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A multiplex label-free biosensor is developed for diagnostics of autoimmune diseases by highly sensitive
measuring in human serum both critical characteristics of autoantibody: concentration and native kinetic
parameters that reflect autoantibody aggressiveness to the organism’s tissues. The biosensor is based on the
spectral-correlation interferometry and image processing of a microarray glass biochip, affordable to be
single-used in medical applications. Simultaneous 25-min detection and activity characterization of several
autoantibodies in the same serum sample have been demonstrated for anti-thyroglobulin (anti-TG) and
anti-thyroid peroxidase (anti-TPO) as models. The biosensor offers extremely high sensitivity: limits of detection
in serum are 1.7 IU/mL and 6 IU/mL for anti-TPO and anti-TG, respectively. The dynamic range covers the whole
range of clinically relevant concentrations of the autoantibodies up to 1000 IU/mL. The developed method of
characterization of autoantibody activity by recording the kinetics of their binding with free native antigens is
based on autoantibody polyvalency. The measurements in clinical serum samples have shown that the native
kinetic parameters are independent of concentration. The proposed biosensor and method of native kinetic
registration can be used to develop new criteria for comprehensive diagnostics of autoimmune diseases, based
not only on traditional measurements of concentration but also on quantitative evaluation of autoantibody
aggressiveness. The developed method can be adapted to other label-free sensors such as those based on the
surface plasmon resonance, optical waveguides, etc.

2005; Cui and Zhao, 2005; Thaler et al., 2009). The latter parameter can
be estimated by measuring the kinetics of autoantibody binding with

1. Introduction

Autoantibodies are associated with more than 80 serious autoim-
mune disorders of enormous economic impact, exceeding that of cancer
(Conigliaro et al., 2016; Krumbholz et al., 2012; Rose, 2008; ASCIA,
2013). These entities can serve not only as predictors of autoimmune
disorders long before the clinical onset but also as markers of disease
activity and severity (Damoiseaux et al., 2015; Nesterova et al., 2006;
Wau et al., 2017; Zhang and Zhao, 2018).

Unlike usual antibodies that fight a disease, autoantibodies target the
organism’s own tissues (Lleo et al., 2010; Marrack et al., 2001; Scofield,
2004). Therefore, for diagnosing an autoimmune disorder, it is neces-
sary to determine in serum not only concentration of autoantibodies but
also their destructive potential with respect to the tissues (Bozic et al.,

free, non-immobilized antigens that present native conformation.

The dramatic difference in the results of various commercial
methods for measuring autoantibody is rather common. As an example,
the median concentrations of frequently assessed autoantibodies such as
anti-thyroglobulin and anti-thyroid peroxidase determined by test sys-
tems of different manufacturers for the same group of patients may vary
from 0.53 to 14.23 IU/mL for the former (D’ Aurizio et al., 2017), and
from 0.2 to 10.0 IU/mL for the latter (Tozzoli et al., 2017). The most
likely cause is kinetic heterogeneity of autoantibodies in real samples
(Amos and Bridges, 2005). Another possible reason is different labels
used in many techniques, e.g., enzyme-linked immunosorbent assays
(ELISA), electrochemiluminescent immunoassays (ECLIA), etc.
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(Campuzano et al., 2019; Houen, 2019; Mahler et al., 2016; Sciascia and
Bertolaccini, 2016). The labels may destroy the binding sites that
participate in antibody-antigen interactions, on the one hand, and
non-specifically interact with proteins immobilized on a surface, on the
other hand (Cooper, 2009; Fan et al., 2008; Orlov et al., 2018; Seydack,
2005).

The label-free techniques are not prone to the label-associated issues.
These techniques generally offer shorter assay times because of
excluding the labelling step, and more importantly, due to avoidance of
any further reaction (e.g. enzymatic) for indirect detection of target.
Real-time monitoring of biomolecular interactions is another advantage.
Traditional label-free biosensors, e.g., those based on the surface plas-
mon resonance (SPR) (Ayela et al., 2007; Campbell and Kim, 2007),
nanotube-based sensors (Drouvalakis et al., 2008), photonic ring
immunoassay (Mudumba et al., 2017), and many others usually register
autoantibody interactions with antigen immobilized on a sensor surface.
Therefore, their results on binding kinetics may differ from native ki-
netics due to unpredictable conformation of the surface-deposited an-
tigens, which may conceal some epitopes from antibody binding.
Besides, the biochips for commercial label-free biosensors that dominate
on the market, e.g., quartz microbalance sensors (Anderson et al., 2007;
Qiao et al., 2016; Su et al., 2005) and SPR based on precisely deposited
gold films (Mauriz et al., 2016; Scarano et al., 2010), are too expensive
to be single-used. At the same time, the biochip regeneration can hardly
be considered for practical medical diagnostics.

The label-free biosensing techniques capable of determining in blood
not only concentration but also native kinetics of autoantibody using
affordable disposable biochips are still to be developed for biomedical
applications.

Here, we present a highly sensitive multiplex biosensor that permits
rapid (25 min) and simultaneous label-free measuring in human blood
serum of both critical characteristics of autoantibody: i) concentration
and ii) native kinetic parameters that indicate the antibody aggressive-
ness toward the organism’s tissues. These parameters are promising for
development of more accurate criteria for early diagnostics and efficient
therapy of autoimmune disorders. As clinically relevant models, anti-
thyroid peroxidase (anti-TPO) and anti-thyroglobulin (anti-TG) were
selected. They are present in 90-95% and 70-80%, respectively, of pa-
tients with autoimmune thyroid diseases (Frohlich and Wahl, 2017). The
simultaneous detection of these autoantibodies is important for differ-
ential diagnostics of thyroid diseases. In patients with Hashimoto
thyroiditis, for example, both anti-TPO and anti-TG are elevated. An
increased level of only one of these autoantibodies may be indicative of
other disorders, namely: at the higher anti-TPO — Graves’ disease, while
at anti-TG - thyroid hypertrophy or small nodules (Martinez and Prab-
hakar, 2006).

The analytical characteristics of the biosensor surpass those of the
majority of label-based techniques: the detection limits in serum are 1.7
IU/mL and 6 IU/mL for anti-TG and anti-TPO, respectively. The dy-
namic range covers the whole range of clinically relevant concentrations
up to 1000 IU/mL. To the best of our knowledge, this is the first label-
free biosensor capable of measuring the kinetic parameters of autoan-
tibody interaction with free antigen in the form as it presents in blood,
not being immobilized on a surface. The developed approach overcomes
the bottleneck of label-free biosensing — high non-specific binding in
human blood serum. This factor does not affect the signal of our
biosensor. That is an especially useful feature for autoantibodies as they
should be studied directly in serum (blood) of the organism where they
are produced. The biosensor is based on the reflectometric principle of
spectral correlation interferometry (SCI) (Nikitin et al., 2003). The SCI
offers real-time measuring in metrological units of changes in optical
thickness of the biolayer on a biochip surface due to biochemical re-
actions. Importantly for medical applications, SCI permits using micro-
scope cover glass slips as single-used biochips compatible with the glass
microarray format. Unlike refractometric label-free techniques, e.g.,
SPR-based ones, SCI is insensitive to bulk refractive index of analyzed

Biosensors and Bioelectronics 159 (2020) 112187

solutions. The presented biosensor is promising for high-throughput
microarray-based differential diagnostics of autoimmune diseases.

2. Experimental
2.1. Reagents

The following reagents were used in this study: bovine serum albu-
min (BSA), (3-AminopropyDtriethoxysilane (APTES), N-(3-Dimethyla-
minopropyl)-N-ethylcarbodiimide hydrochloride (EDC), phosphate
buffered saline (PBS), succinic anhydride, glycine, tetramethylbenzi-
dine, Tween-20 (Sigma Aldrich, USA); 2-(N-morpholino) ethanesulfonic
acid (MES) (AppliChem, Germany); horseradish peroxidase conjugated
with goat antihuman immunoglobulin G (Abcam, USA); sulphuric acid,
methanol, dimethylformamide (Chimmed, Russia); thyreoperoxidase,
thyroglobulin, goat monoclonal antibodies against human IgG (Xema
medica, Russia; GeneTex, USA; Russian Research Center for Molecular
Diagnostics and Therapy, Russia); serum standards and samples from
patients (Russian Cardiology Research and Production Complex of
Russian Ministry of Health, Russia). Ethical approval for this study was
obtained from the ethics committee of the Russian Cardiology Research
and Production Complex of Russian Ministry of Health (approval No.
247).

2.2. Multiplex label-free biosensor

The multiplex label-free biosensor employs radiation from a broad-
band superluminescent diode (SLD-381-MP, Superlum Diodes, Ltd.,
Russia) in an optical SCI-scheme that comprises two interferometers
(Nikitin et al., 2003, 2005). The base (inter-mirror distance) of one
Fabry-Perot interferometer is periodically changed with a piezoelectric
driver. A microscope glass cover slip serves simultaneously as a biochip
and the second two-beam reflective interferometer. During biochemical
reactions on the biochip, the optical thickness of the slip with the bound
biological layer changes. To measure such changes, the interference
between a reference beam reflected from the bottom surface of the slip
and a beam reflected from the "biolayer — analyzed sample" interface is
used. Variations in optical thickness of the biomolecule layer on the
recognition spots on the biochip are calculated by phase changes of
correlation signals from a 12-bit monochrome CCD-camera (Basler,
Germany). For simultaneous registration of biochemical reactions in
several recognition spots, their image signals are averaged over the area
of each recognition spot. The SCI principle was verified by various in-
dependent techniques and applied studies (Ivanov et al., 2011; Burenin
et al., 2015; Znoyko et al., 2018; Orlov et al., 2018).

The multiplex microarray biosensor designed for this research
recorded in real time sensograms as temporal dependences of the bio-
layer thickness changes in separate recognition spots. Each stage of the
experiments was considered completed when the sensograms plateaued.
PBS buffer was passed for washing between the stages.

2.3. Preparation of biochips

First, the biochip surface was carboxilated for efficient and rapid
immobilization of biomolecules (Hermanson, 2013; Ngunjiri et al.,
2013; Rusmini et al., 2007). For this purpose, the thoroughly cleaned
microscope cover slips were incubated for 16 h under an exhaust hood in
3% solution of APTES in methanol and then for 2 h in 15 mM solution of
succinic anhydride in dimethylformamide. Then the slips were ther-
mally processed in a dry heat oven at 105 °C for 1 h with further washing
at room temperature. The chips were activated by 15-min incubation in
20 mg/mL solution of EDC in MES (0.1 M, pH 5.0). Then 50 pg/mL of
antigens in PBS (pH 7.4) was deposited in different sensing spots at room
temperature to achieve covalent immobilization of antigen onto the
biochip due to interaction of antigen amino groups with the activated
carboxyl groups on the surface. The antigen deposition was carried out
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in the liquid handling system of the biosensor for 15 min at the flow rate
of 6.7 pL/min. All stages of the biochip preparation (Figure 13 in the
related Data in Brief article) were controlled with the X-ray photoelec-
tron spectroscopy (XPS). The XPS-spectra along with the description of
antigen attachment mechanism can be found in section 7 of the related
Data in Brief article. Besides, we have established that the stable
immobilization of proteins on the fabricated surface can be achieved
only after its activation with carbodiimide (related Data in Brief article,
Figure 15). The surface was blocked with a mixture of 1% glycine and
0.5% of BSA in PBS buffer. The prepared biochips can be stored without
deterioration for a long time until using (Data in Brief article, Figure 16).

2.4. Measuring procedure

All experiments in this research were carried out in human blood
serum. Each of the samples contained various amounts of anti-TG and
anti-TPO, naturally produced by the immune system of the patients (not
spiked). 50 pL of the human blood serum was diluted with 40 pL of 10
mg/mL of PBS-BSA and then pumped for 10 min at room temperature
along the glass biochip having respective antigens pre-immobilized in
different sensing spots. The kinetic constants of autoantibody interac-
tion with native antigen were calculated using the sensograms obtained
in these experiments and the model described in section 1 of the related
Data in Brief article. The biolayer increment at the latter step was
measured as the signal, which was free of non-specific contributions. For
determination of autoantibody concentration in human serum, a solu-
tion of secondary recognition antibody (goat antibody to human im-
munoglobulins) at 50 pg/mL in PBS was pumped.

2.5. Independent verification with enzyme-linked immunosorbed assay
(ELISA)

Antigen solution (TPO or TG) was added to the wells of a microtiter
plate at a concentration of 50 pg/mL and incubated during 4 h at room
temperature. Then, the wells’ surface was blocked by 2-h incubation
with the solution of 5% BSA in PBS. Next, 100-uL serum samples were
added and incubated for 2 h. After that, incubation with horseradish
peroxidase conjugated with antihuman immunoglobulin G was imple-
mented followed by addition of tetramethylbenzidine solution and
measuring the absorbance in each well at 450 nm. Triple washing of the
wells with PBS with 0.1% Tween-20 was done in between the mentioned
stages.

2.6. Data processing
All the experiments were carried out at least three times. In graphs,

each value represents a mean, and error bars show standard deviations.
The calibration curves were approximated by the log-log linear

- Solution
) ( - Biolayer
i - Glass
A
. v
A
f - Sample N
k{ \
T — N
— .\_4 —
— ~— Multi-spot
— sensor c’:)hip

Biosensors and Bioelectronics 159 (2020) 112187

regression. The limit of detection was calculated using both 26 and 3c
criteria as the minimal concentration, at which the signal exceeded that
of a negative control by at least two and three standard deviations,
respectively (Chaloner-Larsson et al., 1999; Thomsen et al., 2003).

3. Results and discussion
3.1. Setup for microarray biosensing

The advantage of SCI registration technique is the capability of
multiplex operation for independent and simultaneous label-free
measuring of several analytes using a single-used multi-spot glass
biochip. The registration principle is shown in Fig. 1. Antigens (here,
TPO or TG) are covalently pre-immobilized at different spots on the
biochip. The analyzed sample is pumped along the surface. The biolayer
thickness variations caused by intermolecular binding is registered by a
CCD-detector for each spot independently. The correlation signal of two
interferometers, including the scanned Fabry-Perot interferometer, is
analyzed (see details in Experimental, section 2.2).

Although the results discussed below were obtained in the multiplex
mode, the plots for different analytes are shown separately for the sake
of clarity.

3.2. Determination of native kinetics of autoantibodies in clinical samples

The approach to assessment of autoantibody aggressiveness to the
organism’s tissues by measuring kinetic characteristics of autoantibody
binding with native, non-immobilized antigen is based on autoantibody
polyvalency. The registration scheme, which does not involve labels,
and characteristic sensograms recorded in real time are shown in Fig. 2.
The measuring procedure consisted of two major steps. First, we
pumped the analyzed serum sample along the biochip with immobilized
capture antigens. At the second step, a solution containing native
antigens was passed.

Fig. 2 illustrates the method operation on the example of autoanti-
bodies of IgG class. Since these molecules possess two antigen binding
fragments (Fab), some autoantibodies may have only one fragment
bound to an antigen at the first step. Then the other Fab fragment is
capable of binding the native antigen from the sample pumped during
the second step. This way, we directly register interactions between the
autoantibody, which has a free Fab fragment, and a non-immobilized
antigen as it presents in blood. The scheme functions similarly in the
presence in serum of IgM that has ten Fab-fragments because if such a
molecule is sorbed on the surface at the first step, it retains the ability of
binding to antigen at the second step. This approach for the first time
permits real-time registration of the kinetics of autoantibody binding
with native antigen and determination of kinetic constants of their
interaction. Importantly, while this method registers non-specific
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Fig. 1. Principle of multiplex measurements with multi-spot glass biochip (left) and optical scheme of the biosensor based on imaging spectral-correlation inter-

ferometry for diagnostics of autoimmune diseases (right).
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Fig. 2. Schemes and experimental sensograms for
simultaneous measuring the kinetics of interaction of
anti-thyroglobulin and anti-thyroid peroxidase IgG
autoantibodies with non-sorbed target antigens: first
step (top row) — binding of serum autoantibodies with

immobilized TG (A) and TPO antigens (B) via one
antigen binding fragment; second step (low row) —
determination of native kinetics by recording the
interaction of free thyroglobulin (C) and free thyroid
peroxidase (D) with the other antigen binding frag-
ments of the autoantibodies.
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binding of serum components during the first step, it is interaction of
autoantibody with native antigen that is recorded at the second step.

Hypothetically, some autoantibodies may suffer from steric hin-
drance for antigen binding due to close contact of the second Fab frag-
ment with the surface. With a large number of autoantibodies bound by
the antigen immobilized onto the surface, the kinetic constant of asso-
ciation (ko) might potentially decrease because of the steric effect. To
verify the absence of the steric effect influence, the kinetic constants
were compared for the same serum in three variants: undiluted, and
diluted 3-fold, and 9-fold. This way, the serum samples had different
concentrations of autoantibodies. The concentration of undiluted serum
was close to the upper limit of clinically relevant range — 864 IU/mL of
anti-TPO. The determined kinetic constant was the same within the
experimental error (see Table 1 in the related Data in Brief article).
These results indicate no significant influence of the steric effect on the
kinetic constant, which does not depend on autoantibody concentration.
That is probably because in the clinically relevant range of concentra-
tions, the antibodies seem to occupy rather small fraction of the surface
and are sufficiently spaced apart not to interfere.

The kinetic characteristics of binding of native antigen with anti-TPO
and anti-TG antibodies were measured in human clinical samples of
eight patients (Table 1). It can be seen that the values of kinetic constant
of association, which determine the rate of antigen binding, significantly
vary in different patients, in particular, by 9.2 and 12.5 times for anti-
TPO and anti-TG, respectively. At the same time, the kinetic data do
not reveal any correlation with autoantibody concentration. One may
find quite different combinations in Table 1. While serum samples #1
and #2 exhibit relatively low anti-TG autoantibody concentration, the
kinetic constant for the former is fairly low, but for the latter, on the
contrary, features the highest kinetic constant. Apparently, the kinetic
characteristics of autoantibodies are concentration-independent pa-
rameters (the coefficients of correlation R? between kinetic character-
istics and autoantibody concentration equal 0.08 and 0.04 for anti-TPO
and anti-TG, respectively).

Notably, one of the reasons of the incompatible reference ranges of

Table 1
Kinetic characteristics of native antigen binding with autoantibodies in clinical
samples. Values represent means =+ standard deviations, n = 3.

Patient Anti-thyroid peroxidase Anti-thyroglobulin autoantibody

# autoantibody
[CLIU/  keux10%TU' x50 [CLIU/  kopx10%TIU 1 x5
mL x mL mL * mL

1 0.9 10.2+1.3 5.8 28.0 £9.9

2 865 93.5 +£16.8 73 98.8 + 22.4

3 1.1 36.0 £ 7.2 212 20.8 £ 2.5

4 0.8 79.7 £10.3 384 36.0 £ 9.6

5 2.4 184+ 1.6 507 79+1.6

6 33.9 41.7 £10.4 162 22.3+33

7 109 95.7 £16.3 334 74.3 £17.8

8 785 30.4 £ 6.4 407 63.7 £12.7

various traditional tests for anti-TPO and anti-TG by different manu-
facturers is kinetic heterogeneity of antibodies in real samples (D’ Aur-
izio et al., 2017; Tozzoli et al., 2017). Another reason is that the majority
of platforms register interactions of the analyzed autoantibody with
antigen sorbed on a solid phase, which may cause the antigen to present
its different sites depending on the sorption method (Danczyk et al.,
2003; Ivanov et al., 2019; Makaraviciute and Ramanaviciene, 2013).
Therefore, the serum samples, which have the same autoantibody con-
centration but different kinetics of antigen binding or profile of
antigen-binding sites, may yield different results depending on such
conditions as incubation time, sensing format, method of antigen sorp-
tion and conformation changes due to sorption.

The specificity of the developed label-free biosensor for registration
of native kinetics was confirmed by the fact that the signal did not
depend upon presence in the sample of non-target molecules, e.g., other
low- and high-molecular weight substances (see details in the related
Data in Brief article, subsection 2.5).

In addition, no detectable signal was recorded in the control
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experiments (Figure 6 of the related Data in Brief article), in which the
serum sample without spiked antigen was passed. This way, we verified
that a certain part of autoantibodies from the patients’ serum actually
bound with antigens on the surface via only one of the two “arms”, and
the response produced by further passing of the free antigen corre-
sponded to the native kinetics.

3.3. Detection of autoantibody concentration in human serum

The proposed multiplex biosensor can be also used for rapid,
simultaneous and independent measurements of concentration of
different autoantibodies in human serum using the affordable single-
used biochips. The measuring principle and a characteristic senso-
grams recorded in real time during the experiments are shown in Fig. 3.

At the final step, secondary anti-human antibodies are pumped to
detect specifically the autoantibodies bound in the respective recogni-
tion spots of the biochip. The biolayer increment at the final step is
considered as the detectible signal.

The signal here is caused solely by the presence of analyzed auto-
antibodies and does not depend upon unpredictable non-specific bind-
ing of serum components with the biochip surface. The specificity of the
developed label-free biosensor was confirmed in the experiments with a
wide variety of potentially interfering molecules (see details in section 2
in the related Data in Brief article). Another series of experiments was
devoted to the study of interference between the immobilized protein
array (see details in subsection 2.4 of the related Data in Brief article). It
was found in both cases that the non-target molecules did not produce
any noticeable effect on the signal within experimental error. The
principle is versatile because the same solutions are pumped over the
whole surface of the biochip during all steps regardless of the number
and specificity of analyzed autoantibodies.

3.4. Analytical characteristics of the multiplex sensing

Such parameters as type of the biochip surface, duration of each
sensing step, reagent proportions, flow rate, pH, etc. were optimized to
maximize the signal and minimize non-specific binding in human serum
(for details, see section 3 in the related Data in Brief article). Briefly, the
following conditions were selected as optimal: glass modification —
carboxylation; flow rate — 6.7 pL/min; pH - 7.4; duration of secondary
antibody pumping — 6 min; duration of pumping at other steps — 15 min.
Under the optimized conditions, anti-TPO and anti-TG autoantibodies
were simultaneously measured in human blood serum. The calibration
plot for anti-TPO autoantibody (Fig. 4A) was measured with the cali-
brated samples of 2.5, 5, 10, 20, 50, 200 and 860 IU/mL. The respective
dependence for anti-TG autoantibody (Fig. 4B) was obtained with the
calibrated serum samples containing concentrations of 5, 10, 20, 40,
100, 200, 400 IU/mL.

The obtained calibration data are well fitted by a linear log-log
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relationship with the correlation coefficient of R > 0.98 for both anti-
TPO and anti-TG. That is fully consistent with the Freundlich adsorp-
tion model, which, unlike the Temkin or standard Langmuir models,
describes adsorption on heterogeneous surfaces under non-linear dis-
tribution of active sites and their energies (Foo and Hameed, 2010). The
autoantibodies from patient serum are kinetically heterogeneous so the
description of their interaction with a homogeneous surface is mathe-
matically equivalent to the description of interaction of kinetically ho-
mogeneous adsorbates with heterogeneous surface considered in
Freundlich model.

Additionally, the Freundlich model allows one to determine the
heterogeneity index using the slope k of the log-log calibration plot. The
steeper the slope, the lower heterogeneity index, and at k = 1.0 the
model corresponds to the standard homogeneous Langmuir model in the
low concentration range. Our experiments show that anti-thyroid
peroxidase autoantibody (k = 0.33) is considerably more kinetically
heterogeneous than anti-thyroglobulin autoantibody (k = 0.83).

The limits of detection determined using the 2¢ and 3o criteria are
shown in Table 2 along with the dynamic ranges. These analytical
characteristics provide reliable detection of both model autoantibodies
within the whole range of clinically relevant concentrations, which are
also given in this table.

The biosensor performance was validated by correlation with ELISA.
The obtained data (Figure 11 and Table 4 of the related Data in Brief
article) show high correlation (R? = 0.9506) between the results ob-
tained with both methods during detection of anti-TG for five clinical
samples of serum. Such good correlation is, most likely, due to the same
reagents used in both cases. Meanwhile, the developed label-free
multiplex biosensor offers 5 times better LOD (for ELISA, the achieved
LODs are 8 and 25 IU/mL for anti-TPO and anti-TG, respectively) and
about an order better linear dynamic range.

The developed biosensor features high selectivity. As can be seen in
Table 4 of the related Data in Brief article, the tested serum samples
contain different combinations of the target analytes, namely: the
samples of patients #2 and #3 have relatively high concentrations of
anti-TG and more than 100-fold difference in anti-TPO; the samples of
patients #1 and #5 contain small amounts of anti-TPO but substantially
differ in anti-TG concentrations. However, the results for each analyte
measured by the developed biosensor reliably correlate with those ob-
tained with ELISA, regardless of concentration of the other analyte.
Besides, the good accuracy of the biosensor was confirmed in dilution
and recovery experiments (see details in the related Data in Brief article,
section 6).

The demonstrated analytical characteristics are better than those of
SPR-based label-free methods (Carlsson et al., 2008) and on par with the
most sensitive chemiluminescence-based techniques (D’Aurizio et al.,
2017; Tozzoli et al., 2017). For side-by-side comparison, see the related
Data in Brief article, Table 5. The rarely used nowadays
radioimmunoassay-based methods, which remain the most reliable
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Fig. 3. Scheme of detection of autoantibody concentration in human serum and experimental sensograms that represent simultaneous detection of anti-TG (A) and

anti-TPO (B) autoantibodies in human serum in different spots of glass biochip.
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Table 2
Analytical characteristics of the developed multiplex biosensor.

Analyte

Autoantibodies to thyroid peroxidase

Autoantibodies to thyroglobulin

Parameter Value recorded

Value in health

Value recorded Value in health

1.7/2.5 IU/mL
1.7-860 IU/mL

Limit of detection by 26/3c criteria
Dynamic range

<3-35IU/mL"

6/9 IU/mL
6-400 IU/mL

<7-115 IU/mL"

a

among the label-based methods due to the smallest, atom-sized labels,
can register anti-TPO and anti-TG on the level of 2 IU/mL and 13 IU/mL,
respectively, at the dynamic ranges comparable with those of ELISA
methods (isotop.hu, 2019a, 2019b). However, the mentioned traditional
techniques are time- and labor-consuming. In contrast, the biosensor
designed and tested here is rapid (<25 min), uses affordable and widely
available consumables, permits real-time monitoring of all sensing
stages and allows multiplexing. It should be noted that the developed
biosensing procedure is identical for diverse autoantibodies in a single
sample; it differs solely by antigens deposited in the recognition spots.

Remarkably, the detected thickness of immunocomplexes on the
biochip surface can be further enhanced by up to 3 orders of magnitude
if the secondary antibody is conjugated with magnetic nanoparticles
(Orlov et al., 2015). Besides, the results of such magnetic
nanolabel-based assays on passive multiplex biochips (Nikitin et al.,
2018b) can be interrogated inductively by readers that employ
nonlinear magnetization (Nikitin et al., 2018a; Orlov et al., 2016). Thus,
many aspects of this development can be extended to other biosensing
platforms, including those using conductive nanoparticles (Petryayeva
and Krull, 2011; Cherkasov et al., 2020).

A substantial advantage of the developed multiplex biosensor is its
flexibility for autoimmune disease diagnostics. To measure concentra-
tions and/or kinetic characteristics of other autoantibody, the
measuring setup will require minimal adaptation, namely, covalent
immobilization of a respective antigen during preparation of the bio-
chips and pumping the same antigen at the latest stage in analysis of
kinetic characteristics. A possible limitation for the method extension to
other autoantibodies can be relatively large antigen (comparable to IgG
molecules). That is due to increased probability of binding of both Fab-
fragments during sorption in the case of high-dense immobilization of
low-molecular antigens. It is likely, however, that this issue can be
resolved by optimization of the sorption density.

The biosensor design has virtually unlimited potential for multi-
plexing because of high compatibility with high-throughput microarray
format on glass biochips, which permits simultaneous characterization
of a large number of different autoantibodies. In addition, the

reference values dependent on region and used method (D’Aurizio et al., 2017; Tozzoli et al., 2016).

quantification of concentration and aggressiveness of anti-TPO and anti-
TG autoantibodies in combination with the previously reported ultra-
sensitive measuring of free thyroxine (LOD of 16 fg/mL) and thyroid
stimulating hormone (LOD of 0.017 pIU/mL) in human serum (Znoyko
et al., 2018, 2020) can be employed for advanced early diagnostics of
thyroid diseases.

4. Conclusions

The advantages of presented label-free multiplex biosensor can be
summarized as follows. This is the first tool that measures native kinetics
of autoantibodies in serum. The native kinetics is measured with a free
antigen as it behaves in blood (serum) rather than with an antigen
sorbed on a surface as in tradition techniques. Additionally, concen-
tration of autoantibody in serum can be measured with better sensitivity
than that of the majority of label-based techniques and on par with that
of the most sensitive chemiluminescence-based techniques. Both
mentioned parameters can be registered simultaneously and indepen-
dently during <25 min for various autoantibodies in different spots in
the glass microarray format. The single-used biochips, which are mi-
croscope cover slips without additional thin film coatings, are widely
available and cost-efficient. The disposable biochips are extremely
important for routine medical screening for autoimmune disorders
because autoantibodies should be measured directly in blood (serum), in
which they are produced.

The native kinetics has been shown to be independent of concen-
tration and promising as a novel criterion for differential diagnostics of
autoimmune diseases.

The proposed biosensor is a promising tool for comprehensive clin-
ical studies to elucidate eventually how the kinetic values of autoanti-
bodies are associated with clinical symptoms in patients. The biosensor
can be also extended to multiplex detection and kinetic characterization
of other autoantibodies so that the pattern of concentration and kinetic
parameters of a large number of autoantibodies can be employed for
more accurate and early diagnostics. Besides, the developed method can
be further adapted to other label-free sensors, for example, those based
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on the surface plasmon resonance, optical waveguides, various types of
interferometry, nanophotonic and mass sensitive structures, etc.
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