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a b s t r a c t

Intracellular ATP is an emerging biomarker for cancer early diagnosis because it is a key messenger for

regulating the proliferation and migration of cancer cells. However, the conventional ATP biosensing strat-

egy is often limited by the undesired on-target off-tumor interference. Here, we reported a novel strategy

to design enzymatically controlled DNA tetrahedron nanoprobes (En-DT) for biosensing and imaging ATP

in tumor cells. The En-DT was designed via rational engineering of structure-switching aptamers with the

incorporation of an enzyme-activatable site and further conjugation on the DNA tetrahedron. The En-DT

could be catalytically activated by apurinic/apyrimidinic endonuclease 1 (APE1) in cancer cells, but they

did not respond to ATP in normal cells, thereby enabling cancer-specific ATP biosensing and imaging in

vitro and in vivo with improved tumor specificity. This strategy would facilitate the precise detection of

a broad range of biomarker in tumors and may promote the development of smart probes for cancer

diagnosis.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Adenosine triphosphate (ATP) is the direct source of energy and

is needed to organize all life activities of cells in living organisms

[1]. As a multifunctional biological organic phosphate, ATP plays

an important role in many physiological processes such as energy

storage, cellular respiration, signal transduction, enzyme catalysis,

and muscle contraction [2–5]. It has reported that the abnormal

increment of ATP level in the organism is often closely related to

many pathological processes, such as inflammation, anemia, and

malignant tumors [6–8]. In many kinds of cancers, ATP plays a vital

role in regulating the proliferation and migration of cancer cells, so

ATP can be used as a cancer biomarker for research [9,10]. There-

fore, it is important to develop a tool to effectively detect intracel-

lular ATP for the early diagnosis of cancer.

In particular, various aptamer-based DNA nanodevices have

been designed for ATP detection in test-tubes or living cells,

as they possess high programmability and biocompatibility [11–

19]. Several strategies have been explored to confer stimulus-

responsive behavior to aptamers for conditional control of their

functions. For example, it has been reported that aptamer activity
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can be pH-responsive upon fusion with i-motif sequences [20,21].

Hypoxia-sensitive aptamers are regulated by chemical modifica-

tions to modulate their binding to cell surface targets [22]. How-

ever, ATP aptamer can be activated during the cellular delivery and

uptake process and impede the visualize the ATP level in tumor

cells. The structural properties of the ATP aptamer may be artifi-

cially damaged, resulting in genome instability and hindrance to

binding to ATP. Hence, it is necessary to design a reliable strat-

egy for ATP imaging in tumor. In recent years, the DNA tetra-

hedron performs large amounts of advantages, such as nanoscale

controllability, low cytotoxicity, excellent cellular permeability, and

high digestion-resistant ability [23–25]. It showed good applica-

tion prospects in anti-digestion, sensor construction, and biolog-

ical imaging [26–31]. Therefore, the development of endogenous

molecular-activated aptamer-based DNA tetrahedron nanoprobes is

more attractive for the detection of ATP in tumor cells.

Apurinic/apyrimidinic endonuclease 1 (APE1), a key enzyme

that catalyzes the hydrolysis of apurinic/apyrimidinic (AP) sites in

the base excision repair (BER) process, was chosen as the enzyme

trigger [32]. Studies have shown that APE1 exists predominantly in

the nucleus in normal cells but is overexpressed in the cytosolic

region in cancer cells [33–35]. APE1-activated aptamer-based DNA

tetrahedron nanoprobes may enable tumor-specific biosensing and

imaging.
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Fig. 1. (A) Schematic illustration of the enzyme-triggered ATP sensing mechanism of En-DT. (B) Locked En-DT could be activated by APE1 in tumor cells for ATP sensing,

while the on-target off-tumor response in normal cells was inhibited, leading to improved tumor specificity compared with the conventional structure-switching nanoprobes

(On-DT, which possessed the same structure as En-DT except that the L2-AP-Q was replaced with L2-Q). The gray box was the detection effect of On-DT probe, while the

red box was the detection effect of En-DT.

Thus motivated, here we presented the design of an enzyme-

controlled, aptamer-based DNA tetrahedron nanoprobe (denoted as

En-DT), which was established via rational reengineering of con-

ventional structure-switching aptamer by incorporation of an en-

zyme activation unit and further conjugation of the aptamer tar-

geting action (ATP aptamer and AS1411) on the DNA tetrahedron

(Fig. 1). First, the DNA tetrahedron (DT) framework [31] was con-

structed from four oligonucleotides (S1, S2, S3, and S4), in which

S1, S2, and S3 are appended with ATP aptamer with modification

of Cy5 at the 3′-end, while the oligonucleotides S4 are extended

with AS1411 aptamer. Next, a complementary DNA strand (L2-AP-

Q) containing an AP site spaced 13 nucleotides at the 5′-end, which

yields a low fluorescence background due to the fluorescence res-

onance energy transfer (FRET) between the dye Cy5 and quencher

BHQ2 labeled on ATP aptamer and L2-AP-Q, respectively (Fig. 1A).

Furthermore, the formation of a duplex structure of En-DT can

suppress the recognition capability of the aptamer to ATP in nor-

mal cells, leading to the “locked” sensing activity (Fig. 1B). In the

presence of APE1, the AP site will be recognized and catalytically

cleaved to generate a single nucleotide gap in L2-AP-Q, produc-

ing short DNA strands and a less stable duplex structure. There-

fore, the ATP aptamer will restore its structure-switching capa-

bility to bind ATP and lead to the dissociation of BHQ2 on the

cleaved L2-AP-Q and thus a fluorescence enhancement for ATP de-

tection. We envision that the enzyme-triggerable DNA tetrahedron

nanoprobes allow for ATP sensing with improved tumor specificity

in comparison with conventional structure-switching nanoprobes

(On-DT).

Formation of the En-DT was verified by 2% agarose gel elec-

trophoresis. As shown in Fig. 2A, lanes 2, 3, 4, 5, and 6 showed

the strands of S1, S1+ S2, S1+ S2+ S3, S1+ S2+ S3+ S4 (DT), and

S1+ S2+ S3+ S4+ L2-AP-Q (En-DT), respectively. With the addi-

tion of strands from lane 2 to lane 6, lane 6 (En-DT) migrated

slower than the other lanes because of the high molecular weight

of the En-DT. This result indicated that the En-DT were formed

successfully. Moreover, dynamic light scattering (DLS) was used to

confirm the formation of the En-DT, which is shown in Fig. 2B,

through measuring the size of the En-DT. The result showed that

the hydrodynamic size increased from 10.81±1.2 nm for DT to

13.63±0.9 nm for En-DT, indicating successful anchoring of the re-

sponsive unit onto the DT framework. Thus, both the agarose gel

Fig. 2. (A) Validation of En-DT by 2% agarose gel electrophoresis: lane 1, Marker;

lane 2, S1; lane 3, S1+ S2; lane 4, S1+ S2+ S3; lane 5, S1+ S2+ S3+ S4; lane 6,

S1+ S2+ S3+ S4+ L2-AP-Q. (B) DLS analysis of DT and En-DT. Nanoprobe concen-

tration was 50nmol/L.

electrophoresis and DLS results confirmed the successful fabrica-

tion of the En-DT.

The enzyme-controlled performance of En-DT was evaluated in

buffer. When only ATP or APE1 was added to the buffer, no signif-

icant fluorescent signal was detected (Fig. 3A and Fig. S1 in Sup-

porting information). However, in the presence of both ATP and

APE1, the enzyme-controlled En-DT was activated, resulting in the

change of conformation from “locked” to “free” state, which was

necessary for specific binding of ATP and the recovery of fluores-

cence signal, as evidenced by the significant increase in the Cy5

fluorescence intensity at 633nm. These results indicated that our

engineered En-DT probe has potential for ATP detection in tumor

cells.

To verify the activation mechanism, a conventional ATP sensor

(On-DT) which containing a complementary sequence (L2-Q) was

designed as a control. Upon the addition of ATP, On-DT showed

a significantly increased fluorescence intensity, while En-DT dis-

played a negligible signal (Fig. S2 in Supporting information), indi-

cating the locked sensing activity of En-DT through the engineering

with the APE1-activated part. As another control, we constructed

a control probe (nEn-DT) with the same structure as En-DT but

without the AP site. Minimum fluorescence signal alteration was

observed for nEn-DT in the presence of APE1 and ATP (Fig. 3B), re-

vealing that the modification of the AP site was a prerequisite for

the design. Furthermore, it showed that En-DT exhibited a good

selectivity to APE1 against other enzyme (Fig. S3 in Supporting in-
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Fig. 3. (A) Fluorescence intensity of En-DT responding to ATP (5mmol/L) with or

without APE1 activation (1U/mL). (B) Fluorescence intensity of En-DT (50nmol/L),

and nEn-DT responding to ATP (5mmol/L) with or without APE1 activation

(1U/mL). (C) Selectivity of En-DT toward different analytes (5mmol/L) with APE1

activation (1U/mL). (D) Fluorescence intensity of the En-DT treated with different

concentrations of ATP (0–1mmol/L). Data are represented as means ± SD, n=3.

Nanoprobe concentration was 50nmol/L.

formation). Also, the addition of UTP, CTP, or GTP did not display

any fluorescence response (Fig. 3C and Fig. S4 in Supporting infor-

mation).

Further, to evaluate the response ability of the En-DT to the ATP,

the fluorescence intensities of En-DT to different concentrations of

ATP were measured. Fig. S5 (Supporting information) showed that

fluorescence intensities of the En-DT enhanced gradually with the

increasing concentration of the ATP from 0 to 1mmol/L, testifying

that the fluorescence recovery of En-DT was due to the binding be-

tween aptamer and ATP. Additionally, Fig. 3D shows that the fluo-

rescence intensity of Cy5 was linearly proportional to ATP concen-

tration ranging from 0 to 1mmol/L (R2 =0.991). The results proved

that En-DT has good ability to respond to ATP. Furthermore, the

response kinetics of the En-DT to target ATP was studied by real-

time monitoring fluorescence signal. When both ATP and APE1 ex-

ist, as shown in Fig. S6 (Supporting information), the fluorescence

signal recovered slowly after 10min incubation and gradually en-

hanced with the increase of incubation time. The fluorescence sig-

nal tended to balance at 100min. However, when either ATP or

APE1 was missing, no significant fluorescence signal was observed,

indicating that the En-DT nanoprobe required the synergistic ac-

tivation of ATP and APE1, and indicating that this strategy can

quickly respond to ATP in solution, which was conducive to the

specific detection of ATP in living cells.

The DNA tetrahedron could protect the aptamer from degrada-

tion under cellular circumstances. As shown in Fig. S7 (Supporting

information), the En-DT could remain integrated after being incu-

bated with the medium containing 10% fetal bovine serum (FBS) at

37 °C for 9h, indicating that the En-DT has good stability in serum

biological samples and can be used for long-term imaging analysis

of ATP in living cells. Then, the efficient cellular uptake of En-DT in

MCF-7 cells was confirmed by the imaging study and flow cytom-

etry assay of Cy5-labeled E-Apt-Cy5 (E-Apt-Cy5, which possessed

Cy5 labeled ATP aptamer and L2-AP-Q) and En-DT-Cy5 (En-DT-Cy5,

which possessed the same structure as En-DT except that the L2-

AP-Q was not labeled with the BHQ2) (Fig. S8 in Supporting infor-

mation). The colocalization study showed that En-DT-Cy5 localized

partially in the cytoplasm after the uptake, while double-stranded

E-Apt-Cy5 probe could hardly enter cells autonomously, verifying

Fig. 4. (A) Schematic showing ATP sensing mechanism of En-DT and nEn-DT, re-

spectively. (B) Fluorescence images of MCF-7 cells treated with En-DT and nEn-DT,

respectively. MCF-7 cells were stained with Hoechst 33342 (blue). Scale bar: 20 μm.

(C) Flow cytometric assay of MCF-7 cells incubated with En-DT and nEn-DT, re-

spectively. (D) Quantitative flow cytometric results of the fluorescence signal ratio

of Cy5 to MCF-7 cells treated with En-DT and nEn-DT, respectively. Data are means

± SD (n=3). ∗∗∗P < 0.001. Nanoprobe concentration was 50nmol/L.

that the En-DT has better cell internalization ability (Fig. S9 in Sup-

porting information). Moreover, the biocompatibility investigation

with cell counting kit-8 (CCK-8) assay showed that En-DT were not

cytotoxic to cells (Fig. S10 in Supporting information).

Then, we investigated the ability of En-DT to image intracel-

lular ATP in tumor cells MCF-7. The En-DT was found to produce

strong fluorescence signal, while the control probe (nEn-DT) in-

duced much weaker fluorescence (Figs. 4A and B), suggesting that

the observed signal of En-DT resulted from dual activatable imag-

ing. In addition, the flow cytometric quantification showed that En-

DT displayed about 7.5-fold higher fluorescence intensity than that

of nEn-DT (Figs. 4C and D). To further confirm that the signal in-

deed come from the dual activatable response, we pretreated MCF-

7 cells with IAA (a glycolysis inhibitor that could cause ATP deple-

tion) to down-regulate the ATP level before imaging with the En-

DT [36]. Inspection of the cell images showed that the fluorescence

signal decreased significantly (Fig. S11 in Supporting information).

We further used NCA, an APE1 inhibitor, to reduce the APE1 level

[37]. Similarly, the imaging data showed significantly diminished

fluorescence signal in the treated cells (Fig. S12 in Supporting in-

formation). Collectively, these results confirmed the enzymatically

gated ATP sensing activity of the En-DT.

We then evaluated the capability of En-DT to differentiate be-

tween normal cells and cancer cells. By comparison, L02 cells were

chosen as the control normal cells to evaluate the cell specificity

of ATP sensing. As expected, a minimal Cy5 fluorescent signal of

En-DT was observed in L02 cells treated with the same amount of

En-DT for the same time because of the lack of APE1 in the cy-

tosol of normal cells (Fig. S13 in Supporting information). In con-

trast, both the MCF-7 cells and L02 cells showed comparatively

strong fluorescence when treated with the conventional probe (On-

DT), confirming that the overexpression of APE1 in cancer cells

played a key role in improving the cell specificity of ATP sensing

(Fig. S13). Furthermore, we verified that the En-DT was applicable

for cancer-specific ATP sensing in other cancer cell lines (Fig. S14

in Supporting information). Collectively, the results indicated that
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Fig. 5. (A) Fluorescence imaging of MCF-7 tumor-bearing mice i.v. injected with En-

DT, On-DT and nEn-DT. (B) Quantitative fluorescence intensity in tumors according

to (A). (C) Fluorescence images of ex vivo organs and tumors harvested at 3h after

i.v. injection of different systems. (D) Quantitative fluorescence intensity in tumors

according to (C). Data are mean ± SD, n=3. ∗∗∗P < 0.001. Nanoprobe concentration

was 1.5 μmol/L.

the enzyme-controlled DNA tetrahedron nanoprobes allowed for

cancer-cell-specific molecular sensing.

We then studied its tumor-specific ATP imaging capability in

vivo. All the animal operations followed the institutional animal

use and care regulations according to protocol, approved by the

Laboratory Animal Center of Hunan Province (No. SCXK (Xiang)

2018–0006). Nude mice bearing MCF-7 xenograft tumors were ran-

domly intravenously injected with En-DT and nEn-DT and sub-

jected to in vivo imaging. A significant increase in fluorescence

signal was observed in the tumor region 3h post injection for

the mice treated with En-DT (Figs. 5A and B). On the contrary, a

negligible increase in fluorescence contrast was observed over the

same time frame for the nEn-DT treated group, suggesting that

the enhanced fluorescence signal at the tumor site in the En-DT

group was due to the enzyme-triggered ATP sensing. The enzyme-

activated ATP imaging was further validated by comparing the flu-

orescence signals of harvested tumors and organs 3h postinjection

(Fig. 5C). The result showed that the intratumoral fluorescence sig-

nal in the En-DT group was significantly higher than that in the

nEn-DT group. Quantitative analysis revealed that the mean intra-

tumoral fluorescence intensity in the En-DT group was about 5.1-

fold higher than that in the groups receiving nEn-DT (Fig. 5D). The

high fluorescence signals in the kidneys of different groups could

be attributed to the gradual clearance of DNA molecules through

the renal route [38], as generally observed for diverse nucleic acid

delivery systems and DNA-based probes [39,40]. These results con-

firmed that the En-DT allowed for enzyme-activated ATP sensing

in vivo.

In summary, we developed a novel strategy to design enzyme-

triggered DNA tetrahedron nanoprobes for ATP biosensing with im-

proved cancer specificity. The En-DT could be selectively activated

in tumor cells by APE1, which restored its structure-switching ca-

pability to bind and sense intracellular ATP. Compared with the

conventional On-DT, the enzyme-activatable En-DT displayed en-

hanced signal contrast in the tumor by suppressing the background

fluorescence from normal tissues, resulting in an improved tumor

specificity. In addition, En-DT has good biocompatibility and the

ability to enrich in tumor. It has been successfully used in living

cells (MCF-7, A549 and HeLa cells) and mice to monitor ATP levels

by fluorescence imaging. It is expected that the En-DT for intracel-

lular ATP will become an effective tool for cancer early diagnosis

in clinic. Moreover, this enzyme-triggered strategy would facilitate

the construction of diverse nanodevice for sensing other cellular

targets and might promote precise cancer diagnosis.
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