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This work reports and compares the first electrochemical
bioplatforms for determining anti-centromere B antibodies
developed in magnetic microbead-assisted or integrated formats
and proves the competitiveness of the nitrilotriacetic acid
they exploit against
succinimide-based one and their potential to determine serum

chemistry common carbodiimide/

target autoantibodies at clinically relevant levels.

The immune system is responsible for protecting the body
from potentially harmful substances. Unfortunately,
hypersensitivity reactions sometimes occur in which the
immune system produces antibodies against the body's own
components. These autoantibodies increase the circulating
autoreactive cells and favour the development of autoimmune
diseases.

Numerous studies have demonstrated the dysregulation of
autoantibodies to intracellular components, such as
centromeric proteins, which are the basis for the assembly of
the kinetochore, a macromolecular complex essential for the
precise segregation of chromosomes during mitosis." Anti-
centromere antibodies (ACAs), polyclonal autoantibodies
directed primarily to three of the centromeric proteins
(CENPA, CENPB and CENPC),>* are detected in patients with
various autoimmune, rheumatic and cancer diseases." ACAs
are considered diagnostic biomarkers in systemic sclerosis
(SSc) and are mainly associated with the limited cutaneous
subset (I1SSc) of this disease which is also known as CREST
syndrome. Deregulation of ACAs has also been reported in
systemic lupus erythematosus (SLE), primary biliary
cholangitis (PBC), rheumatoid arthritis (RA), Sjogren
syndrome (SjS) and Raynaud's phenomenon."”’
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strategies using His-tag chemistry

Beatriz Arévalo, Marina Blazquez-Garcia, Alejando Valverde, Veronica Serafin,
Paloma Yafiez-Sedefio, ©* Susana Campuzano @* and José M. Pingarrén @*

In particular, the serum level of IgG-type autoantibodies
against CENPB, commonly referred to as CENPB-Abs, the
main and most clinically relevant ACAs,®” is considered as
a relevant biomarker for early and minimally invasive
diagnosis and follow-up and risk stratification of these
diseases.

The detection of the serum level of specific autoantibodies
can be performed using indirect immunofluorescence,
enzyme linked immunosorbent assay (ELISA),
immunodiffusion, line immunoblot assay and light scattering
immunoassay.® Commercial ELISA kits routinely used for
these determinations provide adequate sensitivity and
selectivity but are poorly compatible with point-of-care (POC)
applications. As is known, electroanalytical bioplatforms are
particularly attractive tools for the determination of clinical
biomarkers, including specific autoantibodies,® because they
are easy to use and exhibit short assay times and
compatibility =~ with  multiplexed and/or  multiomics
determinations in any environment and by any user.
However, to the best of our knowledge, no electroanalytical
bioplatforms have been reported in the literature for the
specific determination of CENPB-Abs.

To fill this gap, we report in this work the design,
optimization, and application of wunique bioplatforms
developed so far for the determination of CENPB-Abs. Two
different strategies for the construction of the bioplatforms
were developed and compared. The first strategy is a
magnetic microparticle (MB)-based format involving the
immobilization of the CENPB protein on a magnetic
substrate for the efficient and selective capture of specific
autoantibodies (CENPB-Abs) that were enzymatically labelled
with a secondary antibody for the most clinically relevant
immunoglobulin isotype (IgG) conjugated to the horseradish
peroxidase enzyme (HRP-antihIgG). The second strategy
involved the immobilization of CENPB onto Co>*-tetradentate
nitrilotriacetic acid (NTA)-modified screen-printed carbon
electrodes (SPCEs) and a similar labelling. In both cases, the
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transduction was performed by amperometry at the SPCEs
using a H,O/hydroquinone (HQ) system. Unlike
electrochemical bioplatforms recently developed for the
determination of particular Abs which exploited the
immobilization of target antigens forming amide-’ or
amidine-'® type covalent bonds, through HaloTag
technology''™* or streptavidin-biotin affinity reaction,">'® or
by interacting with the carboxylic acid groups of the
polycarbonate used as a separator in arrays of
nanoelectrodes,'”'® the strategies reported in this work used
NTA chemistry for the immobilization through the
hexahistidine (His) tag expressed in a commercially available
CENPB.

Immobilization on NTA via a His-tag is considered
competitive ~with covalent immobilization exploiting
carbodiimide (EDC)/sulfosuccinimide (Sulfo-NHS) chemistry
in terms of simplicity, selectivity, sensitivity, and possibility
of regeneration under mild conditions. In addition, the high
affinity His-tag immobilization strategy allows working with
low concentrations of the immobilized biomolecule, is highly
specific because only the His-tagged target protein will be
immobilized, avoiding the untagged proteins, and leads to
oriented immobilization and adequate spacing, thus avoiding
large densities of immobilized biomolecules, which improves
the efficiency of the interaction with the solution phase or
the solid support.'®*°

For all these reasons and with the purpose of developing
competitive biotools for the determination of CENPB-Abs, in
this work, two biosensing platforms for the determination of
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Fig. 1 Schematic display of the bioplatforms constructed for the

amperometric determination of CENPB-Abs assisted by using MBs a)
or an integrated format b).
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CENPB-Abs were developed involving either a MB-assisted or
integrated format. The commercially available CENPB with a
6x His-tag at the N-terminus was immobilized through this
tag on the surface of MBs suitable for the immobilization of
His-tagged proteins (His-tag-isolation-MBs, Fig. 1a), or on the
surface of the working electrode of a SPCE modified with
NTA and a tetradentate cobalt complex (Fig. 1b). Specific IgG
class autoantibodies directed against CENPB were selectively
captured on both substrates and enzymatically labelled with
a secondary antibody conjugated to the horseradish
peroxidase enzyme (HRP-antihIgG) for amperometric
detection using a H,0,/HQ system, providing a cathodic
current variation directly proportional to the concentration of
CENPB-Abs.

It is important to mention that although a thiolated long
alkyl-NTA derivative was employed for SPCE modification; as
reported previously,”" similar ordered physisorbed layers
were formed on these substrates using a non-thiolated
analogue, which allows concluding that the thiol moiety did
not play an important role in the adsorption of long-chain
alkyl-NTA derivatives on the carbon surface. Moreover, it has
been reported that this type of compound adsorbs with their
long axis parallel to the graphite surface.

Since the objective of this research was, on the one hand
to develop competitive bioplatforms on both supports, and
on the other hand to critically compare their performance,
we compared them using the optimized experimental
conditions for the bioplatforms prepared on each substrate,
which, as expected, were different.

Therefore, studies were carried out to optimize key
experimental variables and to demonstrate the reliability of
the strategy (control experiments and characterization of
the  stepwise integrated immunosensing  platform
fabrication by EIS and CV) and its competitive advantages
over other more commonly employed strategies (covalent
immobilization with EDC/Sulfo-NHS). The results of all
these studies (Fig. S1-S5 and Table S1) and their discussion
are given in the ESLf

The analytical and operational characteristics of each
bioplatform were evaluated and compared. Under the
selected working conditions, calibration graphs displayed in
Fig. 2 were constructed for the amperometric determination
of CENPB-Abs standards. The equation parameters and the
analytical features are summarized in Table S2 (in the ESIf).

As can be seen, the immunoplatform assisted by MBs
achieved a lower LOD (0.006 vs. 0.11 U mL™") and a wider
linear range (0.02-200 vs. 0.35-250 U mL™"), which is
attributed to the larger CENPB loading that can be
immobilized as well as the more efficient recognition of the
target Abs by improving the binding kinetics by working in
suspension under constant stirring.**”>® It is important to
note that the determination of CENPB-Abs using both
platforms can be performed in 45 min. However, counting
from the preparation of CENPB-MBs, the construction of the
immunoplatform takes only 15 min, while the preparation of
CENPB-Co*'-NTA-SPCEs needed 3 h 15 min.
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Fig. 2 Calibration plots and amperometric traces (inset) provided by

the MB-assisted a) and integrated b) immunoplatforms for the
determination of CENPB-Abs standards.

It should be highlighted that the analytical characteristics
achieved with both immunoplatforms are competitive with
those claimed for the ELISA methodology. Indeed, in
addition to shorter assay times and compatibility of use at
the POC, the developed immunoplatforms provided lower
LODs since commercially available ELISA Kkits claim LODs
between 0.2 and 10 U mL %.?*"2° Moreover, the linear
ranges of the calibration plots extend from concentrations
which are clearly below the established CENPB-Abs (IgG)
cut-off values in serum to discriminate healthy individuals
from patients diagnosed with autoimmune (e.g., 7 U mL™"
in $Sc)** and rheumatic (e.g, 10 U mL™ in CREST
syndrome)* diseases.

To evaluate the repeatability of the measurements and the
reproducibility of the method, the amperometric responses
for 10 U mL™" CENPB-Abs standard solutions measured with
ten different immunoplatforms prepared in the same manner
were recorded. RSD values of 2.3 and 2.5% for measurements
made in the same day, and 2.8 and 2.9% in different days,
were obtained using the MB-assisted or integrated
bioplatforms, respectively. These results show well the good
precision and reliability of the manufacturing and
electrochemical detection processes involved with both
immunoplatforms.

The storage stability of the integrated bioplatforms and
the protein-functionalized microparticles was checked. So,
different batches of CENPB-MBs and different CENPB-Co*'-
NTA-SPCEs were prepared on the same day. All were stored at
4 °C, the former resuspended in 50 uL of filtered 10 mM PBS
(pH 7.4) in 1.5 mL microcentrifuge tubes, and the latter
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stored in a humid chamber. Each control day, the
amperometric responses provided by the immunoplatforms
prepared from both batches in the absence and presence of
CENPB-Abs standards were compared. As Fig. S6 (in the ESIt)
shows, the CENPB-MBs can be stored for 30 days and the
CENPB-Co>"-HS-NTA-SPCEs for 25 days without a significant
loss of sensitivity.

In addition to storage stability, the possibility of reusing
NTA-modified supports profiting the His-tag chemistry was
evaluated. The amperometric responses obtained with the
two types of bioplatforms in the absence and in the presence
of CENPB-Abs were measured after surface regeneration by
incubation for 3 h in a 50 mM phosphate solution (pH 8.0)
containing 300 mM NaCl, 300 mM imidazole and 0.01%
Tween 20 under continuous stirring and after 40 min in
deionized water.>* This protocol leads to the substitution of
the His ligand by imidazole and consequently to the release
of immobilized CENPB. Fig. S7 (in the ESIf) shows the
amperometric  responses obtained when the Co**
coordination, CENPB immobilization and CENPB-Abs
recognition protocols were repeated on both regenerated
substrates. According to the results, both types of substrates
can be regenerated at least 5 times, without an apparent loss
of sensitivity, indicating the reversibility of the
immobilization strategy used as compared to other
immobilization methods which, in addition to being more
laborious, leads to irreversible anchoring of biomolecules.

The effects of the presence of other antibodies and
proteins that can be found in serum, at concentrations
reported for healthy individuals, on the response of both
immunoplatforms were evaluated. Fig. S8 (in the ESI{) shows
that none of the tested substances significantly interfered
with the determination of the target autoantibodies when
integrated platforms were used. However, the presence of
human IgGs showed a noticeable interference with MB-based
bioplatforms, which was attributed to their adsorption on the
magnetic microsubstrates’®'® and to the presence of multiple
histidines in their Fc region of the immunoglobulins.
Fortunately, this interference was minimized if the sample is
diluted 100-fold. It is important to note that the higher
interference observed for human IgGs when working with the
MB-assisted bioplatform compared to the integrated
bioplatform should be considered as a particular case,
because of the well-documented advantages of MBs for

improving selectivity and minimizing sample matrix
effects.”*°
The  practical  usefulness  of  the developed

immunoplatforms was tested by analysing serum samples
collected from healthy individuals and from subjects
considered CENPB-Abs positive.

Previously, the accuracy of the results provided by the
bioplatforms was evaluated by analysing the controls
(negative and positive) supplied in the centromer B antibody
IgG ELISA kit (Cat. no.: DEIA1684) with concentrations of 3
and 35 U mL™", respectively. The results obtained (mean
value + ts/Nn; n = 3; a = 0.05) by applying the protocols

© 2023 The Author(s). Published by the Royal Society of Chemistry
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described in the Experimental section (in the ESIT) using the
MB-assisted and integrated bioplatforms, respectively, were:
3.1+ 0.2 and 3.2 = 0.2 U mL™" for the negative control and 35
+ 2 and 34 + 2 U mL' for the positive control, thus
confirming the high accuracy of the determinations
performed with the immunoplatforms.

In addition, the possible existence of matrix effects in the
serum samples was evaluated using serum subjected to
different dilution factors. The results obtained showed that
samples diluted to 1/50 and 1/1000 did not exhibit matrix
effects and the amperometric responses fell within the linear
range  provided by integrated and  MB-assisted
immunoplatforms, respectively. Therefore, the concentration
of CENPB-Abs determined by interpolating the
amperometric responses provided by the immunoplatforms
for the diluted samples into the calibration graphs
constructed with standards (Fig. 2).

The obtained results are shown in Fig. 3, while Table S3
(in the ESIt) summarizes such results as well as those
obtained with the ELISA methodology. For comparative
purposes, the contents that the marketplace (Central
BioHub®), from which the CENPB-Abs positive serum
samples were purchased, indicated in the specifications are
also shown in the table.

As expected, significantly larger CENPB-Abs
concentrations were found for individuals classified as
positive compared to those for healthy subjects. It is
important to highlight that the determined concentrations
agreed with the cut-off values established to discriminate
healthy individuals from patients positive for this biomarker
and diagnosed with autoimmune and rheumatic diseases (7-
10 U mL™").>7" Furthermore, the agreement of the
concentrations provided by the bioplatforms with those
indicated by the online marketplace from which the CENPB-
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Fig. 3 Left: CENPB-Abs concentrations provided by the

immunoplatforms in serum samples from healthy subjects and CENPB-
Abs positive individuals. Centre: Representative amperometric
responses recorded for samples from a control subject (in black) and a
CENPB-Abs-positive individual (in red). Right: Correlation between the
results provided by the developed immunoplatforms and the ELISA
methodology. MB-assisted a) and integrated b) immunoplatforms.
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Abs positive human biospecimens were acquired was
excellent.

Moreover, the tey, values®® given in Table S3t were lower
in all cases than ¢y, (4.303 at the chosen significance level, «
= 0.05), and the parameters gathered in the last row of Table
S3t1 coming from the excellent correlations shown on the
right side of Fig. 3 confirmed the absence of significant
differences between the results provided by the developed
bioplatforms and the widely employed ELISA methodology.
All these results confirm the accuracy and reliability of the
developed immunoplatforms.

The apparatus and electrodes, reagents and solutions and
all the procedures used are described in detail in the ESLf

All experiments were conducted in accordance with
institutional guidelines. Furthermore, since all human serum
samples tested were purchased from an online marketplace
for human biospecimens (Central BioHub®), no informed
consents were obtained from the human participants in this
study and no ethics committee assurance numbers need to
be cited.

This work reports the first electrochemical bioplatforms
described to date for the determination of CENPB-Abs. The
bioplatforms were implemented on integrated substrates or
on the surface of magnetic microparticles. The
immunoplatform assisted by MBs provided an 18-fold lower
LOD (0.006 vs. 0.11 U mL™", both well below the established
serum cut-off value of 7 U mL™" to discriminate between
individuals considered positive and negative for CENPB-Abs),
and a slightly wider linear range and exhibited a shorter
preparation time (15 min vs. 3 h 15 min). Nevertheless, both
immunoplatforms possess analytical and operational
characteristics able to fulfil the challenging demands of
today's clinic in terms of sensitivity, simplicity, affordability,
compatibility with multiplexed or multiomics
determinations, and in field operation.

It should be pointed out that the choice between an
integrated or MB-assisted bioplatform is neither simple nor
universal and must be thoroughly evaluated on a case-by-case
basis. Since there is no significant difference between the
costs per determination using both bioplatforms (the small
amount of MBs and employed immunoreagents limits the
cost in both cases compared to that of the SPCE), the
selection will be conditioned mainly by the required
sensitivity and the composition and viscosity of the sample to
be analyzed. For example, for the determination in scarcely
diluted serum samples, and due to the discussed IgG
interference on magnetic microcarriers, the integrated
bioplatforms are probably more attractive. However, in the
analysis of saliva samples, with higher viscosity and low IgG
content, it would probably be more convenient to use a MB-
assisted bioplatform to improve the binding kinetics by
working in suspension under constant stirring. It should be
also mentioned that, in general, there is a general trend to
think that integrated formats (as biosensors used in
glucometers) are easier to implement in POCT devices than
those based on the use of MBs.
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The developed bioplatforms are also attractive compared
to the widely accepted ELISA methodology in terms of cost,
assay time and applicability in any environment. In terms of
applicability, the immunoplatforms are suitable for the
simple, accurate and reliable determination of CENPB-Abs in
serum after simple sample dilution which avoids matrix
effects. These capabilities may help to deepen the clinical
role of this type of biomarker for the early detection and
prognosis of diseases of high clinical relevance such as
autoimmune and rheumatic disorders and to look for their
associations with cancer diseases. The reported results also
show that His-tag chemistry provides important advantages
over covalent carbodiimide/succinimide immobilization
methods, in terms of simplicity, cost, assay time, reusability
and sensitivity, for the development of bioplatforms involving
antigen immobilization for the determination of specific
autoantibodies.
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