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ing bifunctional aptasensor for
bioluminescent analytical assays†

Anna Davydova,a Vasilisa Krasitskaya,b Pavel Vorobjev,ac Valentina Timoshenko,a
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and Mariya Vorobyeva *a

We report a novel bioluminescent aptasensor, which consists of 20-F-RNA aptamer modules joined into

a bi-specific aptamer construct. One aptamer module binds the analyte, then after structural

rearrangement the second module recruits non-covalently Ca2+-dependent photoprotein obelin from

the solution, thus providing a bioluminescent signal. This concept allows using free protein as a reporter,

which brings such advantages as no need for aptamer–protein conjugation, a possibility of thermal re-

folding of aptamer component with no harm to a protein, and simpler detection protocol. We developed

the new 20-F-RNA aptamer for obelin, and proposed the strategy for engineering structure-switching bi-

modular aptamer constructs which bind the analyte and the obelin in a sequential manner. With the use

of hemoglobin as a model analyte, we showed the feasibility of utilizing the aptasensor in a fast and

straightforward bioluminescent microplate assay. With a proper design of a secondary structure, this

strategy of aptasensor engineering might be further extended to bi-specific aptamer-based

bioluminescent sensors for other analytes of interest.
Introduction

Nucleic acid aptamers have been known for more than 25 years as
highly specic and affine binders. Almost anymolecule of interest
can serve as a target for developing aptamers by a SELEX
(Systematic Evolution of Ligands by EXponential Enrichment)
technology. Nowadays, aptamers represent the most promising
alternative to monoclonal antibodies for analytical and thera-
peutic applications.1,2 Their target binding affinity and specicity
are comparable to those of antibodies, while aptamers possess
a lot of unique advantages, such as generation by in vitro selection
on a lab bench; relatively easy, reproducible, and cost-effective
chemical synthesis; long shelf-life; minimal batch-to-batch varia-
tion; and a broad spectrum of chemical modications.3

Aptamers continue to nd numerous applications in
molecular engineering for bioanalysis, medical therapeutics,
and diagnostics. By their very nature, aptamers are made of
nucleic acids, which brings several advantages to the smart
design of aptamer-based molecular constructs.
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First, the functional activity of an aptamer is determined by
its spatial structure. The latter, in turn, relies on intermolecular
complementary base-pairing and thus can be regulated by
altering the aptamer's length and nucleotide sequence. The
ability of aptamers to change their conformation aer target
binding gives ample opportunities to design biosensing plat-
forms. For instance, a large variety of nanomaterial-assisted
aptasensors have been developed, detecting the binding event
aer a conformational change (see the review4).

Second, aptamers as building blocks are very compatible, so
one can combine them in a “Lego-like”manner to obtain complex
molecules with tuneable properties depending on the certain
research task. More to the point, the design of such joint mole-
cules hangs upon well-established algorithms of nucleic acids'
secondary structure prediction.5 So-called multivalent aptamer
constructs can comprise several copies of the same aptamer to
increase the binding avidity. Otherwise, joining aptamers to
different targets opens the widest possibilities to obtain a desired
repertoire of functionalities.6 Specically, bioanalytical systems of
this type can combine two aptamer modules: one for the analyte
recognition, and the other for recruiting a reporter molecule
which, in turn, provides an analytical signal.7–10 Once generated,
the aptamer module that non-covalently immobilizes the report-
ing group could then be used for the engineering of bi-aptameric
constructs for different analytes.

In the present study, we aimed to create bioanalytical bi-
modular aptamer constructs that recruit Ca2+-regulated photo-
protein obelin as a reporter. Obelin is an extraordinarily sensitive,
RSC Adv., 2020, 10, 32393–32399 | 32393
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triggerable reporter suitable for different bioluminescent assays.11

Particularly, we have previously demonstrated that obelin cova-
lently attached to the specic aptamer gives a very sensitive and
selective reporter for the bioluminescent aptasensor.12–14 So far,
bioluminescent proteins are quite rarely used as reporter groups
for aptamer-based assays, although they provide excellent analyt-
ical response and signal-to-noise ratio. For example, Moutsio-
poulou et al. recently reported the aptamer beacon biosensing
system comprising structure-switching anti-IFNg DNA aptamer
covalently joined with Gaussia luciferase and its inhibitor.15

However, the covalent joining of the aptamer and the protein, may
narrow the possibilities for thermal denaturation and refolding of
the aptamer due to the risk of protein deactivation. Here, we
propose a fundamentally different approach to the engineering of
bioluminescent aptasensors: the non-covalent recruitment of
obelin, which does not require chemical conjugation or engi-
neering of a fused protein to incorporate the reporter into the
bioanalytical system. Moreover, prior to the obelin addition, the
analytical system comprises only the nucleic acid and may
undergo denaturation/renaturation steps with no risk of deacti-
vation for the reporter protein. A number of aptamers capable of
binding small uorogens and enhancing their uorescence have
been described to the moment, and successfully employed for
RNA imaging.16 Nevertheless, to the best of our knowledge, the
only example of an aptamer for a reporter protein is the GFP-
binding one.17 We selected and rationally truncated the novel 20-
F-RNA aptamer for obelin, and proposed a strategy for its inte-
gration into bi-modular structure-switching construct. The proof
of concept for this strategy was demonstrated by the example of bi-
functional constructs built of obelin-binding and hemoglobin-
binding 20-F-RNA aptamers which were successfully employed in
the microplate bioluminescent assay.
Experimental
Materials and reagents

Streptavidin, human hemoglobin (Hb), bovine serum albumin
(BSA), SYBR Green I, Tween 20 and other reagents were purchased
from Sigma-Aldrich (St. Louis, USA). Ni Sepharose 6 FF resin and
His Mag Sepharose Ni magnetic beads (MB) were purchased from
GE Healthcare (United Kingdom). “UltraMild” protected nucleo-
side b-cyanoethyl phosphoramidites and modied polymer
supports for the synthesis of oligonucleotides were purchased
from Glen Research (Sterling, USA). 20-F-Modied pyrimidine
triphosphates were purchased from Nanotech-C (Novosibirsk,
Russia). Dulbecco's phosphate buffered saline (DPBS), T7 RNA
polymerase, inorganic pyrophosphatase, DNase I, RevertAid
reverse polymerase, FastAP thermosensitive alkaline phosphatase,
T4 polynucleotide kinase and unmodied ribonucleoside
triphosphates were purchased from Thermo Fisher Scientic
(Waltham, USA). Taq DNA polymerase, and deoxyribonucleoside
triphosphates were purchased from Biosan (Novosibirsk, Russia).
Target proteins

His-Obe carrying His6 sequence at the N-terminus was obtained
as described in ref. 18. Wild type obelin (wt-Obe), aequorin and
32394 | RSC Adv., 2020, 10, 32393–32399
clytin were obtained according to the methods, described in ref.
19 and 20.

Synthesis of nucleic acid libraries, primers, and 20-F-RNA
aptamers

Single-stranded DNA library, primers, and individual 20-F pyrimi-
dine (C and U) modied RNA aptamers were synthesized by the
solid phase phosphoramidite method on 0.4 mmol scale on an
automated DNA/RNA synthesizer ASM-800 (Biosset, Novosibirsk,
Russia) using protocols optimized for the instrument. The ssDNA
random library was 50-GCCTGTTGTGAGCCTCCTGTCGAAN40-
TTGAGCGTTTATTCTTGTCTCCC-30 (where N represents a deoxy-
nucleotide (A, T, G, or C)). The PCR primers were
50-GCTAATACGACTCACTATAGGGAGACAAGAATAAACGCTCAA
(forward primer, T7 promoter sequence underlined) and 50-
GCCTGTTGTGAGCCTCCTGTCGAA (reverse primer). To obtain the
ssDNA library with a smooth distribution of all four nucleotides in
the randomized region, we optimized the molar ratio of nucleo-
side phosphoramidites for the automated chemical synthesis of
the N40 fragment.21

Biotinylated aptamers were synthesized from 30-aminohexyl
containing 20-F-RNA aptamers by incubation in 0.1 M Na2B4O7

with a 100-fold molar excess of biotin N-hydroxysuccinimide
ester (Merck, Germany) for 2.5 h at 25 �C. The product was
precipitated by 2% NaClO4 in acetone, washed twice with
acetone and diluted in water. The excess reagent was removed
by centrifugation using an Amicon Ultra-0.5 mL Centrifugal
Filters 3 K device (Merck, Germany).

The dsDNA library was obtained by the primer extension
using the Klenow fragment of E. coli DNA polymerase I. The
product of the extension reaction was puried with the MinE-
lute Reaction Cleanup kit (Qiagen, Germany). The puried
dsDNA library was then used as a template for in vitro tran-
scription of the 20-F-modied RNA library. The transcription
was performed using 1 mM ATP, GTP and 3 mM 20-F-UTP, 20-F-
CTP, and T7 RNA polymerase. The resulting 20-F-modied RNA
library was puried by gel ltration and analyzed by denaturing
PAGE.

Aptamer selection

For every selection round, the His-Obe protein was immobilized
onto Ni Sepharose 6 FF resin or His Mag Sepharose Ni magnetic
beads. An aliquot of Ni Sepharose resin (5 mL) was washed three
times with 0.5 mL of DPBS buffer containing 1 mM EDTA
(DPBSE). His-Obe in DPBSE (20 mg mL�1, 150 mL) was vortexed
with the resin at room temperature for 1 h, and then the resin
was washed three times with 150 mL of DPBSE.

20-F-Modied RNA library was folded in DPBSE by heating at
90 �C for 5 min and cooled down for 10 min at 25 �C. Then
Tween 20, BSA and E. coli tRNA (rounds 1–5) or polyA (rounds 6–
12) were added as nonspecic competitors for nal concentra-
tions of 0.05%, 0.01%, and 0.1%, respectively. To remove
nonspecically binding RNAs, the initial library was incubated
with 5 mL of Ni Sepharose resin at room temperature with
mixing for 1 h. Unbound RNAs were collected by centrifugation
and mixed with 5 mL of Ni Sepharose with pre-immobilized His-
This journal is © The Royal Society of Chemistry 2020
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Obe at room temperature for 1 h. Unbound RNAs were washed
out with 0.05% Tween 20 in DPBSE. Aer several washes, RNA–
protein complexes were eluted with 20 mM Tris–HCl buffer (pH
7.0) containing 100 mM imidazole. The recovered RNAs were
subjected to reverse transcription by RevertAid reverse tran-
scriptase followed by the cDNA amplication and T7 RNA
transcription to regenerate an enriched RNA pool. The selection
pressure was progressively increased by decreasing the amount
of protein and the time of incubation and adding more washes
(see details at Table S1†).
High-throughput sequencing and bioinformatic analysis of
the data

Double-stranded DNA libraries aer the 6th, 10th and 12th

SELEX round (1 mg) were re-amplied with the primers con-
taining adapters and barcodes for high-throughput Illumina
sequencing. The libraries were sequenced on a MiSeq platform
using the 2 � 300 bp paired-ends sequencing kit (Illumina) in
Genomics Core Facility (ICBFM SB RAS, Novosibirsk, Russia).
Raw sequences were analyzed with UPARSE pipeline22 using
Usearch v10.0.240. The UPARSE pipeline included the merging
of paired reads, read quality ltering, length trimming, merging
of identical reads (dereplication), discarding singleton reads,
removing chimeras, and OTU clustering using the UNOISE23

algorithm. Nucleotide sequences of the most represented
aptamers are listed in Table S2†.
Differential radial capillary action of ligand assay (DRaCALA)

For 50-[32P]-labeling, 20-F-RNAs were phosphorylated using g-
[32P]-ATP (Biosan, Novosibirsk, Russia) and T4 polynucleotide
kinase (see ESI† for details). The 50-[32P]-labeled 20-F-RNA
probes ($5 pmol) in 100 mL of DPBS containing 1 mM MgCl2
(DPBSM) were incubated at 90 �C for 5 min and then cooled
down for 10 min at 25 �C. Tween 20, BSA and polyA were added
to the reaction mixture for nal concentrations of 0.05%, 0.01%
and 0.1 mgmL�1, respectively. To start binding, 5 mL of the RNA
solution were mixed with 5 mL of protein solution (His-Obe, wt-
Obe, aequorin, or clytin) in DPBSM. Aer 40 min of incubation
at 25 �C, aliquots were withdrawn and analyzed by the DRaCALA
assay according to Donaldson et al.24 Briey, 5 mL of the reaction
mixture were spotted on a dry nitrocellulose lter (Millipore,
USA). Spots were allowed to dry for approx. 20 min and then
exposed to the Bio-Rad phosphorimager screen overnight. For
each spot, the intensities of the inner and outer circles were
quantitated using Molecular Imager FX and Quantity One 4.5.1
soware (Bio-Rad, USA). The fraction of bound 20-F-RNA (FB)
was calculated from the intensities (Iinner, Itotal) and areas
(Ainner, Atotal) of the inner and outer circles using the eqn (1), as
described in:21

FB ¼
Iinner � Ainner � Itotal � Iinner

Atotal � Ainner

Itotal
(1)

Each binding assay was performed in triplicate. The values of
the equilibrium dissociation constants (KD) were determined by
This journal is © The Royal Society of Chemistry 2020
approximation of experimental data using a standard equation
for bimolecular ligand–receptor binding (2) in the GraphPad
Prism soware.

FB ¼ Bmax � X

KD þ X
(2)

where X is the concentration of the protein.
Solid-phase bioluminescent assays with bi-functional 20-F-
RNA aptamers

Before measurement biotinylated bi-functional 20-F-RNA
aptamers (O79t1-H9t11, H9t11-L-O79t1 or O79t1-L-H9t11)
were folded in DPBSM by heating at 90 �C for 5 min and cool-
ing down for 10 min at 25 �C. Then Tween 20, BSA and E. coli
tRNA were added as nonspecic competitors for nal concen-
trations of 0.05%, 0.01%, and 0.1%, respectively. The 25 nM
solution of biotinylated bi-functional 20-F-RNA aptamers (50 mL)
were added into streptavidin activated wells (10 mg mL�1 in PBS,
pH 7.5, 50 mL in each well, overnight at 4 �C) in binding buffer
(DPBSM, 0.05% Tween 20, 0.01% BSA, 0.01% E. coli tRNA) and
incubated with shaking for 30 min at room temperature.

Then, the wells were washed, and 50 mL aliquots of the mixed
solution of human hemoglobin (nal concentration from 100 to
1.6 nM) and His-Obe (nal concentration of 100 nM) in binding
buffer were added into the wells and incubated for 40 min at
room temperature.

Aliquots of 100 nM His-Obe in binding buffer were placed
into the control wells. Aer washing the wells, bioluminescence
of bound obelin was initiated by injection of 0.1 M CaCl2 in
0.1 M Tris–HCl, pH 8.8 (50 mL) and measured with Mithras LB
940 plate luminometer (Berthold, Germany).

The signal was integrated for 5 s. Signals from the control
wells were subtracted from those obtained from the respective
aptamer-containing wells.
Results and discussion
In vitro selection of 20-F-RNA aptamers to obelin

In our study, we chose a uniform 20-uoro modication of all
pyrimidine residues within RNA library. This type of modica-
tion is quite widespread for in vitro selection of RNA aptamers
since it provides nuclease resistance and stable secondary
structures, and is well compatible with all enzymatic steps of
the SELEX cycle (see, e.g., the reviews25,26).

The Ca2+-regulated photoprotein obelin elongated from the
N-terminus by the hexahistidine fragment (His-Obe)18 was used
as a SELEX target, according to commonly used selection
technique27–29 (see ESI† for Experimental details of the selec-
tion). To monitor the course of the enrichment, we assessed the
diversity of the obtained libraries in the dsDNA form by
analyzing remelting proles of dsDNA pools (DiStRO assay)
(Fig. S1†). The progressive increase in remelting temperature
with the number of the round pointed to the loss of diversity,
which corresponds to the enrichment of the library Aer 12
rounds of selection and high-throughput sequencing of the
nal and intermediate selection pools, the most represented
RSC Adv., 2020, 10, 32393–32399 | 32395
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Fig. 1 Obelin-binding aptamer O79 and its truncated versions. (A)
Predicted secondary structures for O79, O79t, O79t1. (B) Example of
binding of O79t to close related photoproteins obelin, aequorin, and
clytin examined by the DRaCALA assay.
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aptamers (Table S2 and Fig. S3†) were chemically synthesized
and tested for their ability to bind His-tagged and tag-free
obelins.

Binding affinities of candidate aptamers

In this study, we applied for the rst time the DRaCALA
(Differential Radial Capillary Action of Ligand Assay) technique
proposed by Donaldson et al.24 to examine the aptamer–protein
complex formation. The method is based on different mobil-
ities of free nucleic acid and NA–protein complexes in the probe
spotted on the dry nitrocellulose lter. In our case, aptamer–
protein complexes were easily identied as the spots of smaller
diameter inside the larger spots corresponding to the free [32P]-
labelled aptamers (see, e.g., Fig. 1B). Even the complexes hardly
detectable by the electrophoretic mobility shi assay (EMSA)
(e.g., Fig. 4C) were clearly registered by the DRaCALA (Fig. S5†).
The method also enables the quantitative measurement of
binding affinity in terms of KD (Table 1). Rather surprisingly, the
results revealed that some of the SELEX leaders bound only the
His-tagged obelin and show no affinity to the wild-type one.
Table 1 KD values for binding of aptamers with His-tagged and wild-typ

Name Sequence (50–30)

O79 gggagacaagaauaaacgcucaaugugaagucgcauuuaauugcuggcgccguuu
O79t gggagacaagaauaaacgcucaaugugaagucgcauuuaauugcuggcgccguuu
O3t gggagacaagaauaaacgcucaaugugaagucgcacuuaguugcuggcgucguuu
O4t gggagacaagaauaaacgcucaacuaggcugugcgcggugcccuaucuuauccgc
O6t gggagacaagaauaaacgcucaagacgugcgcgggaaagaccgacgcucuaccccu
O35 gggagacaagaauaaacgcucaauaggguacgcggacagcgaugggaccgcguugc
O5 gggagacaagaauaaacgcucaaguuguacgcgguuggcaauccgcguugcuuua

a NB, no binding detected.

32396 | RSC Adv., 2020, 10, 32393–32399
As the most promising candidate for the obelin-recruiting
module, we chose the aptamer O79, which demonstrated
sufficient binding affinity to both His-tagged and tag-free
targets. Of note, the bioluminescent assay with microplate-
immobilized aptamers proved that obelin retains its biolumi-
nescent properties being bound to the aptamers (Fig. S7†).

Rational design of O79 aptamer

For incorporation of O79 into the single oligonucleotide chain
of a bi-modular aptamer, it was rationally truncated from 87 to
44 nt (Fig. 1A) to minimize the overall length of the construct. In
the aptamer O79t1, the longest stem was shortened to 6 bp, and
two terminal AU pairs were replaced by GC pairs to stabilize the
structure (see ESI† for details).

Further truncation of O79t1 aptamer led to the complete loss
of binding affinity (Fig. S6, ESI†). We therefore considered this
sequence as a minimal binding motif. Of note, the aptamers of
O79 series demonstrated an excellent selectivity for obelin. We
have not registered any complex formation with closely related
Ca2+-dependent photoproteins aequorin and clytin (e.g.,
Fig. 1B), even though these three proteins exhibit high struc-
tural homology.20

Engineering of bi-specic 20-F-RNA aptamers

We then examined the possibility to use the optimized aptamer
O79t1 for non-covalent recruiting of obelin into a bi-specic
aptamer construct. The bi-specic aptamers proposed in this
study consist of two structural modules: (1) the molecular
recognition module, i.e., an aptamer binding the target analyte,
and (2) the obelin-binding aptamer for a reporter-recruiting
module.

Since the analytical signal should turn-on only in the pres-
ence of the target analyte, we aimed to engineer a structure-
switching construct capable of strictly sequential activation.
To this point, we employed the rational modular design relying
on the secondary structure prediction. Within the bi-specic
construct, the analyte-binding aptamer mostly retains its
structure, while the obelin-binding part is hybridized with
a complementary fragment of the analyte aptamer or with
a short additional linker sequence. It is, therefore, ‘hidden’ and
unable to recognize the obelin. Binding of the analyte induces
the structural rearrangement of the whole construct and
e obelinsa

KD,
mM (His-Obe)

KD,
mM (wt-Obe)

acuugcucuucgacaggaggcucacaacaggc 0.28 0.69
acuugcuc 0.34 0.72
acuugcuc 0.23 1.37
gccucuccu 0.58 NBa

acaagcu 0.94 NBa

cagccccuucgacaggaggcucacaacaggc 0.12 NBa

cggguuccuucgacaggaggcucacaacaggc 0.45 NBa

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 A general scheme of microplate bioluminescent detection of
an analyte with bi-specific aptamers.

Fig. 3 Secondary structures of obelin-binding (red) and hemoglobin-
binding (blue) aptamer modules and bi-specific aptamers on their
basis (obtained by Vienna RNA fold). Dashed lines connect G residues
involved in quadruplex formation. Hexanucleotide linker (green)
between the modules is derived from the 30-terminal fragment of
O79t1.
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‘unmasking’ of the obelin-binding aptamer. Thus, upon the
addition of obelin, it binds the cognate aptamer, which, in turn,
enables the generation of the specic bioluminescent signal
aer Ca2+ addition. The principal detection scheme is depicted
in Fig. 2.

As a proof of principle for this strategy, we employed the
human hemoglobin (Hb) binding 20-F-RNA aptamer H9t11 as an
analyte-binding module.30 This G-quadruplex aptamer is of
relatively small size (43 nt), which makes it possible to synthe-
size the whole 20-F-RNA molecule built of two aptamer
sequences on an automated DNA/RNA synthesizer. Theoreti-
cally, two aptamers can be fused into the single construct
differently, with or without an additional oligonucleotide linker
between the aptamer modules. Generally, linkers of “neutral”
nucleotide sequences such as A10 and (dT)10, or non-nucleotide
hexaethylene glycol linker are employed to connect different
aptamers in bi-functional molecules that expose both aptamers
for the simultaneous binding of the targets.5 However, for the
constructs that provide the sequential target binding, the
particular sequence of the linker requires a more thorough
design since it contributes to the overall secondary structure. So
far, there are no universal guidelines for engineering structure-
switching bifunctional aptamers. In some cases, the fusion of
two aptamers without a linker allows hiding one of them in the
resulting structure.9 Other constructs require a smart design of
the oligonucleotide linker made from the fragment of the one of
the aptamers.7

Here, we tested both approaches. For the engineering of
structure-switching bimodular aptamers, we either joined two
aptamers without a linker or derived the linker sequences from
short terminal fragments (6–8 nt) of both aptamers. In the latter
case, we chose the length of the linker having in mind that the
secondary structure of the bi-functional construct should be
stable enough to hide the obelin aptamer, but also capable of
rearrangement aer hemoglobin binding. A set of possible
variants was designed and analyzed for their secondary struc-
tures. In doing this, we considered two requirements: (1) the
hemoglobin aptamer retains its structure, and (2) the structure
This journal is © The Royal Society of Chemistry 2020
of the obelin-binding motif within the whole molecule is
signicantly changed as compared to O79t1 alone. The
following three constructs met the criteria mentioned above
(Fig. 3): (1) O79t1 followed by H9t11 directly, without the linker,
(2) 50-H9t11-L-O79t1-30, and (3) 50-O79t1-L-H9t11-30, where L is
a hexanucleotide linker sequence corresponding to the 30-
terminal fragment of O79t1.
Bioluminescent microplate assay

The obtained bifunctional aptamers with dual hemoglobin/
obelin specicity were tested by a bioluminescent microplate
assay. 30-Biotinylated aptamers were immobilized on the
streptavidin-coated wells of the microplate and incubated with
varying concentrations of hemoglobin in the presence of
a constant concentration of obelin. The optimal concentration
of obelin (100 nM) was chosen as described in ESI (Fig. S8†).
The bioluminescent signals were measured aer Ca2+ addition
in the concentration which is saturating for all obelin molecules
bioluminescence.11 The scheme and the results of the assay are
shown in Fig. 4. In all three cases, we registered a low biolu-
minescent signal of the obelin in the absence of hemoglobin.

In contrast, upon the addition of hemoglobin, all constructs
provided a specic growth in the bioluminescent signal
proportional to the analyte's concentration, with slightly
different bioluminescence curves. Namely, in the case of linker-
containing aptamers, we observed a linear growth in the
bioluminescent signal from 1.6 to 50 nM Hb for O79t1-L-H9t11
and from 3.1 nM Hb for the H9t11-L-O79t1 construct. For
RSC Adv., 2020, 10, 32393–32399 | 32397
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Fig. 4 Bioluminescent detection of human hemoglobin with bispe-
cific aptamers Apt79t1-H9t11 (–,–), H9t11-L-Apt79t1 (–B–) or
Apt79t1-L-H9t11 (–D–) at simultaneous addition of obelin (100 nM)
and hemoglobin (1.56–100 nM). Red symbols show the signals from
hemoglobin-free (control) samples. Biotinylated aptamers were
immobilized in streptavidin-coated microplate wells. Each point is the
average � standard deviation, n ¼ 3.
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linker-free O79t1-H9t11, this growth started from 6.25 nM Hb.
Thereby, the designed constructs possessed the ability to derive
the specic bioluminescent signal upon the analyte binding.
The developed assay allows for the simultaneous addition of
hemoglobin and obelin to the microplate well with immobilized
aptamer, followed by washing step and measurement of Ca2+

bioluminescence. This makes the detection protocol very easy
and fast to perform. What is also important, the bi-functional
aptamer is re-folded by the common heating/cooling proce-
dure before plate immobilization, without jeopardizing the
reporter photoprotein.

As compared to other aptasensing systems for hemoglobin
detection, our assay surpasses the analytical performance of
uorescent aptasensor based on uorescein-labeled aptamer
and graphene oxide (range of detection 77–770 nM).31 Electro-
chemical hemoglobin-specic aptasensors provide lower
detection limits of 10�12 M (ref. 32) and even 10�20 M.33 It
should be noted, however, that physiological blood hemoglobin
concentration is about 2 mM (13.2 g dL�1). All reported apta-
sensors provide at least nanomolar sensitivity and therefore
perfectly suit for Hb detection.
Conclusions

To sum up, we generated, characterized, and truncated 20-F-
RNA aptamer affine and selective to the Ca2+-regulated photo-
protein obelin. The aptamer was applied for non-covalent
recruiting of the photoprotein into novel bimodular aptamer
32398 | RSC Adv., 2020, 10, 32393–32399
constructs with double hemoglobin/obelin functionality, which
were engineered with a particular focus on the linker sequence
between two modules. A model bioluminescent microplate
assay showed that the constructs comprising hemoglobin-
specic and obelin-specic 20-F-RNA aptamers bind their
targets in strictly a sequential manner. The bioluminescent
signal from the obelin was registered only in the presence of
hemoglobin, and its magnitude depended on the hemoglobin
concentration.

We thus established a proof-of-principle for non-covalent
integration of the reporter protein into the aptamer-based bio-
analytical system using the specic aptamer. The proposed
novel approach offers the advantages of using a free protein as
a reporter group, wide possibilities for re-folding of the aptamer
part without any harm for the protein component, and fast and
straightforward protocol of detection. With a proper design of
a secondary structure, this strategy of aptasensor engineering
might be further extended to the bi-specic aptamer-based
bioluminescent sensors for other analytes of interest.
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