Microchimica Acta (2021) 188: 352
https://doi.org/10.1007/s00604-021-05012-8

ORIGINAL PAPER q

Check for
updates

Lighting up ATP in cells and tissues using a simple aptamer-based
fluorescent probe

Wenjun Liu' - Xuena Zhu*3 - Maedeh Mozneb? - Larry Nagahara* - Tony Y. Hu® - Chen-Zhong Li*

Received: 15 June 2021 / Accepted: 28 August 2021 / Published online: 23 September 2021
© The Author(s), under exclusive licence to Springer-Verlag GmbH Austria, part of Springer Nature 2021

Abstract

Extracellular ATP as a purinergic signaling molecule, together with ATP receptor, are playing an important role in tumor
growth, therapy resistance, and host immunity suppression. Meanwhile ATP is a crucial indicator for cellular energy status
and viability, thus a vital variable for tissue regeneration and in vitro tissue engineering. Most recent studies on COVID-19
virus suggest infection caused ATP deficit and release as a major characterization at the early stage of the disease and major
causes for disease complications. Thus, imaging ATP molecule in both cellular and extracellular contexts has many applica-
tions in biology, engineering, and clinics. A sensitive and selective fluorescence “signal-on” probe for ATP detection was
constructed, based on the base recognition between a black hole quencher (BHQ)-labeled aptamer oligonucleotide and a
fluorophore (Cy5)-labeled reporter flare. The probe was able to detect ATP in solution with single digit uM detection limit.
With the assistance of lipofectamine, this probe efficiently entered and shined in the model cells U20S within 3 h. Further
application of the probe in specific scenery, cardio-tissue engineering, was also tested where the ATP aptamer complex was
able to sense cellular ATP status in a semi-quantitative manner, representing a novel approach for selection of functional
cardiomyocytes for tissue engineering. At last a slight change in probe configuration in which a flexible intermolecular A14
linker was introduced granted regeneration capability. These data support the application of this probe in multiple circum-
stances where ATP measurement or imaging is on demand.
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Introduction of cellular energy and is indicative for cell energy status and
viability. It is shown to be crucial for in vivo tissue repair/
Among many metabolites, ATP is majorly produced in  regeneration and in vitro tissue engineering [1]. On the
mitochondria and resides in cells with a concentration of  other hand, extracellular ATP functions as a pivotal signal-
5-10 mM. Intracellular ATP represents the principal source  ing mediator [2—4]. Under normal physiological conditions,
ATP is barely detectable in extracellular contents. ATP is
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profoundly released from cells upon mechanical injury and
other stimulus [5, 6]. ATP enrichment is widely found in
tumor microenvironment at up to tens to hundreds of micro-
molar [7]. ATP and adenosine arised from the hydrolysis
of ATP by membrane bound phosphohydrolase CD73 and
CD39 are the major purinergic signaling molecules that pose
significant influence on the tumor-host interaction, thus con-
tributing to enhanced immunosuppression, tumor growth,
and invasion [8-10].

Most recent research revealed that SARS-CoV2 virus
(COVID-19) infection causes cellular ATP deficit [11, 12]
and ATP release from infected cells, which, dependently on
the site of infection, in turn signals unproductive response
at lung [13] or leads to neuroinflammation caused complica-
tions [14]. For these considerations, a reliable, safe, and live
imaging compatible ATP probing system can be conceivably
beneficial for laboratory research, engineered tissue growth
in vitro, and patient care on clinical sites.

In situ bioimaging has become a powerful tool in bio-
analysis [15—-18]. Significant progress has been achieved in
the sensing and imaging of metabolites in biological sam-
ples containing live cells and tissue [19-21]. Until now,
diverse methods have been developed to detect ATP, such
as traditional approaches (HPLC, NMR spectroscopy [22],
capillary electrophoresis [23]), optical sensors (colorimetric
assays [24], fluorometric sensors [25], bioluminescence, and
chemiluminescence detection platforms [26]), and electro-
chemical detection methods [26]. However, new testing that
is straightforward, bio-friendly, and live imaging compatible
remains on demand.

Over the years, a large repository of nucleic acid-based
aptamers that possess biomolecular specificity has been
selected and reported. Along with it, extensive efforts have
been spent on developing aptamer-based sensors (“aptasen-
sors”) for the detection of adenosine, ATP [27], cocaine
[28], Hg2+ [29], toxins [30], thrombin, vascular endothe-
lial growth factor (VEGF) [31], etc. In the sensing process,
aptamers often bind to their targets by a mechanism in which
they undergo considerable conformational changes that can
be used for converting the binding event into a measurable
signal. Combined with various transducers, multiple sens-
ing strategies have been developed, such as fluorescence,
colorimetry, electrophoresis, electrochemistry, electrochemi-
luminescence (ECL), quartz crystal microbalance (QCM),
and surface plasmon resonance (SPR) [32—-34]. Through
direct modification with fluorophores, the conformational
changes of aptamers can affect the fluorescence of a dye or
the fluorescence resonance energy transfer (FRET) between
two dyes. The signal change, either increase (i.e., the “sig-
nal-on” mode) or decrease (i.e., the “signal-off” mode),
reflects the extent of the binding process, thereby allowing
for quantitative measurement of target concentration. Fluo-
rescent molecular probes have so far been playing a major

@ Springer

role for intracellular sensing and imaging [35, 36]. Their fast
response, intense signal, relatively low intrinsic cell auto-
fluorescence, and relatively simple instrumental set-up have
made fluorescence coupled molecular probe a perfect match
for real time measurements in cells.

In this manuscript, we report an easy to fabricate “signal-
on” fluorescent probe for ATP detection, which is based on
hybridization between a black hole quencher (BHQ)-labeled
aptamer oligonucleotide and a fluorophore (Cy5)-labeled
reporter flare. This simple design functions stand-alone
and is free of bulky attachment such as protein enzyme or
nanoparticles. Oligonucleotides undergo clearance by both
endonucleases and exonucleases in nucleus and cytosol
after extended cellular retainment and thus render minimal
interference to cell physiology. Cell friendly excitation and
emission of red fluorophore represent another advantage of
this probe for cellular application. We demonstrate that the
probe is of high selectivity and low detection limit for ana-
lytical use in solution. In addition, the feasibility of the probe
to be used in cellular context is demonstrated by probing
intracellular ATP in U20S cells as well as in neonatal rat
cardiomyocytes.

Materials and methods
Chemicals and materials

Adenosine 5'-triphosphate (ATP), guanosine 5'-triphosphate
(GTP), uridine 5'-triphosphate (UTP), cytidine 5'-triphos-
phate (CTP), and oligomycin were purchased from Sigma-
Aldrich (St Louis, MO, USA). Imaging compatible Nunc™
Lab-Tek™ II 8-well chamber slides (Cat#: 155409PK),
Hoechst 33,342 (Cat#: H3570), Tubulin Tracker™ Green
(Oregon Green™ 488 Taxol, Cat#: T34075), neonatal rat
cardiomyocyte isolation enzymes, supplements, and primary
cell isolation medias were purchased form Thermo Fisher
Scientific (Waltham, MA). Neonatal rat hearts were gen-
erously donated from FIU’s animal facility. All the other
chemicals were of analytical reagent grade and were used
as received without further purification.

Preparation of aptamer-based ATP probe

The BHQ-labeled ATP aptamer (5'-ACCTGGGGGAGT
ATTGCGGAGGAAGGTGTCACA-BHQ-3") Cy5-labeled
reporter oligo (5'-Cy5-TGTGACACCTTCCT-3') (Fig. 1)
and the modified probe with A14 linker (Fig. 6A) were
synthesized by Integrated DNA Technologies (Coral-
ville, IOWA, USA). A 20 pL black hole quencher (BHQ)
(100 uM) labeled aptamer oligonucleotides were mixed with
20 pL fluorophore (Cy5)-labeled reporter strands (100 uM)
(1:1) in 40 pLL 1X PBS (total: 80 uL), heated to 80 °C, slowly
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Fig. 1 Design and detec-

tion mechanism of aptamer-
based ATP probes. The probe
comprises of two elements, a

3’ black hole quencher (BHQ)
attached ATP aptamer (ssDNA)
and a 5" Cy5 labeled reporter
strand. The strands hybridize
and present the fluorophore at
quenched state when ATP is
absent. When ATP incorporates
into the molecule complex,
conformational change occurs at
the aptamer that allows invasion
of 5" end, partial hybridization
with 3’ end, and displacement of
the reporter flares

Qo 2

Reporter:

cooled to room temperature, and stored in the dark for over-
night allowing efficient hybridization. These stock ATP
probes (25 uM) were stored in the refrigerate (4 °C) and
dark before use.

Fluorescence studies in solution

Aptamer probes were diluted to a concentration of 250 nM
or indicated in 1X PBS. All of the fluorescence spectra were
recorded in room temperature immediately after mixing 100
pL diluted probes and ATP samples on a Jasco FP-6500
fluorescence spectrometer with excitation at 633 nm and
emission from 650 to 750 nm in 1 nm increments. Optimum
temperature for this assessment has not been evaluated. Flu-
orescence response emerges immediately post-manual mix-
ing, which takes about 2 s, and keeps relatively steady within
a 2-h time window. Concentration of the aptamer probe in
final reaction can be adjusted to accommodate analytes of
different concentration ranges, e.g., 250 nM probe for 1-100
uM ATP and 2 uM probe for 0.1-3 mM ATP. The regenera-
tion study was carried out particularly in nuclease free water
and 1X Apyrase buffer that contain calcium.

Gel electrophoresis and detection by fluorescence

Fifteen percent native polyacrylamide gels were employed
to separate aptamer duplex and free reporter flare based on
their difference in mobility. The casting includes 1X TAE,
15% acrylamide/Bis 29:1, 50 uL 10% ammonium persul-
fate (APS), and 5 pL tetramethylethylenediamine (TEMED)
for each gel (6 mL). Electrophoresis was done within mini-
protean electrophoresis system. Images were recorded with
BioRad ChemiDoc Imaging System by using its Cy5 fluo-
rescence channel. For visualization of release of the Cy5-
labeled reporter flare in response to ATP by polyacrylamide
gel electrophoresis, black hole BHQ quencher was excluded

QL 4
QoY 2

3’ BHQ Aptamer-5’ Cy5
Reporter Duplexes

MWy Aptamer
* Cy5
@® Black Hole Quencher

L@ (i
c;Qﬂ: mm

Released Reporter Flares

——

ATP

\\\ Reporter oligo

% Cy5 (quenched)
ATP

Aptamer: 5 - ACCTGGGGGAGTATTGCGGAGGAAGGTGTCACA - BHQ-3’

3’-TCCTTCCACAGTGT - Cy5-5°

so that the Cy5 fluorescence can be used to trace both free
reporter flare and assembled aptamer duplex. A 15 pL reac-
tion (Fig. 2D, lanes 3—7) and 3.75 nmol (Fig. 2D, lane 1-2)
were loaded for each lane which suffices the detection limit
of the ChemiDoc system. The PAGE was run at the voltage
of 20 V for 90 min.

U20S cell culture and imaging

U20S cells were incubated in DMEM supplemented with
10% (v/v) fetal bovine serum and 1% (w/v) penicillin/strep-
tomycin at 37 °C in the presence of 5% CO, in a benchtop
incubator. Cells were passaged when they are approximately
80% confluence. Then, the cells were seeded in a Nunc™
Lab-Tek™ II 8-well chamber slide at a density of 10* per
well and total media volume 300 puL. After 24 h, the cells
were washed with PBS and replenished with fresh media.
A 75 pL probes/lipofectamine complex was added to each
well. Two hours after adding probes, the cells were washed
once with PBS, replenished with fresh media, and sub-
jected to fluorescence microscopic studies. Counterstaining
was done by adding tubulin tracker green and Hoechst at
final concentration of 0.3 pg/mL and 5 ug/mL respectively,
30 min before washing. Oligomycin at the final concentra-
tion of 10 pg/mL was added to cells 2 h in prior to probes.
Images from green, red, and blue channels were separately
shot with 40 X magnitude. Quantification and stacks were
prepared with Image].

Cardiomyocyte isolation, culture, and imaging

Neonatal rat cardiomyocytes were isolated following Ther-
mos Fisher Scientific isolation protocol from newborn
(1 ~2 day old) rat pups. Briefly, the neonatal rats were
euthanized via decapitation, and their hearts’ ventricles
were excised. Each ventricle was immediately put in a
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Fig.2 The ATP probe A
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responses to ATP in a specific
and sensitive manner. A Solu-
tion fluorescence spectra of the
aptamer-based probe treated
with 100 uM ATP, UTP, GTP,
CTP, and AMP. B Fluorescence
spectra of the aptamer-based
ATP probe in solution with
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separate 1.5-mL vial filled with ice cold HBSS. They were
then trimmed into small pieces (1-3 mm?) with surgical
scissors. A 0.2 mL reconstituted cardiomyocyte isolation
enzyme 1 (papain) in HBSS and 10 pL cardiomyocyte isola-
tion enzyme 2 (thermolysin) were added into each tube to
digest the cardiac tissue. Vials were incubated in a benchtop
incubator (37 °C and 5% CO,) for 35 min. The digests were
then collected, and complete DMEM (with 1% penicillin/
streptomycin, 10% fetal bovine serum (FBS)) was added
to each vial to stop enzyme activity. By using a 1000-unit
pipette, the tissue was broken up (pipetting up and down for
30 times until tissue was a single-cell suspension). The vials
were combined for cell concentration and viability deter-
mination. Finally, the cells were seeded in an 8-well cham-
ber slide at a density of 10* cells per well with complete
DMEM for primary cell isolation (total media volume 300
pL). After 24 h, the complete DMEM was substituted with
media containing cardiomyocytes growth supplement, for
cardiomyocyte purification over fibroblasts and endothelial
cells. After this, the medium was changed every 3 days. At
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day 7, the isolated cardiomyocyte was matured enough for
following experiments. Staining of aptamer probes, tubulin
tracker green, and Hoechst were done in the same way as
for U20S cells.

ATP sensor enters cells with the assistant
of lipofectamine

Cellular delivery of ATP sensor is mediated by lipo-
fectamine. The positive surface charge of the liposomes
mediates the interaction of the oligonucleotide and the cell
membrane, allowing for fusion of the liposome/oligonu-
cleotide transfection complex with the negatively charged
cell membrane and thus successful entry of ATP sensors.
In brief, equal volume of diluted probe (0.33 uM) in serum-
free media and 1.25% lipofectamine diluted in serum-free
median was mixed to form the probe/lipofectamine complex.
This sensing complex was added to cell culture (in 1:4 ratio)
30 min after mixing.
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Flow cytometry

For flow cytometry studies, cells were seeded in 24 well
plates at 50 k/well. The next day, 100 uL probe/lipo-
fectamine complex or vehicle control was added into 400
pL culture media. After 2 h incubation in 37 °C, cells were
washed with 1X PBS, trypsinized and resuspended in 500
puL complete media, and transferred to flow cytometry sam-
ple tubes. Samples were subjected to BD FACS Canto-II
analysis immediately with configuration ex 640 nm, em
660/20 nm for Cy5 resolution. Time course evaluation was
carried out at 0, 0.5, 1, 2, 3 h post addition of probe/lipo-
fectamine complex. It was determined that 2 h incubation be
used for other flow and imaging studies. Specificity of the
probes to cellular ATP was verified with preceding 2 h of
1 pg/mL oligomycin treatment.

Results and discussion

ATP-specific aptamer-based fluorescence probe
exhibits high sensitivity and broad detection range
in solution

As illustrated in Fig. 1, our aptamer-based ATP probe
duplex is composed of a 3' BHQ-labeled single strand DNA
aptamer and a 5' Cy5-labeled reporter strand representing
an extremely simple design. With the presence of ATP mol-
ecules, the aptamer strand undergoes conformation change
that facilitates self-annealing of its 5" and 3’ ends and along
with it the displacement of the reporter flare. The release of
reporter flare is detected by a fluorometer for quantification
of ATP abundance.

Aptamer-based probe duplexes showed a significant
fluorescence increase upon target addition. For 250 nM
probe, when 100 uM ATP was added, an immediate 6.56-
fold increase in fluorescent signal was observed (Fig. 2A).
Conversely, addition of the ATP analogues guanidine
triphosphate (GTP), cytosine triphosphate (CTP), or uridine
triphosphate (UTP) at 100 uM did not result in a significant
increase in fluorescent signal when compared to 100 uM
ATP (Fig. 2A). Adenosine monophosphate (AMP) results
in the largest fluorescence increase among these analogues.
These results are consistent with a selective target binding
ability of the aptamer probe toward adenosine, and the probe
is most responsive to ATP.

The effect of target concentration was also investigated.
Probe duplexes (250 nM) responded to the presence of ATP
in a dose-dependent manner (Fig. 2B) with a linear range
up to 140 uM ATP (Fig. 2C) demonstrating that the fluores-
cence can be used to quantify ATP concentration in solution.
Native polyacrylamide gels were utilized to resolve each
reaction species (Fig. 2D). With an aptamer chain that does

not contain BHQ group, Cy5 fluorescence assisted in iden-
tifying of both assembled probe (lane 1) and free reporter
flare (lane 2). ATP concentration-dependent dissociation of
the reporter flares from assembly was reproduced on native
PAGE as well (lanes 3-7).

Meanwhile, the detection range of the probe in solu-
tion can be probe concentration dependent. It is capable of
sensing high concentration ATP by simply increasing the
concentration of the probe. For instance, the probe at the
concentration of 2 uM was responsible to ATP at hundreds
UM to single digit mM (Fig. S1). The broad detection limit
(at least single digit uM to mM) supports its usage in both
analytical measurements where only trace amount of ATP is
present and live cell ATP imaging when physiological ATP
concentration elevates to~5 mM.

Study with model cell U20S: the ATP aptamer-based
probe senses intracellular ATP and facilitates live
cellimaging

Having demonstrated the signaling ability of the aptamer-
based ATP probe in solution, we next tested its ability to
detect intracellular ATP. Oligonucleotides do not enter cell
actively. One of the widely used strategies to facilitate cel-
lular delivery of oligonucleotides is to use liposome-based
carriers as illustrated in Fig. S2. We evaluated a few com-
mercially available liposome acting reagents and determined
to use lipofectamine for following studies due to its rela-
tively high efficiency for the probe.

Model cell line U20S (human bone osteosarcoma) was
used to evaluate the entry and performance of the probe. At
first, flow cytometry was employed to monitor the emerg-
ing of Cy5 positive cell population over a 3-h time course
(Fig. 3). An evident shift toward Cy5 positive population was
observed at 1 h (53.6%) that reaches 91.8% at 3 h (Fig. 3A
and C). To confirm that the release of CyS5 fluorophore inside
cells is specific to ATP, we treated cells with oligomycin
that blocks ATP synthesis and thus causes depletion of cel-
lular ATP. Addition of oligomycin undermined the release of
Cy5 leading to a drop of Cy5 positive population from 91.8
to 44% suggesting that the probe is specific to intracellular
ATP concentration (Fig. 3B and C). Two hours was used as
standard treatment for following studies. Moreover, efficient
cellular uptake by two more cell types HEK-293 and MEF
were observed (Fig. S3A and S3B) suggesting wide applica-
bility of this ATP probe for a broad spectrum of cell types.

The capability of sensing intracellular ATP in cellular
context is further evaluated. Imaging is the most adopt-
able approach for sensing of intracellular molecules in
live cells. As a result, we evaluated the compatibility and
performance of the probe in fluorescent live cell imaging.
Perinuclear and cytosolic localization of released Cy5 was
observed 2 h after the administration of the probe (Fig. 4A

@ Springer
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Fig.3 Aptamer-based ATP A

probe senses cellular ATP in
U20S model cell. A Time

course flow cytometry facili- ] '
tated profiles of Cy5 release
post-lipofectamine-assisted
delivery of the probe. Consider-
able right (Cy5 positive) shift
started to occur shortly at 1 h
and reached close-to-completion
state at 3 h. Two hours is used
for all following investigation.
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0 hour 0.021 203 278 132
Mean 51.1 12368 5627 16900
SD 33.2 9754 7068 9876

(top)), while oligomycin treatment reduced the staining
intensity (Fig. 4A (below). Image] facilitated quantifi-
cation of fluorescence (Fig. 4B) suggests a statistically
significant diminish with ATP depletion by oligomycin.
These data are also in agreement with the flow cytometry
experiments (Fig. 3B). In summary, the probe enters the
model cells U20S with high efficiency shortly within 3 h.
The probe is live cell imaging compatible and possesses
high specificity for intracellular ATP. Moreover, the probe
is intrinsically low in cytotoxicity (Fig. S4). Uptaken
probes eventually undergo nuclease mediated clearance
and metabolization. As cyanine fluorophores is known to
possess low toxicity [37], we did observe disappearance
of cellular fluorescence over 48 h (data not shown). Unlike
nanoparticle mediated delivery which deposits particles
to both cells and culture, lipofectamine is considerably
cell friendly.

@ Springer

ATP aptamer-based probe assists in characterization
and selection of functional cardiomyocyte isolates

U20S serves as a representative of cultured cells with rela-
tively high homogeneity. Intracellular molecular sensing for
extreme cellular/tissue context represents the highest chal-
lenge in the field of sensor development. We were prompted
to evaluate the sensing performance of the probe in isolated
cardiomyocyte culture, a crucial material for cardiac tissue
engineering.

Neonatal rat heart was harvested and subject to isola-
tion and selection for cardiomyocytes. After the procedure
functional colonies when assessed by spontaneous beating
comprises ~20% of the all population (data not shown).
Flow cytometry suggested 37.5% Cy5 positive cells after
2 h probe staining (Fig. SA). The overall elevation of fluo-
rescence was statistically significant (Fig. SA statistic panel).
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Fig.4 Live cell imaging with
the ATP probe. A Fluorescence
images of ATP probe-stained
live cells without (top) or with
(below) the treatment of oligo-
mycin (10 ug/mL). Red, ATP
probe; green, tubulin (cyto-
sol); blue, Hoechst (nuclei).
Cytosolic and perinuclear
fluorescence of ATP probe was
evidently observed 2 h post
the introduction of probe-lipo-
fectamine complex. Specificity
of ATP probe was validated
with oligomycin treatment

(10 pg/mL) which suppressed
ATP probe signal. B Statistical
analysis revealed significant
reduction (p <0.01) of ATP
probe signal in the oligomy-

+0ligomycin

Merge

o . . . .

ATP probe Hoechst

-
*

cin treated cells. Microscopy 150
fluorescence quantification
was carried out with Imagel.
** denotes significant changes
with p value < 0.01 estimated

by t-test

100

50

Fluorescence intensity

Oligomycin

The specificity of the probe was confirmed with reversal
(Cy5 positive drops from 37.5 to 15.7%) when given oli-
gomycin mediated ATP depletion (Fig. 5SA). The “reduced
CyS5 positive population” (37.5%) when compared to U20S
(90.7%) can be attributed to inherent low transfection effi-
ciency of liposome base approaches for selected cell type
and reduced viability post the isolation and selection proce-
dure which is also implied by low percentage of functional
colonies. Nevertheless, similar cellular staining pattern was
observed as in U20S cells where perinuclear and cytosolic
localization was found (Fig. 5B (top)). Consistent with the
flow cytometry study, microscopy staining diminishes along-
side with the oligomycin treatment suggesting specificity
to ATP (Fig. 5B (below)). Moreover, we also documented
match between spontaneous beatings of cardiomyocytes
with positive staining (Fig. 5C). While the probe is able to
enter cultured cardiomyocyte and perform as expected. We
believe that a loss of efficiency in cellular delivery does exist
and represents the largest limitation of application of the
probe in such cellular context. Studies on more appropriate
or distinct delivery procedure are on demand. Nevertheless,
the probe represents an efficient and alternative approach to
characterize fresh cardiomyocyte isolates that could assist

more accurate selection of functional and viable colonies
which is crucial for the success of cardiac engineering.

A14 flexible intermolecular link confers
regeneration capability

The reporter flare separates from the ATP aptamer when
ATP incorporates into the complex. Diffusion of the released
chain makes the probe un-reusable. A rationale approach
toward regeneration capability is to introduce a linker
between the aptamer and reporter flare molecules. A new
probe with additional A14 sequence (Fig. 6A) was synthe-
sized. The Cy5 and quencher groups are repositioned for
technical hardship in synthetic chemistry. We validated the
ATP sensing ability and regeneration capability of the modi-
fied probe in solution with ATP depletion by phosphohy-
drolase apyrase that converts ATP to AMP which is a poor
substrate for the ATP aptamer (Fig. 2A).

The modified probe conserves the ATP sensing ability.
Addition of 140 uM ATP to 250 nM probe in solution elicits
a strong increase in fluorescence (Fig. 6B). However, ATP
depletion by apyrase does not render fast turn-over of fluo-
rescence possibly due to a retardant annealing between the

@ Springer
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Fig.5 Application of the ATP A
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fresh cardiomyocyte isolate. A
Timely cellular uptake assessed
by flow cytometry in newly
isolated neonatal rat cardiomyo-
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aptamer and reporter chain though the resulting structure
theoretically resides thermodynamically more stable. As
a result, manned regeneration was given. The calculated
melting temperatures (Tm) for the fluorescent and quenched
states are calculated as 12 and 42 °C respectively. The solu-
tion was subject to 70 °C, 10 min of incubation, which fully
separates the complementary segments, and followed by
slow cooling down to room temperature. This allows re-
anneal and formation of the fluorescence quenched struc-
ture as well as inactivation of apyrase activity. Despite a
slightly elevated basal fluorescence signal, possibly due to
the limited affinity of the probe to AMP, a second addi-
tion of ATP induces a pronounced increase in fluorescence
(Fig. 6B). These suggest that the new probe configuration
with the poly(A) sequence and repositioned fluorophores
retains the ATP sensing ability and can be regenerated by
simple temperature manipulation.

Introduction of the flexible multiple-adenosine linker
between the aptamer and reporter strand restricts the
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spatial diffusion of the reporter strand post ATP incor-
poration and makes the probe regeneration compatible.
Thorough regeneration relies on temperature manipulation
according to our in tube test, which limits the use in a real-
time and constant monitoring of ATP changes in solution.
Nevertheless, immobilization of the probes on to solid
phase could support its use as an on-demand probe such as
a multiple-use electrode or a reusable pH strip. It is worth
noting that denaturing at 70 °C was tested and used instead
of more common 95-100 °C followed by cooling down.
This poses reduced impacts on any further modification to
the probe, for example, solid phase immobilization which
might be sensitive to high temperature. Meanwhile, to be
a long lasting reusable sensing platform, further explora-
tion is indeed needed to improve the stability of the probe
in vitro. We propose capsulation of the probe into a small
molecular permeable outlayer as a protection from envi-
ronmental nuclease.
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Fig.6 Reversible ATP aptamer probe and its regeneration. A A 14
adenosine linker is introduced between the ATP responsive aptamer
and reporter flare molecules to form the new reversible probe. Switch
between the two fluorescent states is realized by increasing ATP or
heat and re-anneal. B Functional validation of the new probe is car-
ried out in solution with 250 nM probe and 140 pM ATP. All com-
ponents are reconstituted in nuclease free water. Comparable fluores-
cence response is retained by the modified probe. Apyrase mediated
hydrolysis of ATP results in limited conversion between the states.
Nevertheless, sufficient regeneration can be achieved by 70 °C,
10 min heating and slow cooling down, which inactivates the apy-
rase activity as well. Considerable fluorescence response is restored
by this regeneration protocol as a second ATP addition elicits fluo-
rescence considerably. Note that the lapse on time axis is mostly on
scale except for the additions of ATP the step of regeneration when
the intervals are omitted and presented as 10 s

Conclusion

We present a new, simple aptamer-based probe that can be used
to detect and quantify a small molecule analyte (ATP) in both
solution and live cell. The aptamer-based probe is cell friendly
and causes limited cytotoxicity as the major components oli-
gonucleotides and cyanine fluorophores can be metabolized
by cells. The probe is of high sensitivity to trace level ATP
(single digit uM, Fig. 2). Given the advantage of not depend-
ing on complex conversion of FRET signal, or quench by large
molecules/structures (nanoparticle, nanosheets), the probe is of
high versatility as differential formations (probe concentration)
could be readily adopted for sensing of ATP at broad range
concentrations, from uM to physiologically relevant mM by
straightforward changing the probe concentration (Fig. S1) and
even higher. With the assistance of lipofectamine, the presented

aptamer probe readily enters U20S cells and is able to directly
sense intracellular ATP levels, which makes them well-suited
for live cell imaging and sorting studies. In a new rat cardiac
isolated which represents a more delicate culture of higher cel-
lular heterogeneity, by sensing intracellular ATP concentration,
the probe is able to distinguish functional (beating) colonies.
This represents a novel fluorescence-based approach for effi-
cient selection of cardiomyocytes that are the most crucial
materials for cardiac tissue engineering.
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