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Background: Despite the general trend towards decreasing the incidence of newly diagnosed active
forms of tuberculosis, the situation with this disease spread in the Russian Federation remains ex-
tremely tense. At the same time, the diagnosis is performed according to the standard scheme, which
takes about a month; another month is spent on the drug sensitivity tests. Thus, the development of
new methods for the diagnostics and typing of mycobacteria, as well as their practical implementation
is an urgent problem. The modern approaches in the field of microfluidic technologies open great
opportunities in this direction. Aims: Development of a method for identification and typing of My-
cobacterium tuberculosis using a label-free biosensor based on surface waves in a one-dimensional
photonic crystal (PC SM biosensor). Methods: Oligonucleotide probes were selected and synthesized
as DNA targets for M. tuberculosis typing. The photonic crystal surface was modified with aqueous
solutions of (3-aminopropyl)triethoxysilane, Leuconostoc mesenteroides dextrans and bovine serum
albumin. The experiments were carried out using a PC SM biosensor. Results: The sequences of
detecting oligonucleotide probes were selected for spoligotyping of M. tuberculosis using the PC SM
biosensor. Their 3'-ends were modified in order to create extended single-stranded regions which
are not subjected to the formation of secondary structures and facilitate hybridization with a sin-
gle-stranded DNA target. Several series of experimental PC surface modifications were carried out
using L. mesenteroides dextrans with different functional groups (including real-time detection of the
modification results). The simultaneous registration of the increment layer size and volume refrac-
tive index of the mixture excludes the use of a reference cell. Besides, the experiments were carried
out to detect the specific binding of biotinylated oligonucleotide probes to the modified PC surface.
Conclusions: A technique for the design of probes has been developed and a model system of olig-
onucleotides for the detection of single-stranded DNA using a PC biosensor has been proposed. The
developed technique for the PC surface modification with dextrans from L. mesenteroides allows
increasing the sensitivity of oligonucleotides detection using the PC SM biosensor. This approach will
further expand the panel of diagnostic probes, including those used for the identification of resistance
markers.
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List of abbreviations

PCSW-biosensor, Photonic Crystal Surface 1D PC — One-Dimensional Photonic Crystal: a
Waves Biosensor — a complex device for detecting | special synthetic surface, which is a multilayer dielec-
the processes of sorption/desorption of biomole- | tric spectrally selective structure.
cules on a specific sensitive surface.
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BACKGROUND

According to the latest data from the World Health
Organization, the incidence of tuberculosis in the Rus-
sian Federation continues to remain at a high level, de-
spite the emerging trend towards stabilization. In 2019,
more than 60 thousand new cases of the disease and
7536 deaths were registered [1, 2]. A special and very
significant role in the exacerbation of the situation with
tuberculosis is played by the emergence and increas-
ing distribution of drug-resistant strains of mycobac-
teria. According to some data, in the world about 4%
of tuberculosis cases are caused by strains with multi-
drug resistance (MDR), and among previously treated
patients, the frequency of detection of MDR strains
reaches 40%. At the same time, on the territory of the
Russian Federation, the indicators are even more neg-
ative. Thus, the number of MDR strains among newly
diagnosed cases reaches 30%, while among treated
patients it exceeds 60% in other regions [2, 3]. Thus, in
the near future, modern medicine, devoid of effective
anti-tuberculosis drugs, may be powerless against the
growing threat of the widespread spread of resistant
strains of Mycobacterium tuberculosis.

Obviously, in this situation, research aimed at solv-
ing the problem of rapid diagnosis of the disease,
timely detection of anti-TB drugs-resistant forms, as
well as adequate anti-epidemic measures aimed at
preventing the spread of mycobacterial strains (in-
cluding resistant ones) in the human population, are
very relevant. Modern advances in molecular biology
and biophysics open up great prospects and oppor-
tunities in this direction. In particular, developments
in the field of microfluidic technologies and optical
markerless biosensors are fundamentally new. The
use of a microfluidic markerless biosensor on surface
optical waves in a one-dimensional photonic crystal
(PCSW-biosensor) makes it possible to significantly
simplify the molecular identification of pathogens in
laboratory diagnostics of infections, including tuber-
culosis. The PCSW-biosensor makes it possible to
analyze a wide range of interactions: from the forma-
tion of various protein-protein complexes to the in-
teraction of oligonucleotides of different sequences.
The main advantage of the technology is the passage
of reactions in an isolated zone of minimum volume,
which eliminates contamination, reduces the analysis
time, and makes the analysis procedure convenient for
the operator. Registration of such interactions is car-
ried out in real time and does not require preliminary
labeling of target biomolecules [4]. In 2020, the mul-
tiplex potential of a PCSW-biosensor with a two-di-

mensional spatial resolution was shown [5]. Thus, the
urgency of using this technology when working with
the causative agent of tuberculosis is obvious.

The aim of the study was to develop a method for
the identification and typing of M. tuberculosis using a
microfluidic PCSW-biosensor.

METHODS

Probes

The collection of genome-wide sequences for 5721
M. tuberculosis samples was used to select probes
that provide family-specific typing of the tuberculo-
sis pathogen. For spoligotyping, specific spacer se-
quences of the DR region (direct repeat) were deter-
mined in the genome of M. tuberculosis strain H37Rv
(NCBI Reference Sequence: NC_000962.3). Based
on previously published data [6], the sequences of
probes providing primary typing of M. tuberculosis for
43 DR-region spacers were determined. In the pre-
sented work, several nucleotides were added to the
3’end of DNA probes, allowing the site of hybridization
with single-stranded DNA of the spacer to be increased
to 20 base pairs. The terminal 3’-terminal nucleotide
of the probe is modified with biotin for immobilization
on streptavidin. The nucleotide sequence of the ob-
tained DNA probe for the detection of the 43rd spacer:
5-GGAGGTGCAGCA-acgtatac-3'-Biotin. The control
of the secondary structure of a single-stranded DNA
probe and its potential target was carried out using the
mFold program [7].

Biosensor

The registration of the process of interactions of
biomolecules on the surface was carried out in real
time using a microfluidic marker-free PCSW-biosensor
“EVA 2.0” (Russia) [4, 8]. The sensitive surface of the bi-
osensor is the final silicon oxide layer of a one-dimen-
sional photonic crystal (1D PC). To modify the surface
of the photonic crystal, we used aqueous solutions of
(8-aminopropyl) triethoxysilane ([3- (Aminopropyl) tri-
ethoxysilane], APTES), Leuconostoc mesenteroides
dextrans, bovine serum albumin, polyallylamine, gluta-
raldehyde, epichlorohydrin phosphate -buffered saline,
PBS).

RESULTS

The design of oligonucleotide probes for the detec-
tion of the causative agent of tuberculosis has been
developed, their optimal length has been selected for
hybridization with the target DNA. To increase the de-
tection sensitivity in experiments with oligonucleotide
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DNA targets, it was initially required to increase the
sorption capacity of the photonic crystal surface, which
was achieved by creating a branched polysaccharide
structure on its surface. In this work, we used dextran
with a Mw of 500 kDa, which was previously chemically
modified to introduce available functional groups into
the polymer chain for binding to the silanized surface
of the 1D OC.

The kinetics of the interaction of the model bo-
vine serum albumin protein with the modified surface
was recorded on a PCSW-biosensor; for comparison,
the sorption curves are shown for the 1D OC surface
modified by two methods: silanization with APTES and
modification with polyallylamine and glutaraldehyde [9]
(Fig. 1). Compared to the APTES-modified 1D OC sur-
face, the sorption capacity of the surface with the poly-
saccharide increased by 20%, which can be explained
by the appearance of a three-dimensional branched
structure of dextran chains.

Optimal conditions for the modification of the sur-
face of the 1D OC with dextran were selected, which
make it possible to achieve a higher sorption capacity
of the surface of the 1D OC for the subsequent sorption
of low-molecular-weight ligands. Sorption curves for
the detection of oligonucleotide DNA targets simulat-
ing unique regions of the M. tuberculosis genome were
obtained using a microfluidic markerless PCSW-bi-
osensor. The sensitivity of the technique is determined
by the signal-to-noise ratio when registering the pro-
cess of binding of oligonucleotides to the surface of the
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OPC of the biosensor. Our results show a sensitivity of
0.7 pg/mm?.

For the covalent binding of biotinylated oligonucleo-
tide DNA probes in real time on the surface of the 1D OC
and subsequent registration of the specific interaction
of the probes on the activated surface of the 1D OC,
streptavidin was preliminarily immobilized. Nonspecific
binding sites on the 1D OC surface were blocked by
0.1 mg/ml bovine serum albumin solution (Fig. 2).

DISCUSSION

Today, the problem of rapid and early diagnosis
of tuberculosis is relevant all over the world. Work is
underway to identify proteins of mycobacteria in hu-
man blood [10]. However, a systematic approach to
the study of the physiology of mycobacteria showed
the limitations of such methods [11]. The nucleotide
sequences of the probes selected in this study cor-
respond to the spacers located between the direct
repeats (DR-regions) of the M. tuberculosis genome,
and provide reliable typing of the pathogen by belong-
ing to the family [6]. It was previously shown that the
method of multiplex biosensing on the surface waves
of the 1D OC with two-dimensional spatial resolution
in real time can be used to register antigen-antibody
binding processes with sufficient sensitivity [12], and
therefore, in this work, the method was adapted for
typing the causative agent of tuberculosis. The method
for modifying a photonic crystal proposed in this work
provides a higher adsorption capacity of the surface
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Fig. 1. The change in the adsorbed layer thickness (Ad) upon bovine serum albumin binding to the modified PC surface.

Note. M[] — modified dextran; NMAA — polyallylamine; T'A — glutaraldehyde; APTES — 3-(Aminopropyl)triethoxysilane.
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Fig. 2. Registration of the sequential adsorption of streptavidin and a biotinylated DNA probe, 5'-GGAGGTGCAGCA-acgtatac-

3'-Biotin, on the modified PC surface.
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Note. PBS — phosphate-buffered saline; BCA — bovine serum albumin.

than those known from the literature [9] and allows one
to solve the problem of sensitivity associated with a
small number of bacteria in a biological material. In ad-
dition, a potential solution to this problem can be the
implementation of a certain optimal number of cycles
of the polymerase chain reaction before detection on
the PCSW-biosensor.

Thus, on the basis of the study carried out, it can
be concluded that the diagnostic system based on the
PVFC-biosensor has a great potential for rapid diagno-
sis and typing of the causative agent of tuberculosis.

CONCLUSION

In the course of the work, we analyzed the modifica-
tion of the photonic crystal surface based on the inter-
action of the activated surface with the functionalized
dextran L. mesenteroides. A method for the design of
probes was developed and a model system of oligonu-
cleotides for the detection of single-stranded DNA of
the tuberculosis pathogen using a microfluidic PCSW
biosensor was proposed. This method of modifying
and activating the working surface of a photonic crystal
makes it possible to bind oligonucleotides of different
sequences for further use of the PCSW-biosensor in
diagnostics.

The proposed approach will further expand the
panel of diagnostic probes, including for the identifi-

cation of resistance markers. In turn, the use of such
a biosensor in the diagnosis of tuberculosis infection
will ensure the fastest possible diagnosis, determina-
tion of drug resistance of strains and, accordingly, the
appointment of a treatment regimen as soon as pos-
sible.
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