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a b s t r a c t

Accurate detection and imaging of adenosine triphosphate (ATP) expression levels in living cells is of great

value for understanding cell metabolism, physiological activities, and pathologic mechanisms. Here, we

developed a DNA tetrahedron-based split aptamer probe (TD probe) for ratiometric fluorescence imaging

of ATP in living cells. The TD probe is constructed by hybridizing two split ATP aptamer probes (Apt-a and

Apt-b) to a DNA tetrahedron assembled by four DNA oligonucleotides (T1, T2, T3 and T4). In the presence

of ATP, the TD probe will alter its structure from the open to closed state, thus bringing the separated

donor and acceptor fluorophores into close proximity for high fluorescence resonance energy transfer

(FRET) signals. The TD probe exhibits low cytotoxicity, efficient cell internalization and good biological

stability. Moreover, based on the FRET “off” to “on” signal output mode, the TD probe can effectively

avoid false-positive signals from complex biological matrices, which is significant for long-term reliable

imaging in living cells. In addition, by changing the split aptamers attached to DNA tetrahedron, the

proposed strategy may be extended for detecting various intracellular targets. Collectively, this strategy

provides a valuable sensing platform for biomarkers analysis in living cells, thus having great potential

for early clinical diagnosis and therapeutic evaluation.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Adenosine triphosphate (ATP), a multifunctional molecule in

living entities, plays vital regulatory roles in various biologi-

cal processes [1–3]. A disordered ATP level is closely related to

many serious diseases including hypoglycemia, Parkinson’s dis-

ease, hypoxia, ischemia, and angiocardiopathy [4–6]. To date, many

classic ATP detection methods have been explored [7–10], such

as electrophoresis, high performance liquid chromatography, and

chemiluminescence. However, these approaches are usually time-

consuming, labor-intensive, and not suitable for in situ imaging of

ATP in living cells [11,12]. Thus, engineering of a facile and reli-

able strategy for the real-time monitoring of intracellular ATP lev-

els is of essential significance for clinical diagnosis and pathologi-

cal analysis.

In recent years, the aptamer-based ATP sensors have received

extensive attention owing to the benefits of aptamer-recognizing
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components, including high affinity, long-term stability, and ease

of synthesis and modification [13,14]. Aptamers are single-stranded

oligonucleotides capable of recognizing their specific targets [15–

18]. A variety of aptamer sensors have been designed for ATP

analysis by using different transduction models [19–23], such

as fluorescence, colorimetry, and electrochemistry. Especially, the

fluorescence-based detection has been widely applied in biologi-

cal research due to its fast response and simple operation [19,20].

Nevertheless, at least two issues remain to be resolved when using

aptamer-based fluorescent probes for ATP imaging in living cells.

The first problem is the effective delivery of probes into the cell, a

critical step for intracellular applications. The other is the biostabil-

ity and biocompatibility of nucleic acid probes. Generally, a single

nucleic acid probe is susceptible to degradation by intracellular nu-

cleases, leading to inevitable false-positive signals [24,25]. To settle

these problems, strategies incorporating exogenous nanomaterials

(e.g., graphene and polymers) have been developed for intracellular

ATP imaging [26,27]. However, nanomaterials usually require com-

plex preparation and functionalization steps, and even show some

cytotoxicity to cells, which may interfere with the authentic ex-

pression level of ATP in living cells.
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Scheme 1. (A) Construction and (B) schematic illustration of the TD probe for ra-

tiometric fluorescence imaging of ATP in living cells.

DNA-based nanotechnology provides exciting opportunities to

explore powerful biosensing strategies [28–32]. Especially, the DNA

tetrahedron, an emerging nanophase biomaterial, exhibits several

unique merits in the field of biology and medicine, such as excel-

lent biocompatibility, nanoscale controllability, and editability [33–

35]. Furthermore, it can be rapidly endocytosed into cells via a

caveolin-dependent pathway, and maintain good stability within

48 h [36,37]. These capabilities have significantly facilitated its ap-

plications in bioimaging, logic computing and drug delivery [38–

40]. For example, Xing et al. have developed an accelerated DNA

tetrahedron based molecular beacon for efficient detection and

imaging of miRNA in living cells [41]. Su et al. have reported the

first example of vertebral-shaped DNA tetrahedron nanostructures

for accurate cancer identification and miRNA silencing induced

therapy [42]. Despite these progresses, most of them are single-

intensity sensing modes, which are more prone to false-positive

signals from complex biological matrices. As such, there is still an

urgent need to develop an ingenious DNA tetrahedron-based fluo-

rescent sensor for accurate intracellular imaging.

Inspired by the above challenges, we herein developed a DNA

tetrahedron-based split aptamer probe (TD probe) for ratiomet-

ric fluorescence imaging of ATP in living cells, as illustrated in

Scheme 1. The TD probe was composed of three modules: the DNA

tetrahedron self-assembled by four DNA oligonucleotides (T1, T2,

T3 and T4), the Cy3-labeled split ATP aptamer probe a (Apt-a) and

the Cy5-labeled split ATP aptamer probe b (Apt-b). The DNA tetra-

hedron served as the backbone to immobilize two split aptamer

probes via base complementary pairing. Meanwhile, the split ap-

tamer probes as target recognition modules specifically bind to ATP

molecules. In the absence of ATP, the fluorescent donor Cy3 and

the fluorescent acceptor Cy5 were far apart due to the spatial sep-

aration of Apt-a and Apt-b, resulting in a low fluorescence reso-

nance energy transfer (FRET) signal. In contrast, the presence of

ATP will change the structure of the TD probe from the open to

closed state, thus bringing the dual fluorophores into close proxim-

ity for high FRET signals. The proposed TD probe exhibited several

unique properties, such as convenient preparation through a one-

step procedure, excellent cell penetration and biological stability.

Moreover, the FRET “off” to “on” signal output mode could effec-

tively avoid false-positive signals from complex biological matrices,

ensuring reliable ATP imaging in living cells.

Fig. 1. (A) PAGE characterization of the TD probe. Lane 1: S1; lane 2: S1+S2; lane

3: S1+S2+S3; lane 4: S1+S2+S3+S4; lane 4: S1+S2+S3+S4+Apt-a+Apt-b. (B) DLS

analysis of the DNA tetrahedron and TD probe.

The synthesis of the TD probe was first investigated via 6% poly-

acrylamide gel electrophoresis (PAGE). As shown in Fig. 1A, with

the addition of DNA strands (lanes 1-4), the electrophoretic mobil-

ity gradually decreases due to the increase in the molecular weight

of the hybridization complex, suggesting the construction of the

DNA tetrahedron. Then, after mixing with Apt-a and Apt-b, an ex-

tended band with lower mobility appeared in lane 5, indicating the

successful formation of the TD probe. In addition, the TD probe

was also characterized by dynamic light scattering (DLS), where

the average hydrodynamic diameters of the DNA tetrahedron and

TD probe were approximately 12.1 nm and 16.1 nm, respectively

(Fig. 1B). Moreover, atomic force microscopy (AFM) image revealed

that the TD probe exhibited a good monodispersion (Fig. S1 in Sup-

porting information). All these results clearly verified the success-

ful assembly of the TD probe.

The feasibility of the TD probe for ATP detection was next in-

vestigated in a homogeneous solution. As shown in Fig. S2 (Sup-

porting information), in the absence of ATP, a very weak FRET

signal (FA/FD) of acceptor fluorophore (Cy5) to donor fluorophore

(Cy3) was observed due to the spatial separation of Apt-a and Apt-

b. Upon recognition of ATP, the TD probe showed a significant FRET

signal, indicating that the designed TD probe was feasible for ATP

sensing in vitro. Subsequently, real-time monitoring of the fluores-

cence emission intensity changes was performed to study the re-

action kinetics. The excitation wavelength was fixed at 525 nm,

and the emission wavelength was 667 nm (Fig. S3 in Supporting

information). Without ATP, almost no change in fluorescence in-

tensity was detected. Upon the addition of ATP, the fluorescence

signal gradually increased and stabilized within 20 s, indicating

that the TD probe could rapidly respond to the target. Then, the

detection performance of the TD probe for ATP was investigated.

As shown in Figs. 2A and B, the fluorescence spectra of the TD

probe showed decreased Cy3 fluorescence at 560 nm and increased

Cy5 fluorescence at 667 nm with the increasing ATP concentration

from 0 to 3 nmol/L. Moreover, there was a good linear relation-

ship between the FRET signal and ATP concentrations in the range

of 0.02-0.2 mmol/L, and the limit of detection (LOD) was calcu-

lated to be 3.9 μmol/L (R2 =0.962) according to the blank signal

plus 3σ (3 times the standard deviation). The performance of this

strategy is better than some of the present nucleic acid-based flu-

orescence sensors [14,43]. The selectivity of the TD probe was also

evaluated using three analogue molecules of ATP, including cyti-

dine triphosphate (CTP), guanosine triphosphate (GTP), and uridine

triphosphate (UTP). The FRET signal in the presence of ATP was

higher than that of these ATP analogues (Figs. 2C and D), demon-

strating the excellent specificity of the TD probe for ATP detection.

Good biological stability is quite important for DNA probes ap-

plied in complex physiological environment. To confirm the TD

probe has good anti-degradation ability, the interaction of the TD

probe with DNase I was first studied. As reported, DNase I is a
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Fig. 2. (A) Fluorescence spectra of the TD probe in response to different concentra-

tions of ATP. (B) The relationship between the FRET signal (FA/FD) and ATP concen-

tration. The inset shows the linear relationship from 0.02 to 0.2 mmol/L. Fluores-

cence spectra (C) and FRET signal (D) of the TD probe in response to 2 mmol/L ATP,

CTP, GTP and UTP, respectively.

Fig. 3. (A) PAGE analysis of the low concentration of DNase I (0.25 U/mL) and high

concentration of DNase I (2.5 U/mL) degradation assay products for the TD probe.

(B) FBS (10%, v/v) degradation assay products for the TD probe and ssDNA at 37 °C.

powerful endonuclease that nonspecifically degrades single- and

double-stranded DNA molecules by cleaving phosphodiester bonds

[44,45]. The TD probe was respectively treated with 0.25 U/mL

and 2.5 U/mL of DNase I for different times at 37 °C, then charac-

terized by electrophoresis. As shown in Fig. 3A, almost no degra-

dation was observed after incubation of the TD probe with 0.25

U/mL DNase I for 1 h, indicating that the TD probe had good

biostability. However, after treatment with a higher concentration

of DNase I (2.5 U/mL), the TD probe exhibited a time-dependent

decrease in the electrophoretic band, and almost completely dis-

appeared at about 50 min. Nevertheless, the FRET signal of the TD

probe was not affected with the increase in the treatment time

by 2.5 U/mL DNase I (Fig. S4 in Supporting information), which

could avoid false-positive signals caused by nuclease degradation.

The stability was further investigated by incubating TD probe with

10% (v/v) fetal bovine serum (FBS) (Fig. 3B). Compared with ss-

DNA probe, the TD probe exhibited longer-term stability, which

was beneficial for intracellular bioimaging. Moreover, the biocom-

patibility of the TD probe was evaluated by the standard MTT (3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay.

After incubating with different concentrations of TD probes (0, 50,

100, 200 and 400 nmol/L) for 12 h at 37 °C, HeLa cells showed a

good viability, with percentages over 88% (Fig. S5 in Supporting in-

formation). These results indicated that the TD probe was safe for

cells and suitable for the following applications in living cells.

After demonstrating that the TD probe could achieve ATP sens-

ing in vitro, we next explored its feasibility for ATP imaging in liv-

ing cells. HeLa cells, which overexpressed ATP molecules, were se-

lected as the research model. The cellular delivery ability of the TD

probe was first investigated. As shown in Fig. 4, HeLa cells treated

with free ssDNA probe showed very weak Cy3 and Cy5 fluores-

Fig. 4. Confocal fluorescence imaging of HeLa cells incubated with 200 nmol/L TD

probe (top) and ssDNA (bottom) for 4 h at 37 °C.

cence, suggesting that the free ssDNA probes were not suitable for

ATP imaging in living cells due to their poor cell permeability and

low biostability. In contrast, the cells incubated with the TD probe

displayed obvious Cy3 and Cy5 fluorescence, indicating that the TD

probe could be self-delivered into cells without any transfection

agent, and used for ATP-imaging analysis in living cells. Then, the

concentration and incubation time of the TD probe and HeLa cells

were optimized for an optimal imaging performance. As shown

in Fig. S6 (Supporting information), the FRET signal gradually in-

creased during the incubation and reached saturated at about 4 h.

Similarly, the FRET signal enhanced with increasing TD probe con-

centration and reached a maximal level at about 200 nmol/L (Fig.

S7 in Supporting information). Therefore, 200 nmol/L TD probe and

an incubation time of 4 h were chosen for subsequent experiments.

Next, the intracellular distribution of the TD probe was exam-

ined. After incubating with the TD probe, HeLa cells were treated

with the nuclear-specific dye Hoechst 33342 for 10 min at 37 °C.
The imaging date showed that the Cy3 and Cy5 fluorescence was

mainly distributed in the cytoplasm, which did not overlap with

the blue fluorescence from Hoechst 33342, suggesting that the TD

probe could be used for cytoplasmic ATP detection (Fig. S8 in Sup-

porting information).

To further confirm that the FRET signal was derived from en-

dogenous ATP molecules in living cells, the TD probe was used

to measure intracellular ATP changes upon different treatments.

As reported, oligomycin can reduce intracellular ATP levels by in-

hibiting ATP synthase [46], and Ca2+ can increase intracellular ATP

production via activating dehydrogenases [47,48]. Before incubat-

ing with the TD probe, HeLa cells were treated with 10 μmol/L

oligomycin or 5 mmol/L CaCl2 for 30 min at 37 °C. As shown in

Fig. 5, compared with the control group (top), HeLa cells treated

with oligomycin showed a decreased FRET signal (middle), while

Ca2+-treated cells exhibited a decreased FRET signal (bottom), in-

dicating that the observed FRET signal was indeed associated with

the intracellular ATP concentration. These results illustrated that

the TD probe could dynamically monitor the changes of ATP in liv-

ing cells.

In summary, combining DNA tetrahedron with split aptamers,

we have successfully developed a TD probe for ratiometric fluores-

cence imaging of ATP in living cells. The TD probe is easily pre-

pared by one-step incubation, and shows excellent specificity and

high sensitivity for in vitro detection of ATP with a detection limit

of 3.9 μmol/L. Moreover, the TD probe presents improved cell inter-

nalization efficiency, prominent resistance to nuclease degradation

and satisfactory biocompatibility. More importantly, the FRET “off”

to “on” signal output mode effectively avoids false-positive signals

from complex biological matrices, which is critical for intracellu-

lar applications, especially for accurate imaging over long periods

of time. Furthermore, by replacing the split aptamers attached to
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Fig. 5. Confocal fluorescence imaging of HeLa cells treated with medium (top), 10

μmol/L oligomycin (middle), and 5 mmol/L Ca2+ (bottom), followed by incubation

with 200 nmol/L TD probe for 4 h at 37 °C.

DNA tetrahedron, the proposed strategy may be expanded to de-

tect various intracellular targets. Thus, it provides a valuable sens-

ing platform for accurate biomarkers analysis in living cells, which

is of great significance for early clinical diagnosis and therapeutic

evaluation.
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