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Abstract 1 

A novel fluorescent biosensor for protein kinase activity (PKA) detection was designed by 2 

applying double-strands DNA-hosted copper nanoclusters (dsDNA-CuNCs) and graphene oxide 3 

(GO). One DNA strand of the dsDNA consisted of two domains, one domain can hybridize with 4 

another complementary DNA strand to stabilize the fluorescent CuNCs and another domain was 5 

adenosine 5'-triphosphate (ATP) aptamer. ATP aptamer of the dsDNA-CuNCs would be 6 

spontaneously absorbed onto the GO surface through π-π stacking interactions. Thus GO can 7 

efficiently quench the fluorescence (FL) of dsDNA-CuNCs through fluorescence resonance 8 

energy transfer (FRET). In the present of ATP, ATP specifically combined with ATP aptamer to 9 

form ATP-ATP aptamer binding complexes, which had much less affinity to GO, resulting in the 10 

fluorescence recovery of the system. Nevertheless, in the presence of PKA, ATP could be 11 

translated into ADP and ADP could not combine with ATP aptamer resulting in the fluorescence 12 

quenching of dsDNA-CuNCs again. According to the change of the fluorescence signal, PKA 13 

activity could be successfully monitored in the range of 0.1 to 5.0 U mL-1 with a detection limit 14 

(LOD) of 0.039 U mL-1. Besides, the inhibitory effect of H-89 on PKA activity was studied. The 15 

sensor was performed for PKA activity detection in cell lysates with satisfactory results. 16 

 17 

Key words: dsDNA-CuNCs; Graphene oxide; Aptamer; PKA activity; Inhibitor 18 
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1. Introduction 1 

Protein kinases, a class of biological enzyme, can catalyze phosphorylation of a peptide or 2 

protein substrate at threonine, serine or tyrosine via transferring a phosphate group from adenosine 3 

5'-triphosphate (ATP) [1,2], regulating numerous cellular processes, and protein phosphorylation 4 

is one of the most vital posttranslational modifications [3]. Aberrant phosphorylation activity can 5 

lead to crucial diseases such as cancer and Alzheimer’s disease [4-6]. Furthermore, protein kinases 6 

have been considered as important targets for drug development and disease detection [7,8]. 7 

Therefore, close monitoring and quantification of protein kinase activity is of crucial significance 8 

in terms of clinical diagnosis, targeted therapy and drug discovery. 9 

Recently, many methods have been proposed for protein kinase activity assaying, such as 10 

electrochemistry [9-11], colorimetry [12,13], electrogenerated chemiluminescence (ELC) [14], 11 

fluorescence (FL) [15,16]. Based on possessing charming properties such as rapid response, 12 

wonderful sensitivity and operational simplicity, fluorescence methods draw more and more 13 

attentions. For example, Tan and his coworkers reported a sensitive affinity separation-based 14 

fluorescent method for protein kinase (PKA) activity detection [17]. In this assay, when PKA 15 

phosphorylated fluorescein isothiocyanate (FITC) labeled substrate peptide (S-peptide), specific 16 

adsorption between Zr4+-immobilized nitrilotriacetic acid-coated magnetic nanoparticles (Zr-NTA 17 

MNPs) and phosphorylated peptides was triggered, and after magnetic separation processing, the 18 

fluorescence intensity of the solution had obvious changes. Qiu’s group applied specially designed 19 

peptide templated gold nanoclusters (peptide-AuNCs) as an effective fluorescent probe for PKA 20 

activity detection based on the fact that phosphorylation of peptide by PKA protected the 21 

peptide-AuNCs from the digestion of carboxypeptidase Y (CPY) [18]. Nevertheless, these 22 

fluorescent methods require expensive raw materials, complex design processes, artificial 23 
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substrate peptides, specially designed enzymatic hydrolysis procedures and special fluorescent 1 

dyes, which significantly increases the experimental difficulty and outlay. Therefore, it is of 2 

extreme importance to establish simple, low cost and label-free methods for protein kinase activity 3 

detection. 4 

Fluorescent noble metal nanoclusters (NCs), which was made up of several to tens of metal 5 

atoms with diameters below 2 nm, are of particular interest due to their excellent optical, physical 6 

and electronic properties [19,20]. Among these metal NCs, double-stranded DNA (dsDNA) 7 

templated copper nanoclusters (dsDNA-CuNCs) have attracted tremendous interest owing to the 8 

simple synthesis without rigorously controlled temperature, good water solubility, low toxicity, 9 

biocompatibility, and high specificity [21,22]. Recently, dsDNA-CuNCs have been wildly applied 10 

to detect biological enzymes [22], amino acids [23], lead ions [24] and so on. 11 

Graphene oxide (GO), a single-atomic-layered two-dimensional carbon nanomaterial, has 12 

emerged as a fascinating nanomaterial for future high-tech applications owing to its high charge 13 

carrier mobilities, the electrical and thermal conductivity, combined with transparency and 14 

mechanical strength [25,26]. Biomolecules can be immobilized onto the GO surface through 15 

noncovalent methods due to the fact that planar structure of GO contains π electron structure and 16 

exhibits large specific surface area [27], which makes GO act as an efficient “nanoquencher” for 17 

the fluorophore via fluorescence resonance energy transfer (FRET) or non-radiative dipole-dipole 18 

coupling, attracting close attention in GO-based fluorescent biosensing [28-30]. Recently, many 19 

researches have reported that single-stranded DNA (ssDNA) can be adsorbed on the GO surface 20 

through π-π stacking interactions between the nucleobases and the GO sheet, and hydrogen 21 

bonding interaction between -OH or -COOH groups of GO and -OH or -NH2 groups of ssDNA 22 
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[31,32], which results in the fluorescence quenching of energy donor adsorbed on GO surface 1 

through electron transfer (ET) or FRET while double-stranded DNA (dsDNA) or target 2 

molecule-aptamer DNA complexes having less surface effect can be removed from the GO surface 3 

more easily [33-35]. Hence, the optical biosensor based on coupling the fluorescent DNA 4 

templated metal nanoclusters with GO can be established. 5 

Herein, we presented a novel fluorescent biosensor for PKA activity detection by applying the 6 

dsDNA-CuNCs and GO. As shown in Scheme 1, GO could absorb dsDNA-CuNCs onto its 7 

surface through the interactions with ATP aptamer sequence of dsDNA-CuNCs and quench the 8 

fluorescence of dsDNA-CuNCs through FRET. When ATP was added to the system of 9 

dsDNA-CuNCs, ATP combined with the ATP aptamer sequence of dsDNA-CuNCs to form 10 

ATP-ATP aptamer binding complexes, causing dsDNA-CuNCs far away from GO surface, and the 11 

fluorescence intensity of dsDNA-CuNCs recovered. After PKA addition, ATP could be translated 12 

into ADP by PKA, and ADP could not combine with ATP aptamer, resulting in the release of ATP 13 

aptamer to cause the fluorescence quenching of dsDNA-CuNCs again. Thus, the PKA activity 14 

could be effectively monitored based on the variation of fluorescence intensity. Compared with 15 

previous works, this strategy avoided tedious design and experimental processes, toxicity of 16 

organic reagents, extra costly enzymes and special fluorescent dyes, supplying a convenient, cheap 17 

and label-free sensing system for PKA activity detection. 18 

 19 

Scheme 1 20 

 21 

2. Experimental section 22 
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2.1. Reagents and instruments 1 

CuSO4·5H2O and sodium ascorbate were obtained from Aladdin Reagent Co., Ltd. Protein 2 

kinase A (PKA, catalytic subunit from bovine heart), adenosine 5'-triphosphate (ATP) disodium 3 

salt hydrate, glucose oxidase (GOx), horseradish peroxidase (HRP), thrombin, tyrosinase (TYR), 4 

and N-[2[[3-(4-Brompophenyl)-2-propenyl]amino]ethyl]-5-isoquinolinesulfonamide (H-89) were 5 

bought from Sigma-Aldrich. Other inorganic reagents (analytically pure) were gotten from Beijing 6 

Chemical Co. and used as received without further purification. The water used throughout the 7 

whole experiment had a resistivity higher than 18 MΩ·cm-1. All the oligonucleotides applied in 8 

this work were synthesized and purified by Sangon (Shanghai, China). Their sequences are as 9 

follows: 10 

DNA strand P1: 5’-ATATATATATATACGGCAATTAATTAATTA-3’  11 

DNA strand P2: 5’-TAATTAATTAATTGCCGTATATATATATATACCTGGGGGAGTATTG 12 

CGGAGGAAGGT-3’ 13 

DNA strand P3: 5’-TAATTAATTAATTGCCGTATATATATATAT-3’ 14 

The boldfaced letters in DNA strand P2 are the ATP aptamer sequence, and the DNA strand P1 15 

is the complementary sequence of the underlined letters in P2 and DNA strand P3. 16 

Fluorescence spectra were obtained by a RF-5301 PC spectrofluorophotometer (Shimadzu, 17 

Japan) equipped with a xenon lamp using right-angle geometry. Ultraviolet measurements were 18 

conducted on a Shimadzu UV-1700 UV-Visible spectrophotometer (Shimadzu Co., Kyoto, Japan). 19 

Transmission electron microscopy (TEM) was recorded through a Hitachi H-800 electron 20 

microscope at an acceleration voltage of 200 kV with a CCD camera. All pH assays were carried 21 

out using a PHS-3C pH meter (Tuopu Co., Hangzhou, China). All temperature assays were 22 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

7 
 

accomplished through using a water bath. 1 

2.2 Synthesis of fluorescent dsDNA-CuNCs 2 

The fluorescent dsDNA-CuNCs were synthesized according to a modified synthetic report 3 

previously [23]. In brief, 8 µL DNA strand P1 (25 µM) and 8 µL DNA strand P2 (25 µM) were 4 

mixed together in 224 µL PBS solution (10 mM, pH = 7.4, containing 150 mM NaCl and 1 mM 5 

MgCl2), and the mixture was incubated at ambient temperature for 30 min. After that, 150 µL 6 

sodium ascorbate (4.8 mM) and 10 µL CuSO4 (5 mM) were added into the solution to give a final 7 

volume of 400 µL. After the system reacted for 10 min at ambient temperature, the fluorescent 8 

dsDNA-CuNCs were finally obtained. 9 

2.3 Synthesis of graphene oxide 10 

GO was prepared by a modified Hummer's method described previously [36,37]. Briefly, 2.0 g 11 

graphite powder was introduced into 12 mL H2SO4 (98%) which consisted of 2.5 g K2S2O8 and 12 

2.5 g P2O5. Next, the mixture solution was reacted at 80 °C for 4.5 h, and then diluted with 500 13 

mL ultrapure water. The mixture was filtered and washed with ultrapure water to remove the 14 

residual acid, after that, the obtained product was dried at ambient conditions for one night. 15 

Subsequently, the pre-oxidation of graphite was stirred in 120 mL H2SO4 (98%), and then 15 g 16 

KMnO4 was slowly added into the mixture when the temperature was kept above 20 °C. The 17 

obtained mixture was stirred at 35 °C for 0.5 h and 90 °C for another 1.5 h. After that, the mixture 18 

was diluted with 250 mL ultrapure water and then kept at 105 °C for 25 min. After the resulting 19 

mixture was equably stirred for 2 h, the reaction experiment was terminated with the addition of 20 

700 mL ultrapure water and 20 mL H2O2 (30%). As for the purification of the product, the mixture 21 

was filtered and then washed with 1:10 1.1 M HCl aqueous solution-water lots of times. At last, 22 
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the product was ulteriorly purified through dialysis for 1 week for removing the remaining metal 1 

species. The obtained dispersion was centrifuged at 10,000 rpm (centrifugal force 6,820 g) in 2 

order to remove the unexfoliated GO. The supernatant solution was then collected and frozen dry. 3 

The GO powder was redispersed in water to obtain 1 mg mL-1 GO stock solution. The as-prepared 4 

GO stock solution (1 mg mL-1) was stored at 4 ◦C prior for further application.  5 

2.4 Detection of PKA activity and its inhibitor 6 

For PKA activity measurement, 20 µL ATP (2.5 mM) and 10 µL different concentrations of 7 

PKA were mixed with 20 µL PBS solution (20 mM, pH = 7.4, containing 50 mM KCl and 10 mM 8 

MgCl2) and the system was incubated at 37 °C for 1 h. Subsequently, 300 µL dsDNA-CuNCs were 9 

added into the mixture and the system reacted at ambient temperature for 10 min. Then, 50 µL GO 10 

(1 mg mL-1) was added into the mixed system to give a final volume of 400 µL. After 8 min, the 11 

fluorescence spectra were recorded in the emission wavelength range of 500-670 nm with the 12 

excitation wavelength of 345 nm, and the excitation and emission slits were set at 5 nm and 10 nm 13 

respectively at room temperature.  14 

For PKA inhibitor assay, the similar procedures were carried out as previously described, 15 

except that PKA was firstly pretreated with various concentrations of H-89 for 1h. 16 

2.5 Detection of PKA in HepG-2 Cell Lysates 17 

HepG-2 cells (1×106 cells) were cultured in Dulbecco’s modified Eagle’s medium 18 

(DMEM)/F-12 (1:1) supplemented with fetal bovine serum (10%) and were incubated under a 19 

humidified atmosphere containing CO2 (5%) at 37 °C in a cell culture box for 3-4 days. After 20 

serum free medium replacing the culture medium, the cultured cells were centrifuged at 10,000 21 

rpm (centrifugal force 6,820 g) to remove the nutrient solution, and then broken with an ultrasonic 22 
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liquid processor for 2 min. The HepG-2 cell lysates were centrifuged once more and ready for the 1 

following experiment. Subsequently, three different concentrations of PKA were added into the 2 

cell lysates to prepare the spiked cell lysate samples. For PKA activity measured in HepG-2 cell 3 

lysates, the same experiments were carried out except that the equal volume of above-prepared 4 

spiked cell lysate samples instead of the addition of pure PKA to the reaction system for 5 

investigation. 6 

3. Results and discussion 7 

3.1. Characterization of dsDNA-CuNCs and GO 8 

It has been reported that through the reduction of low concentration of Cu2+ by AA, random 9 

dsDNA could act as efficient templates for the formation of CuNCs along with the fluorescence 10 

intensity, whereas random ssDNA had no ability to support the formation of CuNCs [38,39]. The 11 

dsDNA-CuNCs we synthesized were characterized through transmission electron microscopy 12 

(TEM), fluorescence (FL) spectroscopy and UV-vis absorption spectroscopy. The TEM image of 13 

dsDNA-CuNCs (Fig. 1A) revealed the clusters were well monodispersed and had an average 14 

diameter of 2 nm. As shown in Fig. 1B, the fluorescence spectra of dsDNA-CuNCs illustrated that 15 

the maximum fluorescence excitation and emission were 345 and 595 nm, respectively. The 16 

UV-vis absorption spectrum of dsDNA-CuNCs exhibited absorption bands at 345 nm, which was 17 

accordance with the excitation spectrum. The effect of Cu2+ concentration on the fluorescence 18 

intensity of dsDNA-CuNCs was studied. As seen in Fig. S1, with the increasing concentration of 19 

Cu2+, the fluorescence intensity of dsDNA-CuNCs increased firstly and then decreased, and 20 

reached maximum at the Cu2+ concentration of 125 µM, which was due to that Cu2+ ions were 21 

more inclined to interact with the backbone phosphate negative groups by nonspecific electrostatic 22 
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attraction when the Cu2+ ions concentration was low [40] and the generated hydroxyl radicals 1 

destroyed the DNA double helix, causing the decreasing of the dsDNA templates when the Cu2+ 2 

ions concentration was higher [41]. Hence, the Cu2+ concentration 125 µM was chosen for the 3 

synthesis of dsDNA-CuNCs. As displayed in Fig. 1C, the UV-vis maximum absorption of GO was 4 

around 230 nm, and having a broad absorption band, which made GO act as an ideal energy 5 

acceptor for a variety of donors [33]. The FT-IR spectrum of GO (Fig. 1D) showed O-H stretching 6 

vibration of hydroxyl groups of GO at 3400 cm-1. The emerging peaks at 1720 cm-1 and 1610 cm-1 7 

were attributed to the vibrations of C=O and C=C bonds, respectively. The characteristic peak at 8 

1400 cm-1 was associated with C-H stretching vibration, and the peak at 1110 cm-1 was attributed 9 

to C-O stretching. The results demonstrated the successful modification of carboxylic groups and 10 

hydroxyl groups on the GO surface. 11 

 12 

Fig. 1 13 

 14 

3.2. The strategy of biosensor design 15 

The principle of the dsDNA-CuNCs/GO based sensing system for PKA activity detection was 16 

presented in Scheme 1, and dsDNA-CuNCs were used as fluorescent probes and combined with 17 

GO which possessed the superb fluorescence quenching ability to construct a novel PKA activity 18 

detection biosensor based on the FRET from donor dsDNA-CuNCs to acceptor GO. DNA strand 19 

P2 was specially designed, which consisted of two domains, where one domain (P3) hybridized 20 

with DNA strand P1 to stabilize fluorescent CuNCs and another domain was ATP aptamer 21 

sequence to form ATP-ATP aptamer binding complexes. In the absence of ATP, ATP aptamer 22 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

11 
 

sequence of dsDNA-CuNCs would be spontaneously absorbed onto the GO surface through π-π 1 

stacking interactions between the nucleobases and the GO sheet, and hydrogen bonding interaction 2 

between -COOH or -OH groups of GO and -NH2 or -OH groups of ssDNA [31,42]. Based on the 3 

interactions, the donor dsDNA-CuNCs were brought in close proximity to the acceptor GO 4 

surface resulting in the occurrence of FRET. With the addition of ATP to the system of 5 

dsDNA-CuNCs, ATP combined with ATP aptamer to form ATP-DNA binding complexes, which 6 

had much less affinity to GO, causing dsDNA-CuNCs far away from GO surface, resulting in the 7 

fluorescence recovery of the system [35]. DNA strand P1 was used to hybridize with P3 to 8 

stabilize CuNCs (dsDNA(P1-P3)-CuNCs), and as shown in Fig. S2, GO had less fluorescence 9 

quenching effect on dsDNA(P1-P3)-CuNCs, which indicated that totally complementary dsDNA 10 

had low binding affinity to GO, which was consistent with the previous report [33]. Meanwhile, 11 

PKA would translate ATP into ADP, and ADP had no competence to combine with ATP aptamer, 12 

so ATP aptamer sequence of dsDNA-CuNCs was released and absorbed onto the surface of GO 13 

again, which will lead to the fluorescence quenching of the system again. So the activity of PKA 14 

could be effectively monitored on the basis of the variation of fluorescence signal. 15 

As shown in Fig. 2, the fluorescence intensity of dsDNA-CuNCs decreased to 36.6% of the 16 

original intensity in the presence of GO (125 µg mL-1). When ATP, PKA or PKA/ATP was added 17 

to the dsDNA-CuNCs system, the fluorescence intensity of dsDNA-CuNCs had almost no changes. 18 

Furthermore, remarkable fluorescence increasing of dsDNA-CuNCs/GO system was observed 19 

when the dsDNA-CuNCs system was treated with ATP before the addition of GO, which indicated 20 

that the fluorescence increasing was as a consequence of the combine of ATP with ATP aptamer 21 

prohibiting the interaction between ATP aptamer and GO, which caused dsDNA-CuNCs far away 22 
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from GO. And the fluorescence intensity of dsDNA-CuNCs/ATP/GO system decreased when PKA 1 

was added into the dsDNA-CuNCs/ATP/GO system to translate ATP into ADP. All these results 2 

proved the possibility of the fluorescent assay for PKA activity detection. 3 

 4 

Fig. 2 5 

 6 

3.3 Optimization for PKA activity detection 7 

In order to obtain optimal sensing performance for quantity analysis of PKA activity, the 8 

concentrations of GO and ATP, the incubation time between ATP and ATP aptamer sequence of 9 

dsDNA-CuNCs, the reaction time between the dsDNA-CuNCs and GO, the incubation 10 

temperature for ATP and ATP aptamer sequence of dsDNA-CuNCs and the incubation temperature 11 

for dsDNA-CuNCs and GO were investigated. The effect of the concentration of GO on the 12 

sensing system was shown in Fig. 3. It can be seen that the fluorescence intensity of 13 

dsDNA-CuNCs/GO system gradually decreased with the increasing concentration of GO and 14 

reached a plateau when the concentration of GO reached 125 µg mL-1, which illustrated that ATP 15 

aptamer sequence of dsDNA-CuNCs was completely adsorbed on the GO surface when the GO 16 

concentration was over 125 µg mL-1, and the fluorescence quenching percentage was 17 

approximately 63.4%, which provided a low background for the dsDNA-CuNCs/GO based 18 

sensing system. Therefore, 125 µg mL-1 GO was used in the further experiments. The effect of 19 

ATP concentration on the system of PKA activity detection was also studied. As displayed in Fig. 20 

S3, the fluorescence intensity of dsDNA-CuNCs/ATP/GO system obviously increased with the 21 

increasing concentration of ATP and reached a plateau when the concentration of ATP was higher 22 
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than 125 µM. Therefore, we chose 125 µM ATP in the subsequent experiments.  1 

 2 

Fig. 3 3 

 4 

In addition, the incubation time between ATP and ATP aptamer sequence of dsDNA-CuNCs 5 

was also optimized. As shown in Fig. S4, the fluorescence intensity of the 6 

dsDNA-CuNCs/ATP/GO system remarkably increased and reached the maximum within 10 min 7 

and then remained stable with time increasing. Therefore, we chose 10 min for the incubation time 8 

between ATP and ATP aptamer. The reaction time between dsDNA-CuNCs and GO was also 9 

investigated. From Fig. S5, it can be seen that the fluorescence intensity of the 10 

dsDNA-CuNCs/GO system dramatically decreased to the minimum within 8 min and then 11 

remained stable with more reaction time, which demonstrated that ATP aptamer sequence of 12 

dsDNA-CuNCs was rapidly adsorbed on the GO surface and GO quenched the fluorescence of 13 

dsDNA-CuNCs quickly. Thus, 8 min was selected as the optimal reaction time between 14 

dsDNA-CuNCs and GO. 15 

The incubation temperature for ATP and ATP aptamer sequence of dsDNA-CuNCs was further 16 

studied. As shown in Fig. S6, the the fluorescence intensity of the dsDNA-CuNCs/ATP/GO 17 

system reached a maximum when the temperature was 25 °C. Therefore, 25 °C was chosen for the 18 

incubation temperature between ATP and ATP aptamer sequence of dsDNA-CuNCs. Besides, the 19 

incubation temperature between the dsDNA-CuNCs and GO were also optimized. As displayed in 20 

Fig. S7, the fluorescence intensity of dsDNA-CuNCs/GO system was the minimum when the 21 

temperature reached 25 °C. Thus, we selected 25 °C for the optimal reaction temperature between 22 
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the dsDNA-CuNCs and GO in the following experiments. 1 

3.4. Detection of the PKA activity 2 

Under optimized conditions, the determination of PKA activity was performed. The 3 

fluorescence emission spectra of dsDNA-CuNCs/ATP/PKA/GO system with different 4 

concentrations of PKA introduction were shown in Fig. 4. It can be seen that the fluorescence 5 

intensity of system gradually decreased with the increasing concentration of PKA. The inset in Fig. 6 

4 displayed a good linearity between the fluorescence intensity ratio I/I0 (I and I0 were the 7 

fluorescence intensity of dsDNA-CuNCs/ATP/PKA/GO system in the presence and absence of 8 

PKA, respectively) and the PKA concentration in the range of 0.1-5.0 U mL-1. The regression 9 

equation was I/I0 = 0.996 - 0.0866 CPKA, U mL-1, and the corresponding regression coefficient R2 10 

= 0.995. The detection limit (LOD = 3σ/k, where σ was the standard deviation of the blank signals 11 

(n = 11) of dsDNA-CuNCs/ATP/GO system and k was the slope of the fluorescence intensity 12 

versus PKA concentration) for PKA was 0.039 U mL-1. A comparison between this method and 13 

other methods for PKA activity determination was listed in Table S1. From Table S1, it can be 14 

seen that our method showed a comparable quantification range and detection limit. 15 

 16 

Fig. 4 17 

 18 

3.5 Inhibitor assay 19 

Enzyme inhibitor recognizes specific enzyme and efficiently reduces its catalytic activity, and 20 

many diseases are treated through using various enzyme inhibitors as drugs to block the 21 

intracellular signals, so the screening of potential inhibitor is of a great deal of significance in the 22 
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discovery of new drugs. In order to investigate whether this method has the potential application 1 

for protein kinase inhibitor screening, the inhibitor assay was conducted in the presence of a 2 

potential and cell-permeable PKA inhibitor H-89 with different concentrations [43]. From Fig. 5, it 3 

can be seen that the fluorescence intensity of the dsDNA-CuNCs/ATP/PKA/H-89/GO system 4 

obviously increased with the increasing concentration of H-89, which indicated that H-89 5 

effectively inhibited the activity of PKA. And the FL intensity ratio I/I0 (I and I0 were the FL 6 

intensity of dsDNA-CuNCs/ATP/PKA/H-89/GO system in the presence and absence of H-89, 7 

respectively) increased with the increasing concentration of H-89 and reached a plateau when the 8 

concentration of H-89 was 1.00 µM, and the IC50 value (the half-maximal inhibitory concentration) 9 

for H-89 was detected to be 0.19 µM, which implied that the method provided a convenient way 10 

for protein kinase inhibitor monitoring.  11 

 12 

Fig. 5 13 

 14 

3.6 Selectivity study 15 

The selectivity is considered as a significant parameter to evaluate a method performance to 16 

detect a specific species in complex biomedical samples. Therefore, the selectivity of our method 17 

with the treatment of different enzymes was further evaluated. Fig. 6 displayed the interference 18 

effects of 10 U mL-1 glucose oxidase (GOx), horseradish peroxidase (HRP), thrombin and 19 

tyrosinase (TYR) on the fluorescence intensity of dsDNA-CuNCs/ATP/GO system in comparison 20 

with 5 U mL-1 PKA. As shown in Fig. 6, the biosensor was not insensitive to potentially coexisting 21 

enzymes and selective to PKA in the presence of potentially coexisting enzymes, which indicated 22 
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that the fluorescent sensor performed satisfactory selectivity for PKA activity detection. 1 

 2 

Fig. 6 3 

 4 

3.5. PKA assay in HepG-2 Cell Lysates 5 

For further investigating feasibility of this fluorescent biosensor for PKA activity detection in 6 

real samples, the determination of PKA activity in HepG-2 cell lysates was performed. The results 7 

which obtained by standard addition method were listed in Table 1. No PKA activity was detected 8 

in cell lysates before adding it, which agreed well with previously reports that there was no PKA 9 

activity in the cell lysate without drug stimulation [43,44]. From Table 1, it can be seen that the 10 

average recoveries of PKA in the cell lysates were in the range of 97.5-103.3%, and the relative 11 

standard deviation (RSD) was less than 3.0%, which indicated that the precision and accuracy of 12 

the method were satisfactory. 13 

 14 

Table 1 15 

 16 

4. Conclusion 17 

A novel and convenient fluorescent biosensor for the detection of PKA activity and its 18 

inhibitor has been established. The biosensor was based on the FRET between dsDNA-CuNCs and 19 

GO and took the virtues of the strong interaction between ATP aptamer of dsDNA-CuNCs and GO, 20 

the superb quenching ability of GO, the specific aptamer-target recognition between ATP and ATP 21 

aptamer, and the good catalysis performance of PKA. In comparison with the previous reports for 22 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

17 
 

PKA activity detection, this method avoided complex design process, laborious experimental 1 

procedure and expensive raw materials, providing a facile, low cost and sensitive biosensor for 2 

PKA activity determination. Besides, the developed method was performed to the detection of 3 

PKA activity in cell lysates and obtained satisfactory results. 4 
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Captions: 1 

Scheme 1 Schematic illustration of the fluorescent biosensor for PKA activity detection. 2 

Fig. 1 (A) TEM image of dsDNA-CuNCs (scale bar: 10 nm). (B) UV-vis absorption spectrum (red 3 

line) and FL excitation (black line) and emission (blue line) spectra of dsDNA-CuNCs. The inset 4 

showed the photograph of aqueous solution of dsDNA-CuNCs obtained under 365 nm UV 5 

irradiation. (C) UV-vis absorption spectrum of GO. (D) FT-IR spectrum of GO. 6 

Fig. 2 FL spectra of dsDNA-CuNCs, dsDNA-CuNCs/ATP, dsDNA-CuNCs/PKA, 7 

dsDNA-CuNCs/ATP/PKA, dsDNA-CuNCs/GO, dsDNA-CuNCs/ATP/GO, 8 

dsDNA-CuNCs/PKA/GO and dsDNA-CuNCs/ATP/PKA/GO system, respectively. Conditions: 9 

300 µL dsDNA-CuNCs, 125 µM ATP, 5.0 U mL-1 PKA ,125 µg mL-1 GO. 10 

Fig. 3 FL spectra of dsDNA-CuNCs/GO system in the presence of different concentrations of GO, 11 

from top to bottom: 0, 10, 25, 62.5, 85, 100, 125, 150 and 180 µg mL-1, respectively. The inset was 12 

the FL quenching ratio I/I0 versus the concentration of GO. I and I0 were the FL intensity of the 13 

dsDNA-CuNCs/GO system the in the presence and absence of GO. Conditions: 300 µL 14 

dsDNA-CuNCs. The error bars were obtained from three parallel test results. 15 

Fig. 4 Normalized FL spectra of dsDNA-CuNCs/ATP/PKA/GO system in the presence of different 16 

concentrations of PKA, from top to bottom: 0, 0.1, 0.3, 0.5, 1.0, 2.0, 3.0, 4.0. 5.0 and 6.0 U mL-1, 17 

respectively. Normalized FL spectra of dsDNA-CuNCs/ATP/PKA/GO system were obtained via 18 

dividing by the maximum (the FL emission intensity of the system in the absence of PKA). The 19 

insert was the linearity of the relative FL intensity I/I0 versus and PKA concentration. I and I0 were 20 

the FL intensity of dsDNA-CuNCs/ATP/PKA/GO system in the presence and absence of PKA, 21 

respectively. Conditions: 300 µL dsDNA-CuNCs, 125 µM ATP, 125 µg mL-1 GO. The error bars 22 
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were obtained from three parallel test results. 1 

Fig. 5 Normalized FL spectra of dsDNA-CuNCs/ATP/PKA/H-89/GO system in the presence of 2 

different concentrations of H-89, from bottom to top: 0, 0.03, 0.06, 0.08, 0.10, 0.20, 0.30, 0.55, 3 

0.70, 0.90, 1.00 and 1.30 µM, respectively. Normalized FL spectra of 4 

dsDNA-CuNCs/ATP/PKA/H-89/GO system were obtained via dividing by the minimum (the FL 5 

emission intensity of the system in the absence of H-89). The insert was the relationship between 6 

the FL intensity ratio I/I0 of dsDNA-CuNCs/ATP/PKA/H-89/GO system and H-89 concentration. I 7 

and I0 were the FL intensity of dsDNA-CuNCs/ATP/PKA/H-89/GO system in the presence and 8 

absence of H-89, respectively. Conditions: 300 µL dsDNA-CuNCs, 125 µM ATP, 125 µg mL-1 GO, 9 

5.0 U mL-1 PKA. The error bars were obtained from three parallel test results. 10 

Fig. 6 The selectivity of the method for PKA activity detection. The concentration of PKA was 5.0 11 

U mL-1, and GOx, HRP, thrombin and TYR concentrations were both 10.0 U mL-1. I and I0 were 12 

the FL intensity of dsDNA-CuNCs/ATP/GO system in the presence and absence of enzyme, 13 

respectively. Conditions: 300 µL dsDNA-CuNCs, 125 µM ATP, 125 µg mL-1 GO. The error bars 14 

were obtained from three parallel test results. 15 

Table 1 Determination of PKA in HepG-2 cell lysates 16 
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Table 1 Determination of PKA in HepG-2 cell lysates 

Sample PKA added  

(U mL-1) 

PKA founded 

 (U mL-1) 

Recovery 

(%) 

RSD 

(n = 3, %) 

0 0 - - - 

1 0.4 0.39 97.50 1.43 

2 1.5 1.55 103.3 2.15 

3 3.5 3.61 103.1 2.99 
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Highlights:  

►A novel biosensor for convenient detection of PKA activity and its inhibitor was developed. 

► The affinity of ATP aptamer sequence of dsDNA-CuNCs to GO caused the FRET. 

► ATP broke the affinity of ATP aptamer to GO by forming ATP-ATP aptamer complexes. 

► ATP aptamer was released and absorbed onto GO as soon as PKA translated ATP into ADP. 

► The biosensor was performed for PKA detection in cell lysates with satisfactory results. 


