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Abstract

A novel fluorescent biosensor for protein kinaséviay (PKA) detection was designed by
applying double-strands DNA-hosted copper nanoetasfdsDNA-CuNCs) and graphene oxide
(GO). One DNA strand of the dsDNA consisted of @amains, one domain can hybridize with
another complementary DNA strand to stabilize theréscent CuNCs and another domain was
adenosine 5'-triphosphate (ATP) aptamer. ATP aptaofethe dsDNA-CuNCs would be
spontaneously absorbed onto the GO surface thrauglstacking interactions. Thus GO can
efficiently quench the fluorescence (FL) of dsDNAMCs through fluorescence resonance
energy transfer (FRET). In the present of ATP, AfpRcifically combined with ATP aptamer to
form ATP-ATP aptamer binding complexes, which hascimless affinity to GO, resulting in the
fluorescence recovery of the system. Neverthelgsghe presence of PKA, ATP could be
translated into ADP and ADP could not combine vAlfP aptamer resulting in the fluorescence
quenching of dsDNA-CuNCs again. According to thargde of the fluorescence signal, PKA
activity could be successfully monitored in thegarof 0.1 to 5.0 U mi with a detection limit
(LOD) of 0.039 U mL*. Besides, the inhibitory effect of H-89 on PKAisity was studied. The

sensor was performed for PKA activity detectiorétl lysates with satisfactory results.

Key words: dsDNA-CuNCs; Graphene oxide; Aptamer; PKA agjivihhibitor
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1. Introduction

Protein kinases, a class of biological enzyme, catalyze phosphorylation of a peptide or
protein substrate at threonine, serine or tyrogiadransferring a phosphate group from adenosine
5'-triphosphate (ATP) [1,2], regulating numerouutar processes, and protein phosphorylation
is one of the most vital posttranslational modifizas [3]. Aberrant phosphorylation activity can
lead to crucial diseases such as cancer and Alensitlisease [4-6]. Furthermore, protein kinases
have been considered as important targets for dewglopment and disease detection [7,8].
Therefore, close monitoring and quantification odtpin kinase activity is of crucial significance
in terms of clinical diagnosis, targeted therapg drug discovery.

Recently, many methods have been proposed foripriiease activity assaying, such as
electrochemistry [9-11], colorimetry [12,13], elexgenerated chemiluminescence (ELC) [14],
fluorescence (FL) [15,16]. Based on possessingnuhgr properties such as rapid response,
wonderful sensitivity and operational simplicityudrescence methods draw more and more
attentions. For example, Tan and his coworkers rtepoa sensitive affinity separation-based
fluorescent method for protein kinase (PKA) acyivitetection [17]. In this assay, when PKA
phosphorylated fluorescein isothiocyanate (FIT@®gelad substrate peptide (S-peptide), specific
adsorption between Zrimmobilized nitrilotriacetic acid-coated magnetianoparticles (Zr-NTA
MNPs) and phosphorylated peptides was triggered ,after magnetic separation processing, the
fluorescence intensity of the solution had obviochianges. Qiu’'s group applied specially designed
peptide templated gold nanoclusters (peptide-AuNGsan effective fluorescent probe for PKA
activity detection based on the fact that phospghton of peptide by PKA protected the
peptide-AuNCs from the digestion of carboxypepteas (CPY) [18]. Nevertheless, these

fluorescent methods require expensive raw materietsnplex design processes, artificial
3
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substrate peptides, specially designed enzymaiirtohysis procedures and special fluorescent

dyes, which significantly increases the experimedifiiculty and outlay. Therefore, it is of

extreme importance to establish simple, low costlabel-free methods for protein kinase activity

detection.

Fluorescent noble metal nanoclusters (NCs), whiek made up of several to tens of metal

atoms with diameters below 2 nm, are of particultgrest due to their excellent optical, physical

and electronic properties [19,20]. Among these mBi&s, double-stranded DNA (dsDNA)

templated copper nanoclusters (dsDNA-CuNCs) hawacééd tremendous interest owing to the

simple synthesis without rigorously controlled tesrgiure, good water solubility, low toxicity,

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

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

Graphene oxide (GO), a single-atomic-layered twuoetisional carbon nanomaterial, has

emerged as a fascinating nanomaterial for futugl@-tech applications owing to its high charge

carrier mobilities, the electrical and thermal cociivity, combined with transparency and

mechanical strength [25,26]. Biomolecules can benamilized onto the GO surface through

noncovalent methods due to the fact that planacttre of GO contains electron structure and

exhibits large specific surface area [27], whictke®aGO act as an efficient “nanoquencher” for

the fluorophore via fluorescence resonance eneagsfer (FRET) or non-radiative dipole-dipole

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

researches have reported that single-stranded BEIBNA) can be adsorbed on the GO surface

through n-n stacking interactions between the nucleobasestla@dGO sheet, and hydrogen

bonding interaction between -OH or -COOH group$s@f and -OH or -NH groups of ssDNA
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[31,32], which results in the fluorescence quenghoh energy donor adsorbed on GO surface
through electron transfer (ET) or FRET while douflended DNA (dsDNA) or target
molecule-aptamer DNA complexes having less surédieet can be removed from the GO surface
more easily [33-35]. Hence, the optical biosensased on coupling the fluorescent DNA
templated metal nanoclusters with GO can be estadli

Herein, we presented a novel fluorescent bioseiosd?KA activity detection by applying the
dsDNA-CuNCs and GO. As shown in Scheme 1, GO caldsorb dsDNA-CuNCs onto its
surface through the interactions with ATP aptaneguence of dsDNA-CuNCs and quench the
fluorescence of dsDNA-CuNCs through FRET. When AWNBs added to the system of
dsDNA-CUNCs, ATP combined with the ATP aptamer sege of dsDNA-CuNCs to form
ATP-ATP aptamer binding complexes, causing dsDNMNCs far away from GO surface, and the
fluorescence intensity of dsDNA-CUNCs recoveredeAPKA addition, ATP could be translated
into ADP by PKA, and ADP could not combine with A&Btamer, resulting in the release of ATP
aptamer to cause the fluorescence quenching of AsDINCs again. Thus, the PKA activity
could be effectively monitored based on the vayaf fluorescence intensity. Compared with
previous works, this strategy avoided tedious desigd experimental processes, toxicity of
organic reagents, extra costly enzymes and sgkaaéscent dyes, supplying a convenient, cheap

and label-free sensing system for PKA activity dete.

Scheme 1

2. Experimental section
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2.1. Reagents and instruments

CuSQ-5H,0 and sodium ascorbate were obtained from Aladdiagent Co., Ltd. Protein
kinase A (PKA, catalytic subunit from bovine headylenosine 5'-triphosphate (ATP) disodium
salt hydrate, glucose oxidase (GOx), horseradisbxmase (HRP), thrombin, tyrosinase (TYR),
and N-[2[[3-(4-Brompophenyl)-2-propenyl]lamino]eth-isoquinolinesulfonamide (H-89) were
bought from Sigma-AldrichOther inorganic reagents (analytically pure) westien from Beijing
Chemical Co. and used as received without furtheifipation. The water used throughout the
whole experiment had a resistivity higher than 18-kh’. All the oligonucleotides applied in
this work were synthesized and purified by Sangdhaghai, China). Their sequences are as
follows:

DNA strand P1: 5’-ATATATATATATACGGCAATTAATTAATTA-3'

DNA strand P2: 5-TAATTAATTAATTGCCGTATATATATATATACCTGGGGGAGTATTG

CGGAGGAAGGT-3'

DNA strand P3: 5’-TAATTAATTAATTGCCGTATATATATATAT-3’

The boldfaced letters in DNA strand P2 are the ApRamer sequence, and the DNA strand P1

is the complementary sequence of the underlinéeréein P2 and DNA strand P3.

Fluorescence spectra were obtained by a RF-530kdeCtrofluorophotometer (Shimadzu,

Japan) equipped with a xenon lamp using right-agglemetry. Ultraviolet measurements were

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

Transmission electron microscopy (TEM) was recordbbugh a Hitachi H-800 electron

microscope at an acceleration voltage of 200 kWW&itCCD camera. All pH assays were carried

out using a PHS-3C pH meter (Tuopu Co., Hangzhcund}. All temperature assays were
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accomplished through using a water bath.

2.2 Synthesis of fluorescent dSDNA-CuUNCs

The fluorescent dsDNA-CUNCs were synthesized adugrtb a modified synthetic report

previously [23]. In brief, &1L DNA strand P1 (25:M) and 8uL DNA strand P2 (25.M) were

mixed together in 224L PBS solution (10 mM, pH = 7.4, containing 150 nNACI and 1 mM

MgCl,), and the mixture was incubated at ambient tentpergor 30 min. After that, 15QL

sodium ascorbate (4.8 mM) and [LI0 CuSQ, (5 mM) were added into the solution to give alfina

volume of 400uL. After the system reacted for 10 min at ambiemhperature, the fluorescent

dsDNA-CuUNCs were finally obtained.

2.3 Synthesis of graphene oxide

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

graphite powder was introduced into 12 mgSK)y (98%) which consisted of 2.5 g,80s and

2.5 g BOs. Next, the mixture solution was reacted at 80 €45 h, and then diluted with 500

mL ultrapure water. The mixture was filtered andsked with ultrapure water to remove the

residual acid, after that, the obtained product wased at ambient conditions for one night.

Subsequently, the pre-oxidation of graphite wasestiin 120 mL HSO, (98%), and then 15 g

KMnO,4 was slowly added into the mixture when the temijpeeawas kept above 20 °C. The

obtained mixture was stirred at 35 °C for 0.5 h @@d¢C for another 1.5 h. After that, the mixture

was diluted with 250 mL ultrapure water and theptkat 105 °C for 25 min. After the resulting

mixture was equably stirred for 2 h, the reacti@peziment was terminated with the addition of

700 mL ultrapure water and 20 mL,®} (30%). As for the purification of the product, tmxture

was filtered and then washed with 1:10 1.1 M HQlemus solution-water lots of times. At last,
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the product was ulteriorly purified through diaky$or 1 week for removing the remaining metal
species. The obtained dispersion was centrifugetO&I00 rpm (centrifugal force 6,820 g) in
order to remove the unexfoliated GO. The supernaialation was then collected and frozen dry.
The GO powder was redispersed in water to obtaimyInL* GO stock solution. The as-prepared
GO stock solution (1 mg mt) was stored at 4 prior for further application.
2.4 Detection of PKA activity and its inhibitor

For PKA activity measurement, 20 ATP (2.5 mM) and 1QuL different concentrations of
PKA were mixed with 2@L PBS solution (20 mM, pH = 7.4, containing 50 mNMClkand 10 mM
MgCl,) and the system was incubated at 37 °C for 1 hs&yuently, 30QL dsDNA-CuNCs were
added into the mixture and the system reacted hiesnintemperature for 10 min. Then, 0GO
(1 mg mL?*) was added into the mixed system to give a fimélime of 400uL. After 8 min, the
fluorescence spectra were recorded in the emisserelength range of 500-670 nm with the
excitation wavelength of 345 nm, and the excitatiod emission slits were set at 5 nm and 10 nm
respectively at room temperature.

For PKA inhibitor assay, the similar procedures evearried out as previously described,
except that PKA was firstly pretreated with vari@aesicentrations of H-89 for 1h.
2.5 Detection of PKA in HepG-2 Cell Lysates

HepG-2 cells (1x1D cells) were cultured in Dulbecco’s modified Eaglemedium
(DMEM)/F-12 (1:1) supplemented with fetal bovineriga (10%) and were incubated under a
humidified atmosphere containing €®%) at 37 °C in a cell culture box for 3-4 daydtef
serum free medium replacing the culture medium,cilfured cells were centrifuged at 10,000

rpm (centrifugal force 6,820 g) to remove the muitisolution, and then broken with an ultrasonic
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liquid processor for 2 min. The HepG-2 cell lysatege centrifuged once more and ready for the
following experiment. Subsequently, three differenhcentrations of PKA were added into the
cell lysates to prepare the spiked cell lysate $asnf-or PKA activity measured in HepG-2 cell
lysates, the same experiments were carried oufpésxbat the equal volume of above-prepared
spiked cell lysate samples instead of the addittbrpure PKA to the reaction system for
investigation.
3. Resultsand discussion
3.1. Characterization of dSDNA-CuNCs and GO

It has been reported that through the reductiolmwfconcentration of Cii by AA, random
dsDNA could act as efficient templates for the fatimn of CuUNCs along with the fluorescence
intensity, whereas random ssDNA had no abilityuppert the formation of CuNCs [38,39]. The
dsDNA-CuNCs we synthesized were characterized girowansmission electron microscopy
(TEM), fluorescence (FL) spectroscopy and UV-vis@ption spectroscopy. The TEM image of
dsDNA-CuUNCs (Fig. 1A) revealed the clusters werdl wenodispersed and had an average
diameter of 2 nm. As shown in Fig. 1B, the fluosrsme spectra of dsDNA-CuUNCs illustrated that
the maximum fluorescence excitation and emissionewst5 and 595 nm, respectively. The
UV-vis absorption spectrum of dsDNA-CuNCs exhibitdgborption bands at 345 nm, which was
accordance with the excitation spectrum. The eftéc€/* concentration on the fluorescence
intensity of dsDNA-CuNCs was studied. As seen o B1, with the increasing concentration of
CU”, the fluorescence intensity of dsDNA-CUNCs inceehdirstly and then decreased, and
reached maximum at the €Euconcentration of 12%M, which was due to that Gliions were

more inclined to interact with the backbone phospim@gative groups by nonspecific electrostatic
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attraction when the Gliions concentration was low [40] and the generdigdfoxyl radicals
destroyed the DNA double helix, causing the deingasf the dsDNA templates when the®Cu
ions concentration was higher [41]. Hence, thé*@ancentration 12%M was chosen for the
synthesis of dSDNA-CUNCs. As displayed in Fig. i@, UV-vis maximum absorption of GO was
around 230 nm, and having a broad absorption bahich made GO act as an ideal energy
acceptor for a variety of donors [33]. The FT-IRsppum of GO (Fig. 1D) showed O-H stretching
vibration of hydroxyl groups of GO at 3400 ¢nThe emerging peaks at 1720 tand 1610 cf
were attributed to the vibrations of C=0 and C=@d=) respectively. The characteristic peak at
1400 cnt* was associated with C-H stretching vibration, #relpeak at 1110 chwas attributed

to C-O stretching. The results demonstrated theessful modification of carboxylic groups and

hydroxyl groups on the GO surface.

Fig. 1

3.2. The strategy of biosensor design

The principle of the dsDNA-CuNCs/GO based sensystesn for PKA activity detection was
presented in Scheme 1, and dsDNA-CuNCs were usédassscent probes and combined with
GO which possessed the superb fluorescence quenahility to construct a novel PKA activity
detection biosensor based on the FRET from dondNAsCuNCs to acceptor GO. DNA strand
P2 was specially designed, which consisted of tamains, where one domain (P3) hybridized
with DNA strand P1 to stabilize fluorescent CuNQwd aanother domain was ATP aptamer

sequence to form ATP-ATP aptamer binding complexeshe absence of ATP, ATP aptamer

10
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sequence of dsDNA-CuNCs would be spontaneouslyraédmnto the GO surface throughx
stacking interactions between the nucleobasesten@® sheet, and hydrogen bonding interaction
between -COOH or -OH groups of GO and N -OH groups of ssDNA [31,42]. Based on the
interactions, the donor dsDNA-CuNCs were broughtciose proximity to the acceptor GO
surface resulting in the occurrence of FRET. Witle taddition of ATP to the system of
dsDNA-CuUNCs, ATP combined with ATP aptamer to foNTP-DNA binding complexes, which
had much less affinity to GO, causing dsDNA-CuN@&sdway from GO surface, resulting in the
fluorescence recovery of the system [35]. DNA dr&il was used to hybridize with P3 to
stabilize CuNCs (dsDNA(P1-P3)-CuNCs), and as showhig. S2, GO had less fluorescence
quenching effect on dsDNA(P1-P3)-CuNCs, which iatkd that totally complementary dsDNA
had low binding affinity to GO, which was considtevith the previous report [33]. Meanwhile,
PKA would translate ATP into ADP, and ADP had nonpetence to combine with ATP aptamer,
so ATP aptamer sequence of dsDNA-CuNCs was releasgdbsorbed onto the surface of GO
again, which will lead to the fluorescence quengtohthe system again. So the activity of PKA
could be effectively monitored on the basis ofvhdation of fluorescence signal.

As shown in Fig. 2, the fluorescence intensity sDNA-CuNCs decreased to 36.6% of the
original intensity in the presence of GO (42 mL™). When ATP, PKA or PKA/ATP was added
to the dsDNA-CUNCs system, the fluorescence intgigidsDNA-CUNCs had almost no changes.
Furthermore, remarkable fluorescence increasinglsbtiNA-CuNCs/GO system was observed
when the dsDNA-CuUNCs system was treated with ATiBrbahe addition of GO, which indicated
that the fluorescence increasing was as a consegu#rthe combine of ATP with ATP aptamer

prohibiting the interaction between ATP aptamer &l which caused dsDNA-CuNCs far away

11
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from GO. And the fluorescence intensity of dAsSDNANCs/ATP/GO system decreased when PKA
was added into the dsDNA-CUNCs/ATP/GO system tostede ATP into ADP. All these results

proved the possibility of the fluorescent assayFHA activity detection.

Fig. 2

3.3 Optimization for PKA activity detection

In order to obtain optimal sensing performance doantity analysis of PKA activity, the
concentrations of GO and ATP, the incubation tireeMeen ATP and ATP aptamer sequence of
dsDNA-CuUNCs, the reaction time between the dsDNACs and GO, the incubation
temperature for ATP and ATP aptamer sequence ddsDuUNCs and the incubation temperature
for dsDNA-CuNCs and GO were investigated. The ¢ffa@cthe concentration of GO on the
sensing system was shown in Fig. 3. It can be gbah the fluorescence intensity of
dsDNA-CuNCs/GO system gradually decreased with itlteeasing concentration of GO and
reached a plateau when the concentration of GCheeat25ug mL™, which illustrated that ATP
aptamer sequence of dsDNA-CuNCs was completelyrbedoon the GO surface when the GO
concentration was over 12mg mL* and the fluorescence quenching percentage was
approximately 63.4%, which provided a low backgebuior the dsDNA-CuNCs/GO based
sensing system. Therefore, 12§ mL™* GO was used in the further experiments. The efféct
ATP concentration on the system of PKA activityed#ion was also studied. As displayed in Fig.
S3, the fluorescence intensity of dsSDNA-CuNCs/ATB/Gystem obviously increased with the

increasing concentration of ATP and reached a g@latehen the concentration of ATP was higher

12
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than 125uM. Therefore, we chose 1281 ATP in the subsequent experiments.

Fig. 3

In addition, the incubation time between ATP andPAdptamer sequence of dsDNA-CuNCs

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

dsDNA-CUNCs/ATP/GO system remarkably increased radhed the maximum within 10 min

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

between ATP and ATP aptamdihe reaction time between dsDNA-CuNCs and GO was al

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

dsDNA-CUNCs/GO system dramatically decreased to rtii@mum within 8 min and then

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

dsDNA-CuUNCs was rapidly adsorbed on the GO surtawe GO quenched the fluorescence of

dsDNA-CuUNCs quickly. Thus, 8 min was selected as dptimal reaction time between

dsDNA-CuNCs and GO.

The incubation temperature for ATP and ATP aptaseguence of dSSDNA-CuNCs was further

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

system reached a maximum when the temperature »v&S.2ZI'herefore, 25 °C was chosen for the

incubation temperature between ATP and ATP apta®mguence of dSDNA-CuNCs. Besides, the

incubation temperature between the dsDNA-CuNCs@Ddvere also optimized. As displayed in

Fig. S7, the fluorescence intensity of dsDNA-CuN&3/system was the minimum when the

temperature reached 25 °C. Thus, we selected 26r°e optimal reaction temperature between

13
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the dsDNA-CUNCs and GO in the following experiments
3.4. Detection of the PKA activity

Under optimized conditions, the determination of APlactivity was performed. The
fluorescence emission spectra of dsDNA-CuNCs/ATR3O system with different
concentrations of PKA introduction were shown iig.F. It can be seen that the fluorescence
intensity of system gradually decreased with tleegasing concentration of PKA. The inset in Fig.
4 displayed a good linearity between the fluoreseemtensity ratio 1§ (I and b were the
fluorescence intensity of dsDNA-CuNCs/ATP/PKA/GCsteym in the presence and absence of
PKA, respectively) and the PKA concentration in thege of 0.1-5.0 U nit. The regression
equation was 1= 0.996 - 0.0866 fxa, U mL™?, and the corresponding regression coefficient R
= 0.995. The detection limit (LOD =&, wherec was the standard deviation of the blank signals
(n = 11) of dsDNA-CuNCs/ATP/GO system and k was stape of the fluorescence intensity
versus PKA concentration) for PKA was 0.039 U lA comparison between this method and
other methods for PKA activity determination wastdd in Table S1. From Table S1, it can be

seen that our method showed a comparable quatitficange and detection limit.

Fig. 4

3.5 Inhibitor assay
Enzyme inhibitor recognizes specific enzyme anttieffitly reduces its catalytiactivity, and
many diseases are treated through using variougmenanhibitors as drugs to block the

intracellular signals, so the screening of potéimtiaibitor is of a great deal of significance imet

14



10

11

12

13

14

15

16

17

18

19

20

21

22

discovery of new drugs. In order to investigate thbe this method has the potential application
for protein kinase inhibitor screening, the inhibitor assay wasducted in the presence of a
potential anctell-permeable PKA inhibitor H-89 with differentroentrations [43]. From Fig. 5, it
can be seen that the fluorescence intensity ofd8i@NA-CuNCs/ATP/PKA/H-89/GGystem
obviously increased with the increasing concemmatof H-89, which indicated that H-89
effectively inhibited the activity of PKA. And thEL intensity ratio I/} (I and bwere the FL
intensity of dsDNA-CuNCs/ATP/PKA/H-89/GGystem in the presence and absence of H-89,
respectively) increased with the increasing conmed¢ioh of H-89 and reached a plateau when the
concentration of H-89 was 1./, and the 1G, value (the half-maximal inhibitory concentration)
for H-89 was detected to be 0.{tM, which implied that thenethod provided a convenient way

for proteinkinase inhibitor monitoring.

Fig. 5

3.6 Sdlectivity study

The selectivity is considered as a significant peai@r to evaluate a method performance to
detect a specific species in complagmedical samples herefore, the selectivity of our method
with the treatment of different enzymes was furtbealuated. Fig. 6 displayed the interference
effects of 10 U mL* glucose oxidase (GOx), horseradish peroxidase JHRfPombin and
tyrosinase (TYR) on the fluorescence intensity IDNA-CuNCs/ATP/GCsystem in comparison
with 5 U mL* PKA. As shown in Fig. 6, the biosensor was nogisitive to potentially coexisting

enzymes and selective to PKA in the presence @mnpially coexisting enzymes, which indicated

15
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that the fluorescent sensor performed satisfadelsctivity for PKA activity detection.

Fig. 6

3.5. PKA assay in HepG-2 Cell Lysates

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

real samples, the determination of PKA activityHiepG-2 cell lysates was performed. The results

which obtained by standard addition method wetedisn Table 1. No PKA activity was detected

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

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

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

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

the method were satisfactory.

Tablel

4. Conclusion

A novel and convenient fluorescent biosensor far tietection of PKA activity and its

inhibitor has been established. The biosensor wasdon the FRET between dsDNA-CuNCs and

GO and took the virtues of the strong interactietwieen ATP aptamer of dsSDNA-CuNCs and GO,

the superb quenching ability of GO, the specifitaager-target recognition between ATP and ATP

aptamer, and the good catalysis performance of RK&omparison with the previous reports for

16



PKA activity detection, this method avoided compl@asign process, laborious experimental
procedure and expensive raw materials, providirigcde, low cost and sensitive biosensor for
PKA activity determination. Besides, the developeethod was performed to the detection of
PKA activity in cell lysates and obtained satistaigtresults.
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Captions:

Scheme 1 Schematic illustration of the fluorescent bioseriso PKA activity detection.

Fig. 1 (A) TEM image of dsDNA-CuNCs (scale bar: 10 nnB) UV-vis absorption spectrum (red
line) and FL excitation (black line) and emissidtué line) spectra of dSDNA-CUNCSs. The inset
showed the photograph of aqueous solution of dsS@NINCs obtained under 365 nm UV
irradiation. (C) UV-vis absorption spectrum of GO) FT-IR spectrum of GO.

Figg 2 FL spectra of dsDNA-CuNCs, dsDNA-CuNCs/ATP, dsDRANCs/PKA,
dsDNA-CuNCs/ATP/PKA, dsDNA-CuNCs/GO, dsDNA-CuNCsRGO,
dsDNA-CUNCs/PKA/GO and dsDNA-CuNCs/ATP/PKA/GO systerespectively. Conditions:
300uL dsDNA-CuNCs, 125M ATP, 5.0 U mL* PKA ,125ug mL™* GO.

Fig. 3 FL spectra of dsSDNA-CUNCs/GO system in the presaidifferent concentrations of GO,
from top to bottom: 0, 10, 25, 62.5, 85, 100, 1P%) and 18Qig mL™, respectively. The inset was
the FL quenching ratio Wlversus the concentration of GO. | agdvere the FL intensity of the
dsDNA-CuUNCs/GO system the in the presence and absef GO. Conditions: 30QL
dsDNA-CuUNCs. The error bars were obtained frometparallel test results.

Fig. 4 NormalizedFL spectra of dsDNA-CuNCs/ATP/PKA/GO system in finesence of different
concentrations of PKA, from top to bottom: 0, 013, 0.5, 1.0, 2.0, 3.0, 4.0. 5.0 and 6.0 UnL
respectively. Normalized FL spectra of dsDNA-CuNK$/PKA/GO system were obtained via
dividing by the maximum (the FL emission intensifythe system in the absence of PKA). The
insert was the linearity of the relative FL intépdily versus and PKA concentration. | agevére
the FL intensity of dsDNA-CuNCs/ATP/PKA/G&ystem in the presence and absence of PKA,

respectively. Conditions: 306L dsDNA-CuUNCs, 125:M ATP, 125ug mL™* GO. The error bars
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were obtained from three parallel test results.

Fig. 5 NormalizedFL spectra of dsDNA-CUNCs/ATP/PKA/H-89/GO systemtlire presence of
different concentrations of H-89, from bottom te:t®, 0.03, 0.06, 0.08, 0.10, 0.20, 0.30, 0.55,
0.70, 090, 1.00 and 1.30uM, respectively. Normalized FL spectra of
dsDNA-CuUNCs/ATP/PKA/H-89/GO system were obtaineal dividing by the minimum (the FL
emission intensity of the system in the absendd-80). The insert was the relationship between
the FL intensity ratio 1§ of dSSDNA-CuNCs/ATP/PKA/H-89/GO system and H-89 centration. |
and hwere the FL intensity of dsDNA-CuNCs/ATP/PKA/H-83Gystem in the presence and
absence of H-89, respectively. Conditions: 80@isDNA-CUNCs, 12%M ATP, 125ug mL* GO,
5.0 U mL*PKA. The error bars were obtained from three pelrédist results.

Fig. 6 The selectivity of the method for PKA activity detien. The concentration of PKA was 5.0
U mL?, and GOx, HRP, thrombin and TYR concentrationsewssth 10.0 U mL. | and b were
the FL intensity of dsDNA-CuNCs/ATP/GO system ire thresence and absence of enzyme,
respectively. Conditions: 30@L dsDNA-CuUNCs, 125:M ATP, 125ug mL™* GO. The error bars
were obtained from three parallel test results.

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

Sample PKA added PKA founded Recovery RSD
(UmL? (UmL?h (%) (n=3, %)

0 0 - - -

1 0.4 0.39 97.50 1.43

2 15 1.55 103.3 2.15

3 35 361 103.1 2.99
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Highlights:

» A novel biosensor for convenient detection of PKA activity and itsinhibitor was developed.
» The affinity of ATP aptamer sequence of dSDNA-CuUNCs 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 ATPinto ADP.

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



