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a b s t r a c t

Accurate and sensitive detection of cancer cells is of significant importance for early diagnosis and treat-

ment of cancer. Here, we developed an extracellular ATP-activated hybridization chain reaction (HCR)

amplification strategy to meet this purpose. This strategy relies on three DNA probes, Apt-trigger, H1-

ATP aptamer duplex and hairpin H2. The Apt-trigger probe consists of two components: an aptamer

sequence for specific recognition of the target cells, and a trigger sequence for the HCR assembly. The

duplex structure of H1-ATP aptamer causes the toehold in hairpin H1 to be hidden, preventing the strand-

displacement reaction between hairpin H1 and Apt-trigger. Upon activation with ATP, the ATP aptamer

will bind to ATP to dissociate from hairpin H1, thus leading to an Apt-trigger-induced strand-displacement

reaction and subsequent HCR with hairpin H2 on the target cell surface. Benefiting from aptamer recogni-

tion and ATP-activated HCR amplification, this strategy can not only perform sensitive quantitative anal-

ysis with a detection limit of 25 cells in 200 μL of binding buffer, but also show desirable specificity and

accuracy for identifying target cells from control cells and mixed cell samples. Importantly, this method

retains stable and good performance for target cell detection in 10% fetal bovine serum, demonstrating

great potential for clinical diagnosis in complex biological matrices. Furthermore, this strategy can be

adapted to detect various types of cancer cells by changing the corresponding aptamer sequence.

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

Medica, Chinese Academy of Medical Sciences.

Cancer is one of the most fatal diseases in the world, caus-

ing several millions of deaths every year [1–3]. Early diagnosis of

cancer can offer great opportunities for efficient cancer treatment

[4,5]. Thus, accurate and sensitive detection of cancer cells plays

a particularly critical role in improving the survival rate of cancer

patients. To date, many technologies based on polymerase chain

reaction, mass spectrometry and immunohistochemistry have been

developed for the detection of cancer cells [6–10]. However, most

of these approaches are restricted by their time-consuming pro-

cesses, complicated operation platform, high cost, and poor stabil-

ity [11,12]. It is still highly appealing to design a facile strategy

with high sensitivity and specificity for identifying and detecting

cancer cells.

In recent years, various aptamer-based probes have been re-

ported for the detection of intact cancer cells [13–16]. Aptamers
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are short single-stranded oligonucleotides that can act as reliable

affinity ligands to specifically bind and recognize proteins on the

surface of cancer cells [17,18]. Despite the progress made, these

aptamer biosensors exhibit limited sensitivity for detecting cancer

cells because of their low concentration at early stages and hetero-

geneity [19]. Therefore, signal amplification strategies are drawing

increasing attention [20–22]. Especially, several nonenzymatic DNA

amplification techniques have been explored with satisfactory per-

formance for bio-detection, including hybridization chain reaction

(HCR) [23,24], catalyzed hairpin assembly [25,26], and entropy-

driven catalysis [27,28]. Among them, HCR shows great prospect in

signal amplification due to its high signal gain and low signal leak-

age. It will generate long linear dsDNA nanostructures by initiat-

ing toehold-mediated successive hybridization between two kinet-

ically trapped hairpin reactants upon the introduction of a trigger

sequence. For example, Zhang et al. have developed a tetrahedral

DNA framework-enhanced hybridization chain reaction probe for

facilitating in situ tumor imaging [29]. Wu et al. have reported a

novel cell-targeting tripartite DNA probe that enables miRNA imag-

ing in living mice via an in vivo hybridization chain reaction circuit
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Fig. 1. Schematic illustration of the extracellular ATP-activated hybridization chain

reaction for cancer cell detection.

[30]. Nevertheless, a limitation of these studies is that the HCR was

initiated passively by the direct binding of hairpin with a trigger,

which cannot be precisely controlled at the desired position.

The photoactivated strategies were first introduced to achieve

precise temporal and spatial control over biological processes, yet

could be restrained by the superficial tissue penetration and poten-

tial phototoxicity of light [31–33]. Then, the endogenous enzyme-

activation methods were developed to achieve in situ bioimaging,

which was constrained by the limit availability of cancer-related

enzymes [34,35]. Additionally, the inherent vulnerability of these

enzymes may easily result in inaccurate or even erroneous trans-

ductions in complex biological systems [36]. Adenosine triphos-

phate (ATP) is the vital biogenic molecule that plays essential reg-

ulatory roles in many biochemical synthesis and metabolic pro-

cesses in living organisms [37–40]. It has been shown that ATP is

presented at a high concentration of 100–500 μmol/L in the extra-

cellular milieu of tumours, which is 103 to 104 times higher than

that in the interstitium of normal tissues (10–100nmol/L) [41,42].

Therefore, the ultrahigh level of ATP in the tumor microenviron-

ment enables it to be an effective endogenous control for develop-

ing ATP-activated bioorthogonal reactions for cancer cell detection.

Inspired by the above arguments, we proposed an extracellular

ATP-activated HCR amplification strategy for accurate and sensitive

detection of cancer cells. As shown in Fig. 1, three DNA probes

(Apt-trigger, H1-ATP aptamer duplex, and hairpin H2) were de-

signed for this experiment, and their predicted secondary struc-

ture simulation diagrams were shown in Fig. S1 (Supporting in-

formation). The Apt-trigger probe consisted of two components: a

ZYsls aptamer for specific binding to SMMC-7721 cells and a trig-

ger sequence for initiating the HCR assembly. The duplex structure

of H1-ATP aptamer caused the toehold in hairpin H1 to be hid-

den, preventing the strand-displacement reaction between hairpin

H1 and Apt-trigger (i.e., the first step of the HCR reaction). In ad-

dition, the opposite side of the hairpin H2 stem was labeled with

a fluorescein (AF488) and a quencher (BHQ1), resulting in a low

fluorescence background due to the fluorescence resonance energy

transfer. Upon activation with ATP, the ATP aptamer would bind

to ATP to dissociate from the hairpin H1, thus leading to an Apt-

trigger-induced strand-displacement reaction and subsequent HCR

with hairpin H2 on the target cell surface. As a result of the for-

mation of the chainlike HCR product, many hairpin H2 were suc-

cessively opened with the separation of AF488 from BHQ1, thereby

activating an amplified fluorescent signal for sensitive detection of

cancer cells.

The feasibility of extracellular ATP-activated HCR assembly was

first studied via 3% agarose gel electrophoresis. As shown in Fig.

2A, the ATP aptamer could effectively block the hairpin H1, mak-

Fig. 2. (A) 3% Agarose gel electrophoresis imaging of the ATP-activated HCR assem-

bly. Lane M: 20bp DNA marker; Lane 1: Apt-trigger; Lane 2: H1-ATP aptamer; Lane

3: H2; Lane 4: H1-ATP aptamer+H2; Lane 5: Apt-trigger+H1-ATP aptamer+H2;

Lane 6: Apt-trigger+H1-ATP aptamer+H2+ATP. (B) Fluorescence spectral re-

sponses obtained from different reactions. Curve 1: H1-ATP aptamer+H2; Curve

2: Apt-trigger+H1-ATP aptamer+H2; Curve 3: H1-ATP aptamer+H2+ATP; Curve

4: Apt-trigger+H1-ATP aptamer+H2+ATP.

Fig. 3. Flow cytometry assays (A) and confocal fluorescence imaging (B) of SMMC-

7721 cells incubated with Apt-trigger/H1-ATP aptamer/H2 with or without the ad-

dition of ATP.

ing Apt-trigger unable to trigger the HCR assembly in the absence

of ATP (Lane 5). In contrast, a distinct long-dispersed band was

observed after incubation of Apt-trigger/H1-ATP aptamer/H2 with

ATP (Lane 6), which demonstrated the ATP-activated HCR assembly.

The fluorescence profile was further performed to support the re-

sults (Fig. 2B). The mixture of H1-ATP aptamer/H2 gave very weak

fluorescence, indicating that the designed probes had a low back-

ground signal and no HCR occurred. Incubation of a H1-ATP ap-

tamer/H2 mixture with Apt-trigger or ATP produced a negligible

increase in fluorescence signal. Upon addition of ATP to the mix-

ture of Apt-trigger/H1-ATP aptamer/H2, a significant fluorescence

increase could be observed, which justified the ATP-activated sens-

ing design. To explore whether the designed HCR assembly was

specifically activated by ATP, three analogue molecules of ATP, in-

cluding cytidine triphosphate (CTP), guanosine triphosphate (GTP)

and uridine triphosphate (UTP), were introduced as controls. As

shown in Fig. S2A (Supporting information), the addition of CTP,

GTP, or UTP did not produce apparent HCR product due to the spe-

cific recognition site between ATP and its aptamer sequence. Fur-

thermore, the fluorescence intensity in the presence of ATP was

obviously higher than that of these ATP analogues (Fig. S2B in Sup-

porting information), which indicated the excellent specificity of

the ATP-activated strategy.

Having demonstrated the ATP-activated HCR assembly in test

tubes, we explored its performance for target SMMC-7721 cell de-

tection by flow cytometry. As shown in Fig. 3A, application of Apt-

trigger/H1-ATP aptamer/H2 to SMMC-7721 cells in the absence of

ATP induced a low fluorescence intensity. In contrast, addition of

ATP significantly increased the fluorescence intensity on the cells,

indicating that the ATP aptamer could bind to ATP to dissociate

from hairpin H1, resulting in an HCR amplification. The results

were also verified by confocal fluorescent imaging (Fig. 3B). After

incubation with Apt-trigger/H1-ATP aptamer/H2 plus ATP, SMMC-
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Fig. 4. (A) Flow cytometry assays of SMMC-7721 cells with decreasing cell number from 50,000 to 0 in 200 μL of binding buffer after incubation with Apt-trigger/H1-ATP

aptamer/H2 plus ATP. (B) The corresponding calibration curve illustrating the linear relationship between the cell number detected by this strategy and the cell number

counted by the hemocytometer. The error bars represent the standard deviation of three repeated experiments.

7721 cells showed obvious green fluorescence on the cell surfaces,

whereas almost no fluorescence was seen in the control group

without ATP addition. These results indicated that the designed

HCR assembly could be activated by ATP for the detection of target

cells.

To further improve the detection performance of this strategy,

the probe concentration and incubation time were optimized by

flow cytometry. As shown in Fig. S3 (Supporting information), the

signal-to-background ratio (SBR) gradually increased with the Apt-

trigger concentration from 10nmol/L to 100nmol/L, yet slightly de-

creased at 200nmol/L. Thus, 100nmol/L of Apt-trigger was chosen

for the incubation of target cells. Subsequently, the fluorescence re-

sponse of the probes incubated with target cells for different times

was examined, which indicated that the optimal SBR could be ob-

tained at an incubation time of 30min (Fig. S4 in Supporting in-

formation). Based on the above results, the best condition was de-

termined to be 30min of incubation with 100nmol/L probe, which

was used for the following experiments.

Under the optimal conditions, the extracellular ATP-activated

HCR assembly was explored for the quantitative assay of target

SMMC-7721 cells by flow cytometry. The samples with different

cell numbers ranging from 0 to 50,000 in 200 μL of binding buffer

were prepared. As shown in Fig. 4A, the number of labeled target

cells appearing in the upper right region gradually decreased with

decreasing number of SMMC-7721 cells. The background counts

were obtained in the absence of any cells in 200 μL of bind-

ing buffer. The effective counts were determined by subtracting

the background counts plus three times of standard deviation. As

shown in Fig. 4B, the calibration curve showed a good linear re-

sponse with a regression equation of logY=1.0005(logX)+0.0063,

(R2 =0.9991) where X and Y represented the number of cells mea-

sured by this strategy and a hemocytometer, respectively. The

minimum number of cells detected in the real experiments was

25 cells in 200 μL of binding buffer. Moreover, the capability

of this strategy to detect target SMMC-7721 cells in 10% fetal

bovine serum (FBS) was evaluated. As shown in Fig. S5 (Support-

ing information), this strategy retained excellent binding ability

to SMMC-7721 cells, and the obtained regression equation was

logY=0.9787(logX)+0.1129, (R2 =0.9948) based on the quantita-

tive analysis of cells. The lowest cell number detected in the real

experiments was 50 cells in 200 μL of 10% FBS samples. These re-

Fig. 5. (A) Normalization of the mean fluorescence intensity (FI) of the target

SMMC-7721 (7721) cells and other control cells (L02, A549, HepG2, MCF-7, CEM and

Ramos cells) incubated with Apt-trigger/H1-ATP aptamer/H2 plus ATP. The error

bars represent the standard deviation of three repeated experiments. (B) Flow cy-

tometry assays of the cell mixtures incubated with Apt-trigger/H1-ATP aptamer/H2

plus ATP. The ratios of L02 cells to SMMC-7721 cells were 1:0, 2:1, 1:1, 1:2, and 0:1,

respectively.

sults suggested that this strategy holds great potential for detecting

target cells in complex samples.

Furthermore, we investigated the specificity of ATP-activated

HCR assembly to detect the target SMMC-7721 cells. As shown

in Fig. S6A (Supporting information), the fluorescence intensity of

SMMC-7721 cells incubated with Apt-trigger/H1-ATP aptamer/H2

plus ATP was much higher than that without ATP addition. In con-

trast, addition of ATP did not obviously enhance the signal inten-

sity for control cells. Moreover, we compared the mean fluores-

cence intensity of SMMC-7721 cells and control cells incubated

with Apt-trigger/H1-ATP aptamer/H2 plus ATP, which showed an

obviously stronger fluorescence intensity in the former (Fig. 5A).

The results were further confirmed by confocal fluorescence imag-

ing (Fig. S6B in Supporting information). Very bright green flu-

orescent appeared around SMMC-7721 cells incubated with Apt-

trigger/H1-ATP aptamer/H2 plus ATP, while little fluorescence was

observed on the surface of control cells under the same treatment.

These results demonstrated the high specificity of this strategy for

target cell detection. Then, we assessed the capability of this strat-

egy for detecting target SMMC-7721 cells in mixed cell samples. As

shown in Fig. 5B, the increasing cells appeared in the high fluores-
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cence region (right of line), while decreasing cells remained in the

low fluorescence region (left of line) with the increase of SMMC-

7721 cells’ number in the cell mixture. The corresponding flow cy-

tometry scatter plots were displayed in Fig. S7 (Supporting infor-

mation), in which the detected target cells appearing in the blue

box gradually increased following the increase of the SMMC-7721

cells’ number. All these results indicated that the ATP-activated

HCR amplification strategy is promising for accurate and sensitive

detection of target cells in heterogeneous mixtures.

In summary, using an aptamer as the recognition unit and ATP-

activated HCR as the signal amplification, we designed a reliable

activatable strategy for specific and sensitive detection of cancer

cells. The proposed assay possesses several merits. First, the de-

tection limit is significantly improved, which is achieved at as low

as 25 cells in 200 μL of binding buffer. Second, this approach is

shown to have excellent specificity and accuracy for identifying

target cells from control cells and mixed cell samples. Importantly,

this method retains stable and good performance for target cell de-

tection in 10% FBS, demonstrating great potential for clinical diag-

nosis in complex biological matrices. Moreover, this strategy can be

adapted to detect various types of cancer cells by changing the cor-

responding aptamer sequence. Therefore, it may provide a valuable

application platform for accurate and sensitive detection of cancer

cells in cancer-related research.
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