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ABSTRACT 1 

 Protein kinase (PKA) can regulate many cellular biological processes by phosphorylation 2 

substrate peptide or protein. A new fluorescent biosensing method for the detection of PKA 3 

activity was developed by using 11-mercaptoundecanoic acid-capped gold nanoclusters (MUA-Au 4 

NCs) and graphene oxide (GO) with low background noise. In this strategy, the special designed 5 

peptide could be anchored on the surface of MUA-Au NCs by the Au-S bond and also adsorbed 6 

on the surface of GO owing to the electrostatic interaction. As a result, the fluorescence of 7 

MUA-Au NCs was quenched leading to low background fluorescence due to the forster resonance 8 

energy transfer (FRET) between MUA-Au NCs and GO via peptide as a bridge. However, when 9 

the substrate peptide was phosphorylated by PKA, the FRET between GO and MUA-Au NCs was 10 

disrupted because of the weakened interaction between the phosphorylated peptide and the GO, 11 

resulting in recovery of the fluorescence intensity. The developed label-free fluorescence 12 

“turn-off-on” method can detect protein kinase activity in the range of 0.6-2.0 U mL-1 with a 13 

detection limit of 0.17 U mL-1 (3σ). The feasibility of this present method for kinase inhibitor 14 

screening was also studied by assessment of H-89 kinase inhibition with an IC50 value of 0.049 15 

µmol L-1.  16 

 17 

 18 
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1. Introduction 1 

PKA (protein kinase A), a kind of protein kinases, can catalyze phosphorylation of serine, 2 

threonine or tyrosine in a peptide or protein substrate by transferring the γ-phosphoryl from 3 

adenosine-5’-triphosphate (ATP) [1,2]. Intracellular phosphorylation by protein kinase is a process 4 

that could regulate many cellular biological processes, including cellular signal communications, 5 

cell cycle progression and differentiation, gene expression and apoptosis, which plays a pivotal 6 

role in metabolic pathways [3,4]. However, it is also found that the over-expression and aberrant 7 

activity of protein kinases may be an indication or a cause of multiple complex diseases, such as 8 

carcinogenesis, cardiovascular diseases, diabetes, inflammation and Alzheimer's disease [5,6]. For 9 

this reason, protein kinases have become the main targets of the cancer drug development for 10 

pharmaceutical companies [7]. Therefore, the establishment of accurate and sensitive kinase 11 

assays for monitoring kinases activity and screening potential inhibitors is of great significance on 12 

the clinical pharmacology and drug discovery [8,9]. 13 

Recently, many methods have been applied for protein kinase detection, including 14 

electrogenerated chemiluminescence (ECL) [10], electrochemistry [11,12], colorimetry [13], 15 

fluorimetry [14,15]. For example, carboxypeptidase Y (CPY) digestion strategy has been designed 16 

by Song et al. [16] by using peptide-Au NCs as effective optical probe for kinase activity 17 

monitoring. Although the use of enzyme digestion could make detection with high sensitivity, the 18 

reaction time of carboxypeptidase Y for digesting the peptide is relatively long and the price of 19 

carboxypeptidase Y is relatively high. Yang et al. [17] report a new sensing strategy for portable 20 

and sensitive detection of protein kinases (PK) activity by use of a commercial personal glucose 21 

meter (PGM) for signal readout with the assistance of Zr4+-functionalized magnetic beads 22 

(ZrMBs). The idea of using very convenient device personal glucose meter for detection of PK 23 

activity is very interesting and novel. However, the testing procedure is very tedious and 24 

time-consuming.  25 

Among these methods, fluorimetry have attracted widespread attention in the majority of 26 

researchers owing to good properties of high sensitivity, simplicity. Metal nanoclusters (NCs), as a 27 

new type of luminescent nanomaterials, have attracted a great deal of interest. It is composed of a 28 

few to roughly a hundred atoms with diameters below 2 nm [18]. The size of metal NCs is 29 

comparable to the Fermi wavelength, resulting in molecule-like properties including discrete 30 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

4 

 

energy levels and size-dependent fluorescence [19,20]. Up to now, among mental NCs, gold 1 

nanoclusters (Au NCs) have been widely used as fluorescent sensors for detection of metal ions 2 

[21,22], various biomolecules [23,24] and in vitro or in vivo imaging [25,26] owing to their 3 

colloidal stability, good biocompatibility and strong photoluminescence.  4 

Graphene oxide (GO), a single-atomic-layered two-dimensional carbon nanomaterial, is a 5 

promising material for future high-tech applications due to the high charge carrier mobilities, the 6 

electrical and thermal conductivity, combined with transparency and mechanical strength [27]. 7 

Because GO can act as a “nanoquencher” on the photoluminance of the fluorophore via FRET or 8 

non-radiative dipole-dipole coupling, GO has attracted increasing attention in fluorescence-based 9 

biosensing [28,29]. Many papers have reported that there is a strong interaction between GO and 10 

amino acids such as Arg, His, and Lys [30-34].  11 

Herein, we constructed a fluorescence MUA-Au NCs/peptide/GO platform to detect protein 12 

kinase activity. The special designed peptide could be anchored on the surface of MUA-Au NCs 13 

by Au-S bond. Meanwhile, the peptide can be adsorbed on the surface of GO due to the 14 

electrostatic interaction of positive Arg with negative GO. When peptide was introduced into 15 

MUA-Au NCs/GO system, the MUA-Au NCs was adsorbed onto the GO surface via peptide as a 16 

bridge, and the fluorescence of MUA-Au NCs was quenched by GO via FRET. Furthermore, 17 

when the substrate peptide was phosphorylated, the phosphorylated peptide showed weakened 18 

interaction with the GO. So, the FRET between GO and MUA-Au NCs was disrupted, leading to 19 

the recovery of the fluorescence intensity. Compared with turn-off assays, this label-free 20 

fluorescent method could reduce background noise. And there is no need to use extra enzymes, 21 

which can reduce the reaction time and cost. 22 

2. Experiment 23 

2.1 Materials and apparatus 24 

Protein kinase A (PKA, catalytic subunit from bovine heart), adenosine-5’-triphosphate (ATP) 25 

disodium salt hydrate, urease, glucose oxidase (GOx), horseradish peroxidase (HRP) and 26 

N-[2[[[3-(4-Brompophenyl)-2-propenyl]amino]ethyl]-5-isoquinolinesulfonamide (H-89) were 27 

purchased from Sigmae-Aldrich. Cysteine-terminated peptide (NH2-CCYLRRASLG-COOH) was 28 

purchased from GL Biochem Ltd. (Shanghai, China). 11-Mercaptoundecanoic acid (MUA) was 29 

purchased from J&K technology Co., Ltd. (Beijing, China). Hydrogen tetrachloroaurate (III) 30 
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tetrahydrate (HAuCl4·4H2O) was from Sinopharm Group Chemical Regent Co., Ltd. (Shanghai, 1 

China). Graphite powder (100 mesh) was purchased from HuaCheng Biological Co., Ltd 2 

(ChangChun). Other inorganic reagents (analytically pure) were purchased from Beijing Chemical 3 

Co. and were used without further purification. The water used in all experiments had a resistivity 4 

higher than18 MΩ cm-1.  5 

Transmission electron microscopy (TEM) was recorded through a Hitachi H-800 electron 6 

microscope at an acceleration voltage of 200 kV with a CCD camera. FT-IR spectra were obtained 7 

with a Bruker IFS66V FT-IR spectrometer equipped with a DGTS detector. Fluorescence spectra 8 

were recorded by using a RF-5301 PC spectrofluorophotometer (Shimadzu, Japan) equipped with 9 

a xenon lamp using right-angle geometry. UV-Vis spectrum was recorded on an UV-Vis 10 

spectrometer (Shimadzu Co., Ltd., Japan). All pH measurements were made with a PHS-3C pH 11 

meter (Tuopu Co., Hangzhou, China). All temperature measurements were accomplished using a 12 

water bath.  13 

2.2 The preparation of GO by the modified hummers method 14 

Graphene oxide (GO) was prepared from graphite powder by the modified Hummers method 15 

[35]. Typically, 1.0 g of graphite powder and 25 mL H2SO4 (98%) were respectively added to 250 16 

mL beaker and stirred 30 min. Afterwards, 3.5 g KMnO4 was slowly introduced to the system and 17 

the mixture was stirred for 30 min in an ice bath. Next, after stirred at 35 °C for another 1 h, 90 18 

mL deionized water was dropwise added to the mixture and the temperature was increased to 19 

90 °C stirred for another 30 min. Subsequently, 90 mL diluted water and 10 mL of 30% H2O2 20 

solution were added to end the reaction. The color of the mixture changed to bright yellow quickly. 21 

The resulting mixture was washed with distilled water several times and further purified in a 22 

dialysis bag with a molecular weight cutoff of 10000 Da against deionized water until the pH of 23 

the solution became neutral. Finally, the concentration of GO stock solution is 4.33 mg mL-1. 24 

2.3 Synthesis of MUA-Au NCs 25 

The fluorescent Au NCs were synthesized according to a modified protocol described 26 

previously [36,37]. In a typical experiment, 11-MUA (6.6 mg) and 75 µL NaOH (1.0 mol L-1) 27 

were dissolved in water (9 mL). An aqueous solution of HAuCl4 (0.75 mL, 10 mmol L-1) was 28 

slowly added to the mixture. Then the thorough mixture was left to stand for overnight at room 29 

temperature without stirring, and the solution remained colorless. The prepared Au NCs were 30 
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dialyzed with a 3000 Da cutoff dialysis membrane to remove all small molecule impurities. The 1 

obtained Au NCs solution was filtered by passing through 0.45 µm filters. The purified MUA-Au 2 

NCs solution was stored at 4°C before use. 3 

2.4 Fluorescence measurement of PKA activity and its inhibitor 4 

For PKA activity detection, 40 µL 1.0 mmol L-1 peptide, 15 µL 1.0 mmol L-1 ATP and 20 µL 5 

different concentrations of PKA were mixed with 25 µL PBS solution (1 mmol L-1, pH=7.4). After 6 

incubated at 37 °C for 1h, 20 µL MUA-Au NCs, 250 µL PBS solution (1 mmol L-1, pH=6.2) and 7 

30 µL GO were added to the resulting solution to give final volumes of 400 µL. After 1 min, the 8 

fluorescence spectra were recorded from 580 nm to 700 nm with an excitation wavelength of 280 9 

nm. All measurements were performed at room temperature (298 K). 10 

For assay of PKA inhibitor, 40 µL 1.0 mmol L-1 peptide, 10 µL 20 U mL-1 PKA, 15 µL 1.0 11 

mmol L-1 ATP and 40 µL PBS buffer solution (1 mmol L-1, pH=7.4) were mixed with 10 µL 12 

different concentrations of inhibitor H-89. After incubated at 37 °C for 1h, 20 µL MUA-Au NCs, 13 

250 µL PBS solution (1 mmol L-1, pH=6.2) and 30 µL GO were added to the resulting solution to 14 

give final volumes of 400 µL. The following procedures were the same to above-mentioned PKA 15 

activity detection. 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 10% fetal bovine serum and were incubated at 37°C 19 

under a humidified atmosphere containing 5% CO2 for 3-4 days. After serum free medium 20 

replacing the culture medium, the cultured cells were centrifuged to remove the nutrient solution 21 

and then broken with an ultrasonic liquid processor for 2 min. The cell lysates were centrifuged 22 

again and ready for use. Then, three different concentrations of PKA were added to the cell lysates 23 

to prepare the spiked samples. For kinase activity assays in HepG-2 cell lysate, the same 24 

experiments were carried out except that the equal volume of above-prepared cell lysate samples 25 

in stead of pure PKA were added to the reaction system for investigation. 26 

3. Results and Discussion 27 

3.1 The characterization of MUA-Au NCs and GO 28 

The MUA-Au NCs used in this work was characterized by using TEM, FT-IR, UV-vis and 29 

fluorescence spectra. The TEM image of MUA-Au NCs (Fig. 1a) shows that the MUA-Au NCs 30 
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are near spherical with well-dispersion, and have an average diameter of 1.72 nm. Fig. 1b displays 1 

the FTIR spectra of MUA and MUA-Au NCs. It can be seen that the characteristic S-H stretching 2 

band (2560 cm−1) of MUA disappears in the FTIR spectra of MUA-Au NCs, indicating the 3 

formation of the covalent bonds (Au-S-R) between MUA and Au NCs. As shown in Fig 1c, the 4 

prepared MUA-Au NCs solution appeared almost colorless in visible light and emitted intense 5 

orange-red fluorescence under UV light irradiation. The UV-vis absorption spectrum of MUA-Au 6 

NCs exhibits main absorption bands at 229 nm, and there is no apparent localized surface plasmon 7 

resonance band of Au NPs in the visible region [38]. When the MUA-Au NCs were excited at 8 

varying wavelength from 260 to 350 nm, the fluorescence spectra were always centered at 602 nm 9 

(Fig. S1). Meanwhile, when the excitation wavelength increases or decreases than 280 nm, the 10 

maximum fluorescence intensity gradually decreased. The fluorescence spectrum of the MUA-Au 11 

NCs exhibited a peak at 602 nm (red line) with the excitation peak at 280 nm (black line) (Fig. 1c). 12 

While there is no emission peak in the fluorescence spectrum of MUA or HAuCl4 (Fig. S2). FT-IR 13 

spectrometry was obtained to study the existence of surface functional groups on the GO (Fig. 1d). 14 

Peak 3400 cm−1 and 1400 cm−1 were attributed to characteristic intense stretching vibration and 15 

deformation vibration of C-OH. Peak 1730 cm−1 combined peak arising from the skeletal 16 

vibrations of oxidized graphite sheets 1620 cm−1 indicated the existence of C=O. Meanwhile, the 17 

stretching vibration peak of carbonyl appeared at 1050 cm−1. And a small peak at 850 cm−1 was 18 

corresponding to bending vibrations of C-O [39]. 19 

 20 

Figure 1 21 

 22 

3.2 The strategy for the detection of PKA activity  23 

The designed strategy for fluorescent detection of protein kinase (PKA) is illustrated in 24 

Scheme 1. The special designed peptide H2N-CCYLRRASLG-COOH containing two regions was 25 

used in this work. Region 1 is CCY, which the cysteine at N terminal could be anchored on the 26 

surface of MUA-Au NCs by Au-S bond [13]. Another region is LRRASLG. On the one hand, it is 27 

the specific peptide substrate for cAMP-dependent protein kinase A (PKA), which can be 28 

phosphorylated at the serine residue (S) in the presence of PKA and ATP. On the other hand, 29 

region 2 containing two positively charged Arg residues (RR) could led to adsorption between the 30 
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peptide and GO, which was attributed to the electrostatic interaction of positive Arg with negative 1 

GO [40]. So, when the peptide was introduced to the MUA-Au NCs/GO system, peptide can be 2 

adsorbed onto the GO due to electrostatic interaction. As peptide was anchored on the surface of 3 

MUA-Au NCs by Au-S bond [32,40,41], which would lead to MUA-Au NCs adsorbed onto the 4 

GO surface via peptide as a bridge, resulting in FRET and fluorescence quenching of MUA-Au 5 

NCs. However, after the substrate peptide was phosphorylated when ATP and PKA existed at the 6 

same time, a phosphate group containing two negatively charged was introduced to peptide, and 7 

caused net charge of the peptide being zero. The electrostatic interaction between phosphorylated 8 

peptide and GO was weaker than that between peptide without phosphorylation and GO. So, the 9 

FRET between GO and MUA-Au NCs was disrupted, leading to the gradual recovery of 10 

fluorescence signal. Thus, the activity of protein kinase could be monitored based on this 11 

fluorescence “turn-off-on” assay. 12 

In order to verify the feasibility of this method, some experiments were carried out. As shown 13 

in Fig. 2, when the special designed peptide was added to the MUA-Au NCs/GO system, the 14 

fluorescence intensity of the system would decrease. However, the same concentration of peptides 15 

exhibited little effect on the fluorescence of MUA-Au NCs (Fig. S3). Moreover, there is no 16 

significant change of the fluorescence intensity of the MUA-Au NCs/GO/peptide system after 17 

mixed with ATP or PKA separately. When peptide was phosphorylated by PKA, phosphorylation 18 

peptide did not quench the fluorescence intensity of the MUA-Au NCs/GO system. Furthermore, 19 

with the increase of PKA concentration, the amount of phosphorylated peptide also increased 20 

leading to the fluorescence intensity of the MUA-Au NCs/GO system gradually increased. All 21 

these results indicating that the PKA activity could be detected by this fluorescent assay. 22 

 23 

Scheme 1 24 

Figure 2 25 

 26 

3.3 Optimization of experimental conditions 27 

In order to achieve better sensing performance for PKA, experimental parameters, including 28 

pH, the concentration of GO, peptide and ATP were optimized. The effect of pH was firstly 29 

studied over the range of pH 6.2-8.6. It can be observed from Fig. 3a that the fluorescence 30 
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intensity of MUA-Au NCs/peptide/GO system was increased with the increase of pH in the range 1 

of 6.2-8.6, while the fluorescence intensity of MUA-Au NCs/peptide/GO/PKA/ATP system 2 

displayed higher fluorescence signals with smaller increase. This may be attributed to the positive 3 

charge of peptide was decreased after peptide was phosphorylated, and resulting in the decrease of 4 

interaction between peptide and GO. Because the difference of fluorescence intensity between the 5 

two systems was decreased with the increase of pH, so pH 6.2 was selected for the further 6 

experiment. Then, the effect of the GO concentration in the range of 0-0.24 mg mL-1 was 7 

investigated. As shown in Fig. 3b, the fluorescence intensity ratio I/I0 of MUA-Au NCs (I0 and I 8 

are the fluorescence intensity of MUA-Au NCs in the absence and presence of GO) can be slightly 9 

quenched by the GO in the range of 0-0.16 mg mL-1. When the concentration of GO exceeds 0.16 10 

mg mL-1, it could cause a great influence on the fluorescence intensity of MUA-Au NCs. 11 

Therefore, 0.15 mg mL-1 GO was chosen in the further experiments. The effect of the peptide 12 

concentration was shown in Fig. 3c. It can be seen that the fluorescence intensity ratio I/I0 of 13 

MUA-Au NCs/peptide/GO system (I0 and I are the fluorescence intensity of MUA-Au NCs/GO 14 

system in the absence and presence of peptide) decreased with the increasing of peptide 15 

concentration until 100 µmol L-1 and then increased. The higher concentration of peptide above 16 

100 uM is not beneficial to the interactions between MUA-Au NCs/peptide and GO, this is due to 17 

the extra peptide would be adsorbed on the surface of GO, which could prevent the peptide 18 

connected to MUA-Au NCs interacting with GO. So, a final concentration of 100 µmol L-1 19 

peptide was adopted for the following experiments. Fig. 3d illustrated the effect of ATP 20 

concentration on the fluorescence intensity ratio of MUA-Au NCs/peptide/GO/PKA/ATP system 21 

(I0 and I are the fluorescence intensity of MUA-Au NCs/peptide/GO/PKA system in the absence 22 

and presence of ATP). As shown in Fig. 3d, the fluorescence intensity of MUA-Au 23 

NCs/GO/peptide/PKA/ATP system reached the maximum when the concentration of ATP was 24 

increased to be 37.5 µmol L-1. Thus, 37.5 µmol L-1 ATP was chosen in the further experiments.  25 

 26 

Figure 3 27 

 28 

3.4 Detection of the PKA activity and inhibitor 29 

Under the optimum conditions, the quantitative behavior of the proposed fluorescence 30 
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method for the determination of PKA was studied. As shown in Fig. 4a, it can be observed that the 1 

fluorescence intensity of the MUA-Au NCs/peptide/GO/PKA/ATP system was gradually 2 

increased with the increase concentration of PKA in the range of 0-2.0 U mL-1. Inset showed the 3 

linear relationship between the fluorescence intensity and concentration of PKA in the range of 4 

0.60-2.0 U mL-1. The linear regression equation was I/I0=0.972+0.310CPKA, U mL-1 (I and I0 are 5 

the fluorescence intensity of MUA-Au NCs/GO/peptide/ATP system in the presence and absence 6 

of PKA), and the corresponding regression coefficient R2=0.993. The detection limit (LOD) for 7 

PKA is 0.17 U mL-1. A comparison between this method and some other reported methods for 8 

PKA determination in linear range and detection limit was listed in Table S1. Lu’s group [9] 9 

presents a novel fluorometric method for probing the activity and inhibition of protein kinase 10 

based on positively charged gold nanoparticles and substrate peptide. The quantification range is 11 

0.5-1.0 U mL-1. The detection limit is 0.5 U mL-1. Zhou and coworkers [13] report a colorimetric 12 

gold nanoparticles (AuNPs)/peptide platform for monitoring the activity and inhibition of protein 13 

kinases. The detection limit is 0.232 U mL-1. So, it could be found that our method showed a 14 

comparable quantification range and detection limit. 15 

Enzyme inhibitors could recognize specific enzyme and reduce its catalytic activity 16 

considerably, the screening of potential inhibitors is of great significance in drug discovery [42]. 17 

To further investigate whether this method could be potential applied for protein kinase inhibitor 18 

screening, the experiments were performed in the presence of a potential and cell-permeable PKA 19 

inhibitor H-89 with different concentrations [43]. The fixed PKA concentration (2.0 U mL-1), 20 

peptide and ATP were preincubated with various concentrations of H-89, after which the reaction 21 

solution was mixed with MUA-Au NCs/GO. As shown in Fig. 4b, the decrease of fluorescence 22 

intensity ratio I/I0 of MUA-Au NCs/peptide/GO/PKA/ATP system (I0 and I are the fluorescence 23 

intensity of MUA-Au NCs/GO/peptide/ATP/PKA system in the absence and presence of H-89) 24 

was accompanied by the increasing of the concentrations of H-89. When the concentration of 25 

H-89 reached 0.1 µmol L-1, the fluorescence intensity ratio of the system reached a platform, 26 

indicating the activity of PKA was completely inhibited. From the sigmoidal profile, the IC50 27 

value (the half-maximal inhibitory concentration) was found to be 0.049 µmol L-1. These results 28 

clearly illustrated that the proposed method shows adequate capacity for assaying protein kinase 29 

inhibitors and protein kinase inhibitors screening.  30 
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 1 

Figure 4 2 

 3 

3.5 Selectivity for PKA detection 4 

The selectivity is one of the significant parameters of developed method to evaluate its 5 

performance for detection a specific species in a complex biomedical system. So, the selectivity 6 

experiment for our proposed biosensor was carried out with various enzymes added. Fig. 5 7 

illustrated that 4.0 U mL-1 urease, glucose oxidase (GOx) and horseradish peroxidase (HRP) did 8 

not cause any significant change on the fluorescence intensity of MUA-Au NCs/GO/peptide/ATP 9 

system in comparison with the addition of 2.0 U mL-1 PKA. These results demonstrated that the 10 

novel fluorescence sensor displays good selectivity for the determination PKA activity.  11 

 12 

Figure 5 13 

 14 

3.6 Detection of PKA in Cell Lysates 15 

In order to further investigate feasibility of this fluorescent sensor in real sample detection, 16 

the detection of PKA in HepG-2 cell lysates was carried out. The results obtained by standard 17 

addition method were listed in Table 1. It could be seen that the average recoveries of PKA in the 18 

real samples were in the range of 97.5-102.5% and the RSD was lower than 2.0%, which indicates 19 

that the accuracy and precision of the proposed method were satisfactory. 20 

 21 

Table 1 22 

 23 

4. Conclusions 24 

In summary, we established a label-free fluorescence “turn-off-on” method for protein kinase 25 

activity detection and inhibitor screening based on MUA-Au NCs and GO. The special designed 26 

peptide could be anchored on the surface of MUA-Au NCs by the Au-S bond, and the MUA-Au 27 

NCs was adsorbed onto the GO surface via peptide as a bridge, leading to the fluorescence 28 

quenching of MUA-Au NCs via FRET. Due to the decrease of electrostatic interaction between 29 

phosphorylated peptide and GO, the FRET between GO and MUA-Au NCs was destroyed, which 30 
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induced the fluorescence recovery of MUA-Au NCs. The proposed MUA-Au NCs/GO kinase 1 

sensing strategy could avoided laborious and time-consuming steps and reduced background noise. 2 

Furthermore, this sensing platform shows great potential in fundamental research of protein 3 

kinase-related biochemistry and high-throughput screening in kinase-targeted drug discovery. 4 
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Captions: 1 

Fig. 1 (a) The TEM image of MUA-Au NCs. (b) FT-IR spectrum of MUA (black line) and MUA-Au NCs (red 2 

line). (c) The UV-vis absorption spectrum (blue line) and fluorescence excitation (black line) and emission (red 3 

line) spectra of MUA-Au NCs. The inset shows the corresponding photographs of MUA-Au NCs under the visible 4 

and UV light, respectively. (d) FT-IR spectrum of GO 5 

Scheme 1 The schematic illustration of fluorescent assay for monitoring protein kinase activity based on 6 

MUA-gold nanoclusters (Au NCs) and graphene oxide (GO). 7 

Fig.2 The fluorescence spectra of MUA-Au NCs+GO (black line), MUA-Au NCs+GO+peptide (red line), 8 

MUA-Au NCs+GO+peptide+ATP (blue line), MUA-Au NCs+GO+peptide+PKA (pink line), MUA-Au 9 

NCs+GO+peptide+ATP+PKA (green line) system, respectively. 10 

Fig. 3 (a) Effect of pH on the fluorescence intensity of the MUA-Au NCs/peptide/GO system (black curve) and 11 

MUA-Au NCs/peptide/GO/PKA/ATP system (red curve). GO, 0.15 mg mL-1; Peptide, 100 µmol L-1; PKA, 2.0 U 12 

mL-1; ATP, 37.5 µmol L-1; (b) Effect of GO concentration on the fluorescence intensity ratio of MUA-Au NCs. I0 13 

and I are the fluorescence intensity of MUA-Au NCs in the absence and presence of GO (c) Effect of peptide 14 

concentration on the fluorescence intensity ratio of MUA-Au NCs/GO system. I0 and I are the fluorescence 15 

intensity of MUA-Au NCs /GO in the absence and presence of peptide (d) Effect of ATP concentration on the 16 

fluorescence intensity ratio of MUA-Au NCs/peptide/GO/PKA/ATP system. I0 and I are the fluorescence intensity 17 

of MUA-Au NCs/peptide/GO/PKA/ATP system in the absence and presence of ATP. GO, 0.15 mg mL-1; Peptide, 18 

100 µmol L-1; PKA, 2.0 U mL-1; The error bars were obtained from three parallel test results. 19 

Fig. 4 (a) The fluorescence spectra of the MUA-Au NCs/peptide/GO/ATP mixed with various amounts of PKA. 20 

The concentrations of PKA from bottom to up were 0, 0.60, 0.80, 1.0, 1.20, 1.40, 1.60, 1.80, 2.0 U mL-1. Inset: The 21 

linearity of the relative fluorescence intensity (I/I0) versus and PKA concentration. I0 and I are the fluorescence 22 

intensity of MUA-Au NCs/peptide/GO/PKA/ATP system in the absence and presence of PKA, respectively. (b) 23 

The relationship between the fluorescence intensity ratio I/I0 of MUA-Au NCs/peptide/GO/ATP/PKA system and 24 

H-89 concentration. I and I0 are the fluorescence intensity of MUA-Au NCs/peptide/GO/ATP/PKA system in the 25 

absence and presence of H-89, respectively. The error bars were obtained from three parallel test results. 26 

Fig. 5 The selectivity of developed method for PKA assay. The PKA concentration was 2.0 U mL-1 while GOx, 27 

urease, HRP were 4.0 U mL-1. I0 and I are the fluorescence intensity of MUA-Au NCs/peptide/GO/ATP system in 28 

the absence and presence of enzyme, respectively. The error bars were obtained from three parallel test results. 29 

Table 1 Determination of PKA in HepG-2 cell lysates 30 
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Table 1 1 

Sample PKA added/U mL-1 PKA found/U mL-1 Recovery (%) 
RSD 

(n=3, %) 

HepG-2 cell 

lysates 

0 - - - 

0.80 0.82 102.5 0.75 

1.20 1.19 99.2 1.65 

1.60 1.56 97.5 1.37 
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► A simple and sensitive fluorescent “turn-off-on” assay for label-free detection of protein kinase 

(PKA) activity has been developed. 

► Based on substrate peptide binds to GO with higher affinity than phosphorylated peptide, the 

protein kinase activity could be facilely detection with high sensitivity  

► The feasibility of this proposed method for kinase inhibitor screening was also studied. 

► The sensing platform was also applied to monitoring PKA in cell lysates with satisfactory 

results 


