. A P-Selecta
(Scharlab, http://scharlab.com) ultrasonic bath and a
Thermomixer MT100 constant temperature incubator shaker
(Universal Labortechmik, www.treffpunkt-labor.de/index.
php?impressum) were also used. Magnetic separation during
the incubation/washing steps was performed using a
DynaMag™-2 (Dynal Biotech ASA, Thermo Fisher, www.
thermofisher.com) magnetic particle concentrator. A
neodymium magnet (AIMAN GZ, www.aimangz.es) was
used to control the attraction of the modified cMBs and
cMNPs to the SPCE surface. A Bunsen AGT-9 Vortex was
also used for the homogenization of the solutions.

Reagents and solutions

All reagents used were of the highest available grade.
Tween®20, hydroquinone (HQ), hydrogen peroxide (30%,
w/v), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide
(EDC), N-hydroxysulfosuccinimide (Sulfo-NHS) and etha-
nolamine were purchased from Sigma-Aldrich (www.
sigmaaldrich.com). Sodium di-hydrogen phosphate, di-
sodium hydrogen phosphate and sodium chloride were pur-
chased from Scharlau. 2-(N-morpholino) ethane sulfonic acid
(MES), from Gerbu Biotechnik, Gmbh (www.gerbu.de), was
also used. Blocker casein solutions (blocking buffer) consisted
of a ready-to-use 1% w/v purified casein prepared in
phosphate-buffered saline (PBS 1×, pH 7.5) (Thermo
Scientific). Deionized water was obtained from a Millipore
Milli-Q purification system (18.2 MΩ cm).

Carboxyl-functionalized magnetic microbeads (cMBs, 2.8
μm, 10 mg mL−1, 2×109 particles mL−1, Dynabeads®M-270
Carboxylic Acid) were purchased from Dynal Biotech ASA
(Thermo Scientific). Carboxyl-modified magnetic nanoparti-
cles (cMNPs, 20 nm, 5 mg mL−1, 8.6×1014 particles mL−1,
79–02-201 nanomag®Dspio) were from Micromod
Partikeltechnologie GmbH (www.micromod.de). Buffers
used were 0.05 M sodium phosphate buffer of pH 7.5
supplemented with 0.1 M NaCl, PBS consisting of 0.01 M
phosphate buffer containing 137 mM NaCl and 2.7 mM KCl
(pH 7.5), 0.05 M phosphate buffer of pH 6.0, 0.1 M Tris-HCl
(pH 7.2) and 0.025 M MES buffer of pH 5.0.

Mouse anti-humanAXL antibody (anti-AXL), biotinylated
goat anti-human AXL antibody (Biotin-anti-AXL), and re-
combinant human AXL were used. These bioreagents are
components of the Human Total AXL DuoSet®IC ELISA
kit from R&D Systems, Inc. (www.rndsystems.com) Catalog
Number DYC 1643–2. This commercial ELISA kit was also
used for comparison purposes. A high sensitivity streptavidin-
horseradish peroxidase (HRP-Strept) conjugate (Ref
000000011089153001) from Sigma-Aldrich was also used.

Solutions of anti-AXL antibodies were prepared in 25 mM
MES buffer of pH 5.0, while blocking buffer was used to
prepare Biotin-anti-AXL, AXL and HRP-Strept solutions.

Human cardiac troponins I and T (cTnI and cTnT), and N-
terminal pro b-type natriuretic peptide (NT-proBNP), from
HyTest Ltd. (www.hytest.fi); lipoprotein (a) (Lp(a)) and human
C-reactive protein (CRP) from Audit Diagnostics; human tumor
necrosis factor (TNF) (R&D Systems), and human interleukin 8
(IL-8) (Abcam) were tested as potential interferents.

Procedures

Preparation
of HRP-Strept-Biotin-anti-AXL-AXL-anti-AXL-cMBs (or
-cMNPs) immunoconjugates

All the incubation steps described below were performed at 25
°C and 950 rpm. After each incubation step, cMBs were isolated
by placing the Eppendorf tube in the magnetic particle concen-
trator during 3minwhile cMNPswere centrifuged at 14,000 rpm
during 10 min before removing the corresponding liquid phase.

Three μL of cMBs (or 1 μL of cMNPs) commercial sus-
pension were washed twice with 50 μL of MES buffer for
10 min and isolated. Thereafter, cMBs (or cMNPs) were in-
cubated in 25 μL of a 100 mM EDC and 100 mM Sulfo-NHS
solution (prepared in MES buffer) for 35 min. Next, activated
particles were washed twice with 50 μL MES buffer and after
isolation they were re-suspended in 25 μL of a solution of
10.0 μg mL−1 (cMBs) or 5.0 μg mL −1 (cMNPs) anti-AXL
(prepared also in MES buffer) and incubated for 15 min
(cMBs) or 30 min (cMNPs). Thereafter, two washing steps
with 50 μL MES buffer were performed and the modified
magnetic particles were incubated with 25 μL of a 1 M eth-
anolamine solution prepared in 0.1 M phosphate buffer of
pH 8.0, used as blocking solution, for 1 h. The resulting
anti-AXL-cMBs or anti-AXL-cMNPs were washed once
with 50 μL of Tris-HCl of pH 7.2, and twice with blocking
buffer. The so prepared anti-AXL-cMBs or anti-AXL-cMNPs
were stored (in filtered PBS pH 7.5 at 4 °C) until they were
used for performing the immunoassay. The magnetic conju-
gates were re-suspended in 25 μL of standard AXL or sample
solutions (prepared in blocking buffer) and incubated for
30 min. The resulting AXL-anti-AXL-magnetoconjugates
were washed twice with 50 μL of blocking buffer and
sandwiched by incubation in 25 μL of 0.5 μg mL−1 (cMBs)
or 3.0 μg mL−1 (cMNPs) Biotin-anti-AXL solution (prepared
in blocking buffer) for 30 or 15 min, respectively. After wash-
ing twice with 50 μL of blocking buffer, incubation was
performed in 25 μL of a 1/1000 (cMBs) or 1/5000
(cMNPs) diluted HRP-Strept prepared in the same buffer
for 15 or 30 min, respectively. Finally, HRP-Strept-Biotin-
anti-AXL-AXL-anti-AXL-cMBs or HRP-Strept-Biotin-anti-
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AXL-AXL-anti-AXL-cMNPs were washed twice with 50 μL
of phosphate buffer of pH 7.5.

Amperometric measurements

Magnetic immunoconjugates were re-suspended in 50 μL of
phosphate buffer (pH 6.0) and captured on the working elec-
trode surface of the SPCE by keeping the SPCE in a horizontal
position after placing it in the homemade magnet holding
block with an encapsulated neodymium magnet. The ensem-
ble magnet holding block/SPCE with the captured cMBs or
cMNPs immunoconjugates was immersed into an electro-
chemical cell containing 10 mL of 0.05 M phosphate buffer
of pH 6.0 and 1 mM HQ (freshly prepared). The amperomet-
ric measurements in stirred solutions were performed at a
potential value of −0.20 V vs. Ag pseudo-reference electrode
upon addition of 50 μL of 0.1 M H2O2 solution until the
steady-state current was reached (approx. 1 min).

Analysis of serum samples

Human serum samples were provided from Hospital Clinic of
Barcelona. These samples were analyzed with the HRP-Strept-
Biotin-anti-AXL-AXL-anti-AXL-cMBs or HRP-Strept-
Biotin-anti-AXL-AXL-anti-AXL-cMNPs immunosensors af-
ter just a ten-fold dilution with blocking buffer. Validation of
the method was performed by comparison of the results with

those provided by the commercial ELISA kit involving the
same immunoreagents.

Results and discussion

The immunoassays involved the covalent immobilization of
capture antibodies onto cMBs or cMNPs and implementation
of sandwich-type configurations using Biotin-anti-AXL and
HRP-Strept as the detection enzyme conjugate (Fig. 1). The
protocols used for the preparation of the immunosensors are
detailed in the Experimental section. In brief, once cMBs or
cMNPs were activated by carbodiimide chemistry, anti-AXL
antibodies were covalently immobilized and a blocking step of
the remaining free active sites on the particles surface was
carried out with ethanolamine. Sandwich-type assays involved
the target protein and biotinylated detection antibodies. A fur-
ther conjugation with HRP-Strept and the subsequent capture
of magnetoimmunoconjugates onto SPCEs allowed the amper-
ometric determination of sAXL to be performed using H2O2 as
HRP substrate and hydroquinone (HQ) as the redox mediator.

Optimization of the experimental variables

The different variables affecting the preparation of HRP-
Strept-Biotin-anti-AXL-AXL-anti-AXL-cMBs (or -cMNPs)
conjugates were optimized taking as a criterion the largest

cMBs

cMNPs

An�-AXL

AXL

Bio�n-an�-AXL

HRP-streptavidin

Magnet

Fig. 1 Schematic display of the preparation and transduction of amperometric immunosensors constructed for AXL involving cMBs and cMNPs.
Relative sizes of the components are not drawn on real scale in order to visualize all of them
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ratio between the currents measured with the immunosensors
in the presence (S) or in the absence (N) of the target protein.
These optimization studies involved evaluation of: a) the anti-
AXL loading and the corresponding incubation time on cMBs
or cMNPs; b) the incubation time of AXL onto anti-AXL-
cMBs (or -cMNPs); c) the Biotin-anti-AXL loading and incu-
bation time on AXL-anti-AXL-cMBs (or -cMNPs); d) the
HRP-Strept loading and incubation time on Biotin-anti-
AXL-AXL-anti-AXL-cMBs (or -cMNPs). Details about these
optimization studies are provided in the Supporting
Information and in Figs. S1–S4. Table 1 summarizes the tested
ranges and the selected values. Other variables such as the
composition of the H2O2/HQ system or the detection potential
used were optimized in previous works [17]. It is remarkable
that, under the optimal conditions, the immunosensors pre-
pared with cMBs and cMNPs using 5.0 or 25.0 ng mL−1

AXL standard solutions, respectively, yielded specific-to-
unspecific ratios (S/N) slightly higher than 9 and 6, respec-
tively, with unspecific cathodic currents (obtained in the ab-
sence of AXL) lower than 200 nA in both cases.

Analytical performance of the immunosensors

Calibration plots for AXL standard solutions were constructed
with the HRP-Strept-Biotin-anti-AXL-AXL-anti-AXL-cMBs
(or -cMNPs)/SPCE immunosensors under the optimized
working conditions (Fig. 2). The corresponding analytical
characteristics are summarized in Table 2.

Interestingly, both linear ranges are suitable for the determi-
nation of sAXL in human serum after an adequate dilution,
where the established cut-off value is 71 ng mL−1 [12]. As it
is observed, the immunosensor prepared with cMBs exhibited
a shorter range of linearity but provided a 3.7-times higher
sensitivity. This observation contradicts the few reportedworks
where the performance of electrochemical immunoassays
using different sized magnetic particles is compared [6, 7].
This discrepancy may be attributed to the use of much smaller
nanomagnetic particles (20 vs 300 nm) than those employed in
the previous works which may cause the cMNPs agglomerate

more and be captured less efficiently on the surface of the
SPCE. This poorer capture efficiency would justify the slightly
worse behavior of these immunosensors with respect to those
prepared with the cMBs. These results, taken together with
those reported previously by other authors, show that while
magnetic particles of hundred nanometers seem to allow a
better sensitivity with the immunosensors than that obtained
using conventional microbeads, sensitivity is worsened when
particles of tens of nanometers are involved.

The immunosensors constructed with cMBs or cMNPs al-
low the determination of 4.5 times lower AXL concentrations
than that achieved with the only immunosensor reported so far
for AXL [16]. Moreover, the assay time is significantly re-
duced (2 h 15 min) as well as with respect to commercial
ELISA kits (even more than 4 h counting from coating of
the of capture antibody).

The reproducibility of the amperometric measurements for
1.0 ng mL−1 AXL was tested with ten different immunosensors
fabricated using cMBs or cMNPs on the same day and different
days. Relative standard deviation (RSD) values of 3.8 (cMBs)
and 3.6% (cMNPs) were calculated for measurements made in
the same day, whereas RSD values of 3.8 (cMBs) and 6.5%
(cMNPs) were obtained when measuring in different days.

The storage stability of the anti-AXL-cMBs and anti-AXL-
cMNPs conjugates was checked by keeping them at 4 °C in
eppendorf tubes containing 50 μL of filtered PBS (pH 7.5).
Control charts constructed by taking the mean value of ten mea-
surements made in the presence of 1.0 ngmL−1 AXL on the first
day of the sets of experiments as the central value, and ±3 × s of
this value as the upper and lower control limits, respectively,
showed as that the amperometric responses obtained with the
immunosensors prepared using the stored conjugates remained
within the control limits for at least 25 days (no longer times
were assayed) using both types of magnetic particles.

The selectivity of the immunosensors toward AXL was
tested using various non-target proteins (cTnI, cTnT, NT-
proBNP, Lp(a), CRP, TNF, IL-8) as negative controls. The
amperometric responses obtained with the immunosensors
for 0.0 and 5.0 ng mL−1 AXL were compared with those

Table 1 Optimization of the
experimental variables involved
in the preparation of HRP-Strept-
Biotin-anti-AXL-AXL-anti-
AXL-cMBs (or -cMNPs)/SPCE
immunosensors

Variable cMBs cMNPs

Studied range Optimum value Studied range Optimum value

Anti-AXL, μg mL−1 2.5–25 10 1–10 5

Anti-AXL incubation time, min 15–60 15 15–60 30

AXL incubation time, min 15–60 30 15–60 30

Biotin-anti-AXL,μg mL−1 0.25–2.5 0.5 0.1–5.0 3

Biotin-anti-AXL incubation
time, min

15–60 30 15–60 15

HRP-Strept, dilution 1/250–1/5000 1/1000 1/250–1/ 25,000 1/5000

HRP-Strept, incubation time, min 15–60 15 15–60 30
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measured both in the absence and in the presence of the poten-
tial interfering compound at the concentrations expected in
serum from healthy people [18, 19]. As an example, the results
obtained with the immunosensor prepared using cMBs are
displayed in Fig. 3. As it is shown, similar S/N ratios were
measured for AXL and in the presence of cTnI, cTnT or
CRP (at 500 ng mL−1), NT-proBNP (7.5 ng mL−1), Lp(a)
(2 ng mL−1), TNF (20 pg mL−1), or IL-8 (30 pg mL−1), indi-
cating the absence of significant interference in the presence of
all these proteins at the concentrations assayed. Interestingly,
this ratio is also similar in the presence of 30 pg mL−1 IL-8,
although the amperometric currents for AXL were slightly
higher in the presence of IL-8, probably because of a slight
cross-reactivity of the used antibodies used toward this protein.
As expected, and due to the same immunoreagents were
employed when the immunosensors were prepared with
cMNPs, similar results were obtained with these
immunosensors since the selectivity depends mainly on the
antibodies used.

Analysis of human serum

The practical usefulness of the methods implemented with
immunosensors prepared with both types of magnetic

particles was evaluated by determining the endogenous con-
tent of sAXL in serum collected from 5 different HF patients.
The possible existence of a matrix effect was evaluated by
constructing a calibration plot from the samples, ten-times
diluted with blocking buffer, and spiked with growing con-
centrations of a sAXL standard solution up to 7.5 ng mL−1

(cMBs) or 10 ng mL−1 (cMNPs). The slope values of the
corresponding linear calibration plots obtained were 127 ± 9
and 43 ± 1 nA mL ng−1 with the immunosensors prepared
with cMBs and cMNPs, respectively, which indeed are not
statistically different than the slope values of the calibration
plots constructed with sAXL standard solutions: 158 ± 6 nA
mL ng−1, and 51.0 ± 0.2 nA mL ng −1 (texp = 1.299 and 2.870,
respectively, ttab = 3.355). Accordingly, no significant matrix
effect was apparent upon the above- mentioned samples dilu-
tion, and the sAXL endogenous concentration was determined
in a straightforward mode by interpolating the amperometric
responses measured in the ten-times diluted samples into the
calibration plot prepared with sAXL standards.

The results obtained by triplicate with the immunosensors
for the serum samples collected from the five patients are
summarized in Table 3. In addition, and for validation

Fig. 2 Calibration plots for AXL
constructed with electrochemical
HRP-Strept-Biotin-anti-AXL-
AXL-anti-AXL-cMBs (a),
or -cMNPs (b) /SPCE
immunosensors. See the text for
the other conditions. Error bars
were estimated as triple of the
standard deviation

Fig. 3 Selectivity tests for HRP-Strept-Biotin-anti-AXL-AXL-anti-
AXL-cMBs immunosensors. Currents measured in the absence (white
bars) and in the presence (grey bars) of 5 ng mL−1 AXL in blocking
buffer, pH 7.5, and in the presence of cTnI, cTnT and CRP (500 ng
mL−1), NT-proBNP (7.5 ng mL−1), Lp(a) (2 ng mL−1), TNF (20 pg
mL−1) and IL-8 (30 pg mL−1)

Table 2 Analytical characteristics for AXL obtained from calibration
plots constructed with HRP-Strept-Biotin-anti-AXL-AXL-anti-AXL-
cMBs (or -cMNPs)/SPCE immunosensors

Parameter cMBs cMNPs

Linear range, ng mL−1 0.25–7.5 0.25–40.0

r 0.992 0.997

Slope, nA ng−1 mL 158 ± 6 43 ± 1

Intercept, nA 235 ± 23 152 ± 14

LOD*, pg mL−1 75 74

LQs**, pg mL−1 250 246

*,** : calculated according to the 3 × sb/m and 10 × sb /m criterion, respec-
tively, sb: standard deviation (n = 10) for measurements performed in the
absence of AXL, m: slope value of the calibration plots
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purposes, these samples were also analyzed with a commer-
cial ELISA kit that used the same immunoreagents. A paired
samples t-test demonstrated that no significant differences (α
= 0.05) existed for the results provided by the two methods (p-
value = 0.35). These results demonstrated that, on the contrary
to that reported previously [6, 7] describing higher matrix
effect using nanomagnetic particles, there is not a significant
difference in the potential matrix effect when the determina-
tion of sAXL is carried out in ten-times diluted human serum
samples with immunosensors prepared with both types of par-
ticles used in this work.

Conclusions

Amperometric sandwich immunoassay strategies using
SPCEs as electrodes and micro- and nano- magnetic beads
as solid supports to perform the immunological reactions
were implemented and compared for the determination of
sAXL. The analytical characteristics obtained from the cal-
ibration plots for sAXL showed a sensitivity 3 times higher
and a shorter linear range for the immunosensors prepared
using cMBs when compared with those prepared with
cMNPs. However, both strategies provided very similar
LOD values which were three orders of magnitude lower
than the clinical cut-off value established in serum for pa-
tients at risk of heart failure. In addition, both strategies
demonstrated to be useful for the accurate determination
of the target protein in serum samples from HF patients
providing results in good agreement with those obtained
by applying a conventional ELISA.

Taking together the results presented in this paper and those
reported previously, it can be concluded that the sensitivity,
linear range and agglomeration and matrix effects observed
with immunosensors prepared with magnetic beads are depen-
dent on the size of the particles.

Therefore, since the tendency to suffer particle agglom-
eration and the potential matrix effects are strongly depen-
dent both on the size of the magnetic beads and the sample
complexity and dilution applied, it is difficult to provide in
advance general rules about the performance of the
resulting immunosensors. Accordingly, comparative ex-
periments should be carried out for particular applications,
especially those involving analysis in scarcely pretreated
complex samples.
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