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Abstract 
A simple and sensitive colorimetric aptasensor for rapid and facile detection of 

adenosine triphosphate (ATP) has been demonstrated here based on aptamer-based 

hairpin probes and unmodified gold nanoparticles (AuNPs). The hairpin probe is 

constructed by adding another five nucleotides to the 5’-end of an anti-ATP 

aptamer which can hybridize to nucleotides at the 3’-end of the aptamer, forming a 

hairpin-shaped structure. In the absence of ATP, the hairpin probes are rigid, and 

the AuNPs are susceptible to salt-induced aggregation. Conversely, upon binding 

with target ATP, the hairpin probes undergo conformational changes, forming 

aptamer-ATP complexes and exposing flexible ends which coat the surface of 

AuNPs to inhibit their aggregation in the high salt solution. Subsequently, a blue-

to-red color change can be recognized by the naked eye. The aptasensor achieved 

selective responses toward ATP with a detection limit of 0.1 μM, and exhibited 

high-quality detection performance in biological samples. In addition, this 

detection method is simple, rapid and cost-effective, holding great potential for 

further applications in point-of-care research. 



Graphical Abstract 

 

 
 
The principle of the proposed strategy for colorimetric detection of ATP using 

unmodified gold nanoparticles is shown in the above graph. The aptamer-based 

hairpin probe (AHP) was constructed with anti-ATP aptamer (blue region) and 

another five nucleotides (red region) added to the 5’-end of the aptamer which 

were complementary to nucleotides at the 3’-end of the aptamer, forming a hairpin-

shaped structure. In the absence of ATP, the hairpin probes were rigid, and their 

negatively charged phosphate backbones were exposed. The strong repulsion 

between the hairpin probes and negatively charged AuNPs made their binding 

negligible, which could not prevent salt-induced AuNP aggregation. Conversely, in 

the presence of ATP, the hairpin probes under went a conformational change, 

forming aptamer-ATP complexes and exposing flexible ssDNA ends (red region). 

The ssDNA ends had strong attractive electrostatic interactions with AuNPs and 

thus prevented them from salt-induced aggregation, corresponding to a blue-to-red 

colour change and thus providing the colorimetric detection of the target ATP. 
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1. Introduction 
Aptamers are functional nucleic acids obtained from random-sequence DNA or 

RNA libraries using in vitro selection techniques [1, 2].They possess highly 

specific molecular recognition capabilities toward a vast range of targets, including 

small molecules [3, 4], metal ions [5], proteins [6, 7], and even cells [8, 9].In 

recent years, aptamers have been extensively applied as recognition elements for 

biosensor design due to their high selectivity and affinity [10-12]. Moreover, they 

have the advantages of simple synthesis, easy modification, excellent stability, and 

high flexibility. Thus, they can serve as promising candidates for biosensors. 

     

Aptamer-based biosensors have attracted substantial research efforts due to their 

high sensitivity and selectivity. The majority of these sensors are based on 

fluorescence [13-19], electrochemistry [20-23], chemiluminescence [24-26]and 

colorimetry [27-31]. Among these detection strategies, aptamer-based colorimetric 

methods have been commonly applied for routine analysis and are attracting more 

and more attention because of their relatively low cost, simplicity and easy read-

out.  

     

To successfully develop a valuable colorimetric assay, the use of signal indicators 

is very crucial to achieve a high sensitivity and efficiency. Gold nanoparticles 

(AuNPs) have been demonstrated to be highly competitive for colorimetric 

analysis based on their high extinction coefficients, strong distance dependent 

optical properties, unique size, low cost and simplicity [32-35]. There are two 

major classes of AuNP-based colorimetric assays. The first class utilizes a three-

component sandwich assay format. In this assay, the AuNP aggregation is induced 

by an interparticle cross-linking mechanism where AuNPs are modified with 

thiolated oligonucleotide probes [36-38]. The second class of the colorimetric 

assay relies on the difference in binding properties of single-stranded DNA 

(ssDNA) and double-stranded DNA (dsDNA) or folded DNA toward unmodified 

AuNPs [32, 39]. The ssDNA is flexible and can uncoil its bases, bind to 

unmodified AuNPs and effectively inhibit their aggregation in high salt solution. 

On the other hand, dsDNA or folded DNA is stiffer and does not permit uncoiling, 

which means that the AuNPs are inclined towards salt-induced aggregation. The 

second strategy has been paid more and more attention since it does not require 

complicated and time-consuming steps, such as surface modification and 

separation. Based on the principle, a number of aptamer-based colorimetric sensors 

using unmodified AuNPs have been developed [32, 40-44]. Aptamers are widely 



used as ligands to bind target molecules and resulting in conformational change 

which can be discriminated by the color change of unmodified AuNPs [42, 45]. 

However, not all aptamers exhibit obvious conformational changes upon binding. 

As an alternative strategy, aptamers are initially hybridized to their complementary 

sequences, forming a rigid duplex. The binding with target molecules dissembles 

the original duplex and release ssDNA sequences. This disassembly process can be 

discerned by the color change of AuNPs [21, 46]. However, this strategy is usually 

time-consuming. Recent studies have discovered that some target molecules can 

bind to their aptamers, forming target-aptamer complexes which bind to and 

protect AuNPs against salt-induced aggregation more efficiently than target and 

aptamer alone [29]. However, the aptamer itself can bind to AuNPs and result in a 

background signal. The generalizability of this strategy is limited because of the 

different properties of various aptamers. Thus, it is important to find new strategies 

that can overcome these problems. 

     

Adenosine triphosphate (ATP), as an intracellular energy carrier, plays a critical 

role in the metabolic processes for daily activities. It has been found that ATP is an 

indicator for cell viability and cell injury [47]. The concentration of ATP is closely 

related to many diseases such as angiocardiopathy [48], Parkinson's disease [49] 

and malignant tumors [50]. Therefore, the detection of ATP is of great value in 

biochemical studies and clinic diagnosis. 

     

Herein, we report on a novel colorimetric aptasensor for the detection of ATP by 

coupling an aptamer-based hairpin probe (AHP) with visible-colored unmodified 

AuNPs. The hairpin probe is constructed by adding an additional five nucleotides 

to the 5’-end of an anti-ATP aptamer which are complementary to nucleotides at 

the 3’-end of the aptamer. In the absence of ATP, the hairpin probes are rigid, and 

cannot prevent AuNPs against salt-induced aggregation. Upon binding with target 

ATP, the hairpin probes undergo a conformational change, forming aptamer-ATP 

complexes and exposing flexible ends. The flexible ends can coat on AuNPs and 

thus prevent them from salt-induced aggregation. As a result, a blue-to-red colour 

change can be observed. In this case, the detection can be carried out based on the 

change in color by using the naked eye and without a need for sophisticated 

instruments. Moreover, the aptasensor is simple in design, convenient for use and 

can be adapted for carrying out on-site measurements. 

 

2. Experimental Section 
2.1. Materials and Chemicals 



AHP (5’-ACCTTCCTGGGGGAGTATTGCGGAGGAAGGT-3’) was synthesized 

and purified with HPLC by Sangon Biotech Company, Ltd (Shanghai, China). The 

stock solution of AHP was prepared by dissolving the lyophilized powder in 20 

mM Tris–HCl buffer (100 mM NaCl, 5 mM MgCl2, pH 7.4). The AHP solution 

was heated to 95 °C for 5 min and then allowed to cool down to room temperature 

to form designed hairpin structure before use. Adenine (A), thymine (T), guanine 

(G) and cytosine (C) were obtained from Takara Biotechnology Co. Ltd. (Dalian, 

China). Chloroauric acid (HAuCl4.4H2O) and sodium citrate were obtained from 

Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). All other reagents were 

of analytical grade and used as received. Ultrapure water obtained from a Millipore 

water purification system (Milli-Q, Millipore) was used for all experiments. 

 

2.2. Apparatus 

Absorbance measurements were recorded with a microplate reader (Tecan infinite 

M1000 Pro, Männedorf, Switzerland). The absorption spectra of the solution were 

collected from 400 to 800 nm with a step of 2 nm. Transmission electron 

microscopy (TEM) measurements were made on Tecnai G2 Spirit120kV with an 

accelerating voltage of 120 kV. The samples for TEM characterization were 

prepared by placing a drop of colloidal solution on carbon-coated copper grid and 

dried at room temperature.  

 

2.3. Preparation of Gold Nanoparticles  

Gold nanoparticles (∼14 nm) were first prepared by the citrate reduction of HAuCl4 

[51]. In a typical experiment, a 5 mL aqueous solution of sodium citrate (1 wt %) 

was added to a boiling solution of HAuCl4 (50 mL, 1 mM). The reaction mixture 

was allowed to reflux for another 20 min after the color of the solution changed to 

red. The solution was then cooled down in ice and stored in a refrigerator at 4 °C 

before use. The concentration of the AuNPs was estimated to 10 nM, using Beer’s 

law [A=εlc, where the extinction coefficient (ε) is calculated by the equation (ln 

ε=1.4418×ln D+18.955), D is the diameter in nm] [52]. 

 

2.4. Cell Culture and Cell Lysate Preparation 

The adherent breast cancer cell line MCF-7 was cultured in DMEM media 

(Corning) and supplemented with 10% fetal bovine serum (Biochrom). Cell 

cultures were incubated at 37 °C in a humidified incubator maintained at 5% CO2. 

Cell lysates were prepared by the following method. Cells were grown to 

approximately 80% confluence before harvesting. Then the media was removed, 

and cells were washed with PBS. Cells were coated with 1 mL trypsin-EDTA 

solution (0.25% trypsin, 0.02% EDTA, Beyotime) and the excess was removed. 

Cells were incubated at 37 °C for 3 min to dissociate cells. Dissociated cells were 



suspended in 1 mL of PBS and pelleted by centrifugation at 3000 g for 5 min. 

Supernatant was removed, and cell pellet was resuspended in 1 mL of 20 mM Tris-

HCl buffer (100 mM NaCl, 5 mM MgCl2, pH7.4) and EDTA-free protease 

inhibitor cocktail (Sigma) was added to the cell suspension at 1 final concentration. 

The cells were lysed by Ultrasonic Cell Disruption System (Misonix) for 10 times. 

Then the solution was centrifuged at 14000 rpm for 10 min at 4°C. The supernatant 

was collected and a fraction of it was taken for cell counting to ensure complete 

lysis. 

 

2.5. Measurement Procedure 

In a typical target ATP assay, different concentrations of ATP were mixed with 

AHP (1 μM) in 20 mM Tris–HCl buffer (100 mM NaCl, 5 mM MgCl2, pH 7.4) 

and incubated for 5 min. Subsequently, 10 μL of the above-mentioned reaction 

mixture was added into 190 μL AuNP solution (2.5 nM). Finally, 5 μL of 1 M 

sodium chloride solution was rapidly added, and the mixed solution was detected 

by either visual observation or UV–vis absorption spectrum. All processes were 

conducted at room temperature. 

 

3. Results and Discussion 

3.1. Principle of the Colorimetric Assay 

 

Fig. 1. Schematic illustration of ATP detection based on colorimetric assay. In the absence of target ATP, 



the aptamer-based hairpin probe (AHP) could not prevent salt-induced AuNP aggregation, leading to an 

observation of blue color. In the presence of target ATP, the hairpin-shaped probe undergoes a 

conformational change, forming aptamer-ATP complex and exposing flexible end. The flexible end can 

coat on AuNPs and thus prevent them from salt-induced aggregation, resulting in a red color.  

The principle of the proposed strategy for colorimetric detection of ATP using 

unmodified gold nanoparticles is shown in Fig. 1. The aptamer-based hairpin probe 

(AHP) was constructed with anti-ATP aptamer (blue region) and another five 

nucleotides (red region) added to the 5’-end of the aptamer which were 

complementary to nucleotides at the 3’-end of the aptamer, forming a hairpin-

shaped structure. In the absence of ATP, the hairpin probes were rigid, and their 

negatively charged phosphate backbones were exposed. The strong repulsion 

between the hairpin probes and negatively charged AuNPs made their binding 

negligible, which could not prevent salt-induced AuNP aggregation. Conversely, in 

the presence of ATP, the hairpin probes underwent a conformational change, 

forming aptamer-ATP complexes and exposing flexible ssDNA ends (red region). 

The ssDNA ends have strong attractive electrostatic interactions with AuNPs and 

thus prevented them from salt-induced aggregation, corresponding to a blue-to-red 

colour change and thus providing the colorimetric detection of the target ATP. 

3.2. Investigation of the Feasibility and Mechanism of the Aptasensor 

In order to investigate the feasibility and mechanism of the aptasensor, AuNPs 

solutions with different biomolecules were prepared: blank with salt (sample a); 

ATP with salt (sample b); AHP in the absence of ATP with salt (sample c); and 

AHP in the presence of target ATP with salt (sample d). Fig.2 shows UV−vis 

absorption spectra and the corresponding photographs of AuNP solutions. As 

shown in Fig. 2, sample a, sample b and sample c exhibited a surface plasmon 

resonance absorption peak at approximately 656 nm, and the color of the solution 

appeared blue. However, a distinctive absorption peak at 522 nm was observed for 

sample d, and the color of the solution maintained red. These phenomena indicated 

that the hairpin probe and ATP itself could not prevent the AuNPs from 

aggregation in the presence of salt. While in the presence of target ATP, the 

hairpin probes underwent conformational change, forming aptamer-ATP 

complexes and exposing flexible ssDNA ends which could protect AuNPs from 

aggregation in the high salt solution. These results were consistent with the 

proposed mechanism shown in Fig 1. 



 

Fig.2. UV–vis absorption spectra of AuNPs solution with (a) salt, (b) ATP+salt, (c) AHP+salt, (d) 

ATP+AHP+salt, respectively (Inset: the corresponding photographs) (Note: 2.5 nM AuNPs, 1 μM AHP, 

10 μM ATP and 25 mM salt were used in these cases). 

To show the changes in AuNPs morphology, AuNPs with AHP in the absence or in 

the presence of target ATP were further characterized using transmission electron 

microscopy (TEM). The corresponding TEM images of AuNPs were shown in Fig. 

3. As shown, AuNPs aggregated heavily in the absence of target ATP (Fig. 3A). 

While in the presence of the target ATP, the AuNPs were well-dispersed (Fig. 3B). 

The TEM results were consistent with the UV–vis absorption spectra as well as the 

color change of AuNPs solution.  

 

Fig. 3. TEM images of the 2.5 nM AuNPs solution mixed with (A) AHP+salt, and (B) ATP+AHP+salt. 

3.3. Optimization of Detection Conditions 



According to the detection principle, experimental conditions such as the amount 

of AHP, the concentration of salt, the concentration of AuNPs and incubation time 

have a great effect on the sensitivity of the colorimetric method. Hence, a series of 

systematic optimization experiments were carried out to obtain the optimal assay 

conditions. Since the absorption ratio between 522 nm and 656 nm (A522/A656) is 

associated with the aggregation state of AuNPs, with a low ratio corresponding to 

high degree of AuNPs aggregation. The odds ratio (OR) between 680 nm and 520 

nm, ORA522/A656 (ORA522/A656= [the A522/A656 absorption ratio in the presence of 

ATP] / [the A522/A656absorption ratio in the absence of ATP]), was used to 

optimize the experimental conditions. Firstly, the effect of the AHP amount on the 

assay performance was investigated (0.1-2 μM range). As shown in Fig. 4A, the 

ORA522/A656 reached a maximum value at 1 μM AHP. Thus, subsequent work 

employed 1 μM of AHP. Next, the effect of salt concentration was examined (20-

40 mM range). The result showed that maximal ORA522/A656 value was obtained at 

35 mM Salt (Fig. 4B). Therefore, 35 mM salt was selected for the following 

experiments. The effect of AuNPs concentration was also investigated (1.5-3.5 nM 

range). As shown in Fig. 4C, the highest value of ORA522/A656 was observed at 

2nMAuNPs. Hence, an AuNPs concentration of 2 nM was selected for further 

study. Finally, we investigated the effect of incubation time on the detection. The 

results in Fig. 4Ddemonstrated that 5 min is enough to induce the conformational 

change of AHP in the presence of ATP. To optimize the assay time, 5 min was 

used in the later experiments. 



 

Fig. 4. Dependence of the odds ratio of absorbance (A522/A656) on (A) AHP concentration, (B) salt 

concentration, (C) AuNPs concentration, and (D) incubation time (Note: 10 μM ATP was used in these 

cases). Error bars: SD, n=3. 

3.4. Sensitivity for ATP Detection 

Under the optimal conditions, the aptamer-based colorimetric assay was employed 

for the quantitative monitoring of target ATP by UV–vis spectroscopy. The 

absorption ratio between 522 nm and 656 nm (A522/A656) profiles and the color 

change of the AuNPs with different concentration of target DNA were measured. 

As shown in Fig. 5A, in the absence of ATP, the AHP was ineffective in protecting 

the AuNPs against salt-induced aggregation, and thus a blue color of the 

aggregated AuNPs was observed. As expected, in the presence of ATP, ATP 

bound to the aptamer region in AHP, exposing flexible ssDNA ends which could 

coat on the surface of AuNPs to inhibit their aggregation in the high salt solution, 

resulting in different extents of AuNPs aggregation and thus different colors (blue 

to red). Fig. 5B gives UV–vis absorption spectra of the AHP-AuNP system toward 

target ATP with different concentrations. Upon the addition of target ATP, an 

observable aggregation phenomenon of AuNPs appeared with an increase of the 

absorbance at 522 nm and a decrease of the absorbance at 656 nm. In addition, 

A522/A656 continued to decrease with the increase in ATP concentration until 



reaching a plateau (Fig. 5C). The absorption ratio of AuNPs showed good linear 

correlation to target ATP concentration within the range from 0—5 μM (Fig. 5C, 

inset). The linear regression equation was fitted as A522/A656=0.1239 × CATP 

(μM)+0.8367 with a correlation coefficient of 0.9989 (n=10). The limit of 

detection (LOD) was evaluated to 0.1 μM ATP at 3sblank criterion, showing 

evidence of high sensitivity. The analytical performance of our proposed strategy 

was comparable to the previously reported aptasensors with colorimetric, 

fluorescent, chemiluminescent or electrochemical readout (Table S1). 

 

 
 

Fig. 5. (A) Color change of AuNPs at different concentrations of ATP. (B) UV–vis absorption spectra 

following incubation with different ATP concentrations. (C) The absorption ratio (A522/A656) was plotted 

as a function of ATP concentration. Inset: typical calibration curve for ATP in the 0–5 μM range. Error 

bars: SD, n=3. 

 

3.5. Selectivity of the Proposed Aptasensor 

The selectivity of this aptasensor was examined by challenging this system against 

other ATP analogs, such as guanosine triphosphate (GTP), uridine triphosphate 

(UTP), and cytidine triphosphate (CTP) under the optimized conditions. As shown 

in Fig. 6, only ATP showed a distinctive absorption peak at 522 nm. It was clear 

that the AuNPs solution could be protected in red color only in the presence of 

ATP. Conversely, the AuNPs solution appeared blue with ATP analogs (Fig. 6, 



inset). All these results suggested that this colorimetric sensing assay is highly 

selective for ATP. 

 
Fig. 6. UV–vis absorption spectra of the colorimetric assay system against GTP (100 μM), UTP (100 μM), 

CTP (100 μM) and ATP (100 μM), respectively. Inset: visual color changes corresponding to UV–vis 

absorption spectra.  

 

3.6. Application in Real Sample Detection 

 

To further investigate the feasibility of the proposed colorimetric assay in real 

biological samples, we tested ATP in complex real samples such as breast cancer 

cell (MCF-7) lysates. As demonstrated in Fig. 7, the cell lysate (2% diluted and 5% 

diluted) containing ATP induced the conformational change of AHP and 

effectively protected the AuNPs from aggregation, corresponding in a red color. In 

contrast, the blank cell lysate kept AHP untouched, resulting in the obvious 

aggregation of AuNPs and visually manifesting with a blue color. Our detection 

performed well in these complex real samples. However, we found that when we 

increased the concentration of the cell lysate (10% diluted), the large number of 

non-specific molecules began to affect the detection. We postulated that proteins 

from the lysate interfered with the read-out. To probe into the possibility, we 

carried out the proposed colorimetric assay in milk. As illustrated in Figure S1, 

even 2% diluted milk could affect the detection. This observation indicates that the 

non-specific adsorption of proteins could protect AuNPs from aggregation, 

resulting in a high background signal. The results suggest that the proposed 

colorimetric assay for ATP detection could be used in real sample analysis, 

although caution needs to be exercised for background signal. 

 



 

 
Fig. 7. Our detection performed well in complicated real samples such as 2% diluted cell lysate and 5% 

diluted cell lysate. When we employed 10% diluted cell lysate, the large number of non-specific 

molecules began to affect the detection.  
 

4. Conclusion 

In summary, we have developed a novel colorimetric aptasensor for rapid and 

facile detection of ATP by using aptamer-based hairpin probes and unmodified 

AuNPs. The strategy relies on the excellent specificity of aptamer towards ATP, as 

well as the different adsorption affinity between aptamer-ATP complex, ssDNA 

end and AHP towards AuNPs. For probing the target ATP, this assay possessed 

three excellent advantages. Firstly, it eliminated the need for chemical 

modifications, complicated separation processes and sophisticated instrumentation, 

which was simple and cost-effective. Secondly, the assay was rapid in process and 

convenient for use. It could detect target ATP sensitively and selectively within 5 

minutes. Thirdly, this strategy could be applied to analyze other targets with 

interest by controlling the sequences of the corresponding aptamers, thus 

representing a universal detection scheme. Moreover, this aptasensor exhibited a 

good detection performance in real biological samples. With these characteristics, 

the proposed strategy holds great promise in point-of-care applications. 
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Highlights 

 The detection time was significantly decreased to 5 minutes. 

 The colorimetric aptasensor presented a high sensitivity and 

specificity for target ATP. 

 The aptasensor can be applied to perform assay in real samples. 

 
 




