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Abstract: Protein kinases are general and significant régrdan the cell signaling
pathway, and it is still greatly desired to achieumple and quick kinase detection.
Herein, we develop a simple and sensitive phott@elsemical strategy for the
detection of protein kinase activity based on tbethbetween phosphorylated peptide
and phosphorylated graphite-like carbon nitrideg{€s;N.) conjugates triggered by
Zr** ion coordination. Under optimal conditions, thecremsed photocurrent is
proportional to the protein kinase A (PKA) concatitn ranging from 0.05 to 50
U/mL with a detection limit of 0.077 U/mL. Moreovethis photoelectrochemical
assay can be also applied to quantitative anabfsiinase inhibition. The results
indicated that the I§ value (inhibitor concentration producing 50% intob) for
ellagic acid was 9.1M. Moreover, the developed method is further appt® detect
PKA activity in real samples, which contains serfrom healthy person and gastric
cancer patients and breast tissue from healthyopeasid breast cancer patients.
Therefore, the established protocol provides a aregvsimple tool for assay of kinase
activity and its inhibitors with low cost and highnsitivity.
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1. Introduction
Photoelectrochemical (PEC) biosensor is a kind ofeh and promising

detection approach for biological assay with highsstivity, low background current
and simple instrument owing to the separation ettebchemical detection signals
and the excitation source [1-3], which has aroggedt concern in many aspects such
as the detection of enzyme [4], DNA damagel[5], sobg J of avian leukosis virus [1]
and small molecule [6]. Thus, we consider that Ri@Sensor might be a desired
platform for detecting protein kinase activity. we all know, photoactive material is
one of the dominant factors for the performanceP&C biosensor. Photoactive
materials utilized in the PEC analysis include Zi&),, ZnO and BiS; and so on.
For instance, Li et al. reported molecularly imgeth polymer modified Ti@
nanotube arrays for PEC sensing of perfluorooctaodonate[7]. Tu et al.
constructed a PEC biosensor of free-base-funcimethlZnO nanoparticles [8]. Sun
et al. developed a PEC strategy for subgroup Jnalakosis virus immunoassay
based on BIS; nanorods [1]. However, it is well known that thedevbandgap (3.2
eV) of TiO, impedes intrinsic PEC response under visible I[@htand ZnO suffers
from its instability. Also, they are metal-contaihevhich do not match well with a
friendly environment. In consideration of those,ist necessary to develop new
photoactive material with environment friendly peoty.

Recently, as a metal-free semiconductor and the stable allotrope of carbon
nitride material, graphite-like carbon nitride (gNG) has become a hot topic. The

appealing tristriazine ring structure and the medium-gap (2.7 eMy-GN4 make it



own high stability and an excellent photocatalwgintivity with visible light irradiation
(A < 460 nm). Due to its high stability, visible lighesponse and unique electronic
band structure, g-Bl; has attracted increasing attention gN& and has been
successfully widely applied in many fields, such pimtocatalytic water splitting,
sensing, photocatalysis and electrocatalysis []0-IRecent researches have
demonstrated the promising application of fNgin PEC assay. For instance, Li et al.
developed a novel multi-amplification PEC immunaasdor NMP-22 detection
based on copper (Il) enhanced polythiophene seedityj-GN4, nanosheet [3]. Bu et
al. investigated the photo-to-current conversioropprties and PEC cathodic
protection performance of gsN4 in 304 stainless steel under visible or white tigh
illumination [13]. Among these PEC assay, gN¢and its compounds perform good
PEC activity.

Protein phosphorylation catalyzed by protein kigaisea general and significant
regulatory mechanism in the cell signaling pathwaysich plays an important role in
various crucial biological process in metabolisntluding cellular proliferation,
apoptosis, differentiation and gene transcripti@d, [15]. The over-expression and
aberrant expression of protein kinases may leaset@re human diseases such as
diabetes, cancer, cardiac diseases and inflammdi&nTherefore, the simple, rapid
and sensitive detection of protein kinase activgy a significant research for
pathological process, clinical diagnosis and drugcalery. Traditionally, the
detection method of protein kinase activity relieh radioactive adenosine

triphosphate y-**P-ATP) during the phosphorylation reaction [17],isthis general



but harmful to the environment and human healthodercome this defect, various
kinase activity assays have been developed asltdraaives of radioactive assay,
such as electrochemical [18, 19], surface-plasnemorrant [20], fluorophotometry
[21] and mass spectroscopic techniques [22, 23]retour work, PEC assay is chosen
as desired detection method of protein kinase iactilue to its high sensitivity, low
background current and simple instrument. To aghsansitive and simple detection,
we fabricate a novel PEC method for protein kinastivity assay based on
phosphorylated graphite-like carbon nitride (P-N§ nanoparticles as signal
transduction probes, where P-gNg nanoparticles are obtained by simple chemical
reaction based on amino of ghG; according to the previous report with some proper
modifications [24-26]. Because of its briefnessyvamnient and friendly environment
advantages and no modification requirement for &N, and peptides, this
developed strategy represents a potential apmitati protein kinase analysis.
2. Experimental
2.1 Reagents and instruments
The substrate peptide (s-peptide, CRRLRRASLG) awhasine 5'-triphosphate
(ATP) disodium salt hydrate were obtained from SangBiotech Co., Ltd
(Shanghai). Protein kinase A (PKA) catalytic sulbumiitogen-activated protein
kinase (MAPK), casein kinase | (CK1) and caseinak@n Il (CK2) were supplied
from New England Biolabs Ltd. (Beverly, MA). Radimmunoprecipitation assay
(RIPA) lysis buffer and phenylmethanesulfonyl fliger (PMSF) were purchased

from Beyotime Biotech (Shanghai) Co., Ltd. Tris dhyxymethyl) aminomethane



(Tris), gold chloride (HAuG) and ascorbic acid (AA) were obtained from Aladdin
(Shanghai, China). Zirconium oxychloride (ZrQChnd phosphorus oxychloride
(POCEB) were purchased from Xiya Reagent Co., Ltd. (Chdenghina). Indium Tin
Oxide (ITO, coating 180 + 25 nm, sheet resistand® &/cnr) slices were acquired
from Zhuhai Kaivo Electronic Components Co., Ltdhghai, China)). All other
reagents are analytically purity graded and usedoat further purification.

The buffer solutions for this work is shown beld®eptide immobilization buffer,
20 mM Tris-HCI, 2.0 mM EDTA, 2.0 mM NaCl, 2.0 mM EP (pH = 7.4). PKA
reaction buffer, 0.1 mM EDTA, 80 mM ATP,1BM DTT, 50 mM Tris-HCI, 10 mM
MgCl,, 0.01% Brij 35 (pH = 7.5). PKA storage buffer, MniNa;EDTA, 50 mM NacCl,
20 mM Tris-HCI, 2 mM DTT and 50% glycerol. Washihgffer (pH = 7.5), 10 mM
Tris-HCI. Detection buffer, 100 mM PBS containing0lmM AA. All reagents were
of analytical purity. All of the aqueous solutiomgere prepared using redistilled
deionized water, which was autoclaved.

Transmission electron microscope (TEM) images wdaken with a
JEOL-1200EX instrument (Japan). Fourier transfornméared spectroscopy (FTIR)
was obtained as KBr discs on a Nicolet 380 speatem The photocurrent was
recorded on a CHI832A electrochemical workstatiOhl instruments, Austin, USA)
PEC measurements were carried out with a homeHI system with an additional
three-electrode system. A modified ITO electrodel6 cn?) was used as the
working electrode. A saturated calomel electrodeEBand a Pt wire were applied as

the reference electrode and the counter electrdd®0 W Xe lamp equipped with



optical filter was employed as the irradiation seuto produce the visible light,
whose light intensity is 20 mW/dmElectrochemical impedance spectroscopy (EIS)
was performed on a CHI660C electrochemical worl@taCHI instruments, Austin,
USA).

2.2. Synthesis of carbon microspheres

Carbon microspheres (CS) were prepared accordipgetdous reports [27, 28].
Generally, glucose (3.2 g) was first dissolved imédonized water (70 mL) and mixed
into a homogeneous solution under vigorous stirriigpen, the mixture was
transferred into a Teflon-lined stainless steeloalaive of 100 mL capacity and
maintained at 180 °C for 3.5 h. After cooled tomotemperature naturally, a dark
precipitate was collected by centrifugation and lvealssuccessively with ethanol and
deionized water several times. Finally, the obtadisample was dried under vacuum
at 60 °C.

2.3 Synthesis of gold nanoparticles (AuNPs)

AuNPs were prepared according to the previouslpned method [29] with
proper modifications. Typically, in a 100 mL twoaked flask, 5 mL of sodium citrate
solution (38.8 mM) was rapidly added into 50 mLIledi HAuCl, solution (1 mM)
under magnetic stirring. After a minute of stirringhe liquor's color was observed to
change from light yellow to dark red. And then th&ture was maintained further
boiling for 20 min. Finally, the obtained gold ngaaticles solution was stored at 4
°C.

2.4. Preparation of g-C3N4 and P-g-C3N4 nanoparticles



g-CN4 was synthesized according to previous report wsttme minor
modifications [30]. In brief, an appropriate amoohticyandiamide (DCDA) powder
was put into an alumina crucible and heated intee tiwrnace with a cover under
ambient pressure in air. The alumina crucible dairtg DCDA powder was heated to
different degrees and kept for different periodagTube furnace with precursor is
heated to 220 °C at a heating rate of 3 K-fnémd maintained at 220 °C for 2 h, and
then it is further heated to 350 °C and 550 °Clapd at these temperatures for 2 and
4 h, respectively). After completing the reactitre products were cooled to 60 °C at
a cooling rate of 3 K-mifl. Then rinsed by deionized water to remove soluble
reactants and impurities, and ethanol to removeesorganic impurities for several
times. Since then, 20 mg g/, powder was dispersed in 6 mL double-distilled wate
at room temperature and exfoliated by ultrasonacess for 6 h. The final product
was centrifuged and dried in vacuum at 60 °C.

P-g-GN,4nanoparticles were prepared according to the pusvieport with some
minor modifications [24-26]. In brief, 44.6 mg of@N, was dispersed in 0.25 mL of
anhydrous pyridine, and then 7.5 mL of anhydrougetee solution and 0.25 mL of
POCE were added and the compound was incubated fordt8&dom temperature to
obtain P-g-GN4. Subsequently, the production was washed with etwu and
deionized water, respectively. Finally, the resulfaroducts were dried at 60 °C under
vacuum.

2.5 Biosensor fabrication

The ITO conductive glasses were used as the woridagtrode, which were



cleaned by acetone, NaOH solution (1 M, in ethamal distilled water with v/v = 1:1)
and distilled water with sonication for 15 min,léaed by washing thoroughly with
distilled water and then dried at room temperatatirally before it was used.

2 mg of CS dark powder was weighed accurately aspkdsed ultrasonically in
1 mL of double distilled deionized water, and th2h uL of the suspension was
dropped onto a piece of ITO electrode. After balrigd in air, the CS/ITO was rinsed
with double distilled deionized water for three ¢isn Then, 2L of AUNPSs solution
was further dropped on the electrode surface aiedi dmder Xe lamp , followed by
rinsing with double distilled deionized water fdmreée times (The electrode was
named as AuNPs/CS/ITO). Subsequently, the AUNP§TOSWVas incubated with 20
uL of peptide (1uM, dissolved in 20 mM Tris-HCI containing 2.0 mM EB, 2.0
mM NaCl, 2.0 mM TCEP, pH 7.4) for 12 h in a humittamber at ambient
temperature. After rinsed with washing buffer tsmoee the un-immobilized peptide
for three times, the obtained electrode was notdelegtide/ AUNPS/CS/ITO.

PKA-catalyzed phosphorylation was carried out adiowy to the manufacturer’s
protocol. Briefly, 30uL PKA reaction solution containing different contrations of
PKA was dropped on Peptide/AuNPs/CS/ITO surface iandbated for 40 min at
37 °C in a humid chamber. After that, the electrades rinsed thoroughly with
washing buffer (The obtained electrode is note®-#&eptide/AUNPs/CS/ITO). Then,
40 puL of Zr** reaction buffer containing 0.25 M Zrand 30% acetonitrile (in 1 mL
water) was dropped on P-Peptide/AuNPs/CS/ITO saréad incubated for 12 h in a

humid chamber. The obtained *ZP-Peptide/AuNPs/CS/ITO electrode was rinsed



with washing buffer for three times. Afterwards, g0 of P-g-GN4 dispersion was
dropped onto the above electrode for 12 h in a dwhamber at ambient temperature.
The obtained electrode (named as PsNAZr*/P-Peptide/AUNPS/CS/ITO) was
rinsed for three times with washing buffer for thbowing measure.

For inhibiting the activity of PKA, different conntations of ellagic acid were
introduced into the PKA reaction solution and inaiga for 40 min at 37 °C. Then the
electrode was rinsed copiously with the washingf@suénd treated with Zf and
P-g-GN, successively as described above.

2.6 Detection of PKA activity in real samples

Phosphorylation reaction was achieved by incubatbrthe S-peptide with
gastric cancer serum sample and breast cancee tiss40 min at 37 °C and normal
serum sample and breast tissues were used aslc@btal protein extraction process
was as follows. Breast cancer tissue was dealdd matmal Saline for three times.
The tissue was grinded for three times in RIPAdymiffer containing PMSF solution
(1 mM), DNA reaction buffer (100 mM), EDTA (50 mMgnd DNase (0.25 WL)
with the assistance of the liquid nitrogen. The bgenates were centrifuged at 12000
rpm for 20 min at 4 °C. Then, the obtained supemtstwere determined by UV-vis
spectrophotometry. Also, cell lysates were diluted 1 mg/mL total protein
concentration for kinase activity assay.

3. Result and discussion
3.1 Dectection strategy
Scheme 1
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In this work, a novel PEC method was developedaksay of protein kinase A
activity using P-g-GN4 as signal transduction probes. As seen in Schentbel
cysteine-terminated kemptides (CRRLRRASLG) wersstlfir assembled on the
AUNPs/CS/ITO electrode surface through the Au-Sdbloetween AuNPs and —SH to
form a dense assemble layer. Then the serine eesidaotaining the sequence of
“‘LRRAS” can be phosphorylated by PKA, which canatyte the transfer of
y-phosphoryl from ATP to the hydroxyl group of serim the presence of ATP.
Subsequently, Zf is selected as the identifying reagent for thesphate group. The
high affinity between Z¥ and the phosphate group causes the assembly ;R.g
on the substrate peptide. Finally, as electron dohA can provide one electron for
capturing the photo-generated hole and decreakmgeicombination probability of
photo-generated electron and hole of the immolulliPeg-GN4, which results in an
increased photocurrent. Through the relationshipvéen the photocurrent and PKA
concentration, the PKA can be detected. This waalkniy performs its advantages in
two aspects. On one hand, the photoactive matefidP-g-GN, is "green" and
hazardous-free to environment compared with othetahktontained materials. On the
other hand, P-g-§Bl; can be excited by visible light, which can avdié damage of
UV-light to biomolecules.

3.2 Characterization of CS, g-C3N,, P-g-C3N4 and different electrodes
Fig. 1.

These regular spheres concentrate on 220~240 rtmavdiameter of ca. 200 nm

between them, which could be clearly seen from TiEMge (Fig. 1A). The spheres
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with homogeneous and regular morphology can beadpoat on the electrode surface
flatly. What's more, Fig. 1B shows the TEM image the prepared pure g8,
samplewith the diameter about 100 nm, which reveals artfdlat layer structure. To
characterize the construction process of the nexdiilectrode, different modification
electrodes were characterized by EIS in 5 mMFE(CN)]/KiFe(CN)] mixture
containing 0.1 M KCIl.As depicted in Fig. 1C, after the AuNPs or gNGg
nanoparticles were modified onto the bare ITO ebel with an Ret value about 190
Q, the semicircle decreased (Fig. 1C, curve a amstecb), indicating that the
immobilized AuNPs or g-éN, nanoparticles promoted the electron transfer m®ce
on the electrode surface. Compared withs§ZITO electrode (curve b), the Nyquist
plot of P-g-GN4/ITO electrode (curve d) shows a bigger semiciwith a R value
about 300Q. It can be attributed to the negative charge gF®&N,4, which hinders
the electron transfer. The Ret value significaimtigreased with P-peptide, Zrand
P-g-GN,4 immobilized onto the AuNPs/CS/ITO successivelycdh be attributed to
the hindrance effect, which hinders the electrangfer and increases thg falue. In
addition, to testify the product of P-gl,;, the active material of P-g3N4 can be
further verified by compared FTIR spectra of gNg with P-g-GN4. From the Fig.
1D (a), there are some specific absorption pealkgs@N,. The peak located in 812
cm? is attributed to aromatic structure vibration pedig-GN, triazine ring, which
are extremely typical specific absorption peakg-@;N4. Moreover, the absorption
peaks from 1200 cihto 1650 crit indicate the existence of a large amount of C-N
and C=N. What's more, the broad bands located 8033500 cri* are related to
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stretching vibration of the amino. Similarly, sosyecific absorption peaks belong to
P-g-GN4 (Fig. 1D (b)). The absorption peaks at 880 tiP-O), 1084 cnt (P-N)
1244 cm® (P=0) are found, which are consistent with theviotes report [31].
Similarly, the absorption peaks from 1200t 1650 crit indicate the existence of
a large amount of €N and C=N.Therefore, the above results indicate the congpieti
of P-g-GNa.
3.3 Detection feasibility assay

Fig. 2.

For demonstrating the detection feasibility of tteveloped biosensor for PKA
activity assay, the photocurrents of different eletes are recorded in 0.1 M PBS
containing 0.1 M AA (pH 7.4). From the Fig. 2, thphotocurrent of
Zr**/P-peptide/AUNPS/CS/ITO (curve a) decreases when silbstrate peptide is
assembled on the AUNPs/CS/ITO electrode surfagedar), which is consistent with
the steric-hindrance effect of peptide. More imantly, as shown in Fig. 2, only a
weak photocurrent is observed for*ZP-peptide/AUNPs/CS/ITO (curve a). After
immobilization of P-g-GN4, an enhanced photocurrent is observed (curveldghas
ascribed to the capture of P-gNg with the good photoelectric performance. What's
more, in order to testify the significance of tHeogphorylation event in the assay of
PKA activity, the photocurrent of Peptide/AuNPs/0®) was compared when it was
treated with and without PKA. When peptide/AuNPSITS electrode was incubated
with zr** and P-g-GN4 directly, almost no P-g4bl,; is adsorbed on
peptide/AUNPs/CS/ITO in the absence of PKA, whishobserved with a lower
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photocurrent of peptide/AuNPs/CS/ITO (curve b) than
P-g-GN4/Zr*/P-peptide/AUNPS/CS/ITO (curve d). The results d¢até peptide can
not be phosphorylated without incubated with PKAjiah leads to the failure of
capture of P-g-gN4. Consequently, the phototcurrent is weak becafifeecabsence
of electron donor of AA in the detection buffer.48ad on the above researches, we
believe that the developed method can be appliadiatysing PKA activity.
3.4 Optimization of P-g-C3N4 concentration and PKA incubation time

Fig. 3.

For PEC biosensor, the concentration of photoaatiaterial is an important
parameter, which influences the detection sensitiviThus the P-g-€N4
concentration is optimized in detail. As seen ig.RBA, the photocurrent enhances
with the increase in the P-g:,; concentration from 0.5 to 2.0 mg/mL, which
generates more photoelectron, resulting in an exdthiPEC response. When the
P-g-GN,4 concentration exceeds 2.0 mg/mL, the photocunerels off. It can be
explained as when the activity of PKA is constam, P-peptide is fixed and then the
Zr** and P-g-GN, are fixed. Thus, considering the detection efficie 2.0 mg/mL of
P-g-GNy is used in the following experiments.

In the proposed system, the phosphorylation timusid to be crucial for the
kinase-catalyzed reaction on the electrode surfAsepresented in Fig. 3B, with
increasing the phosphorylation time, the photocurmecreases quickly from 5 to 40
min, and then levels off when further prolonging fpthosphorylation time. Thus, 40
min is chosen as the optimal phosphorylation time.
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3.5 PKA activity assay
Fig. 4.

Under optimum conditions, PKA activity is evaluatedith different
concentrations of PKA. When the PKA concentratimeréases from 0.05 to 50 U/mL,
the photocurrent enhances accordingly (Fig. 4A) mathes a saturation value once
the concentration of PKA is above 50 U tiThe dependence of the photocurrent
response on the PKA concentration is presentedgn4B. There is a good linear
relationship in the range of 0.05 to 50 U/mL wiithelar regression equation lofnA)
=88.76log (U/mL) + 233.9 R = 0.9947), and the detection limit is calculatecbée
0.077 U/mL. In regard to detection sensitivity, tieveloped PKA activity detection
method was better than most of reported worksisgsdlin Table 1, which indicated
that the PEC biosensor in this work might be ardésiletection platform for protein
kinase activity assay. As a potentially applicalnlenunoassay, the specificity and
reproducibility of the biosensor are essentialeciiins. Therefore, for investigating
the specificity, the peptide/AuNPs/CS/ITO electrasidirst incubated with 50 U/mL
of PKA, CK1, CK2 and MAPK, respectively. Subseqlgrthe obtained electrode is
further incubated with 2f and P-g-GN.. Finally, the photocurrent responses are
recorded in 0.1 M PBS containing 0.1 M AA (pH 7.4Ak depicted in Fig. 4C, the
photocurrent changeA[ = I;-l,) is compared, wheré; is the photocurrent of
peptide/AuUNPs/CS/ITO electrode incubated with kinaZ* and P-g-GN,4
successively], is the photocurrent of peptide/AuNPs/CS/ITO eledds. The result
reveals that thal of the peptide/AuNPs/CS/ITO electrodes incubatéd @K1, CK2
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and MAPK are much lower than that obtained for PKAdicating that it had
acceptable detection specificity. In addition, Beven in Fig. 4D, the fabricated PEC
biosensor for PKA activity detection showed googroelucibility and the relative
standard deviation is 1.34% evaluated by perforntivey photocurrent responses of
ten repeatedly prepared P-gNG/Zr*'/P-peptide/AUNPs/CS/ITO electrodes.
3.6 Inhibition assay

Fig. 5.

The screening of kinase inhibitor is extremely imigont based on its potential
for disease therapy. In the inhibition assay, tHesR, mediated PEC biosensor was
also used to quantitatively evaluate the inhibitiminkinase by mixing PKA and
varying concentrations of ellagic acid (a well-rgezed effient inhibitor of PKA). As
seen from Fig. 5, with increasing concentratiorelddgic acid, the activity inhibition
percent increases gradually, indicating a low agtivof PKA and peptide
phosphorylation level. The maximal activity inhibit percent is observed with the
addition of ellagic acid at 1@M. On the basis of the results, it proves the ittiab
effects of ellagic acid on PKA activity, and thesd@alue (the half-maximal inhibitory
concentration) of ellagic acid is measured to Heu®4, which is a little higher than
some of previous reports, such as 5.33 andpBA7[41, 42], indicating that the
developed biosensor might be need to further imgmtder inhibitor screening.

3.7 Detection of PKA activity in real samples
Fig. 6.
To test the applicability of the developed PEC eeffier PKA activity detection
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in real samples, PKA activity in human serum oftgascancer and human breast
cancer tissue is detected by the above sensorortsot, the PKA activity in normal
samples is also detected. As can be seen fronbFife relative expression of PKA
activity in gastric cancer serum exhibits signifitenhancement when compared with
control results, indicating that PKA activity is gmoved in gastric cancer serum. To
prove the accuracy of this method, the expresstmellof PKA activity in breast
cancer tissue is also investigated (Fig. 6). Thalte indicate that PKA activity is
increased in breast cancer cell sample similarhest evaluations suggest a great
potential of the developed sensor for the monitpriai PKA activity in different
cancer samples for early diagnosis of cancers.
4. Conclusion

In conclusion, we develop a novel PEC method fotgin kinase activity assay
and inhibitor screening based on a kind of novenai transduction probe of
P-g-GN4. This strategy provides a simple detection prooedwwing to the cheap
precursor and easy preparation for PsjtZ Moreover, the photoactive material of
P-g-GN, is metal-free, which completely avoids the riskeofvironmental pollution
from metal element. As a result, the fabricated RiE@&sensor performs a highly
sensitive detection for PKA activity with a low detion limit of 0.077 U/mL.
Furthermore, this proposed strategy is also sufidhssapplied to inhibition
screening and PKA activity detection in real sarapirdicating great potential in the
kinase-related clinic diagnostics and drug discpagplications.
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Figure caption:

Scheme 1. Schematic illustration of PEC strategy for kinastvity assay.

Fig. 1. (A) TEM images of CS. The inset graph is the giribution of CS. (B)
TEM images of g-@N4. (C) EIS of AuNPs/CS/ITO (a), gs84/ITO (b), ITO (c),
P-g-GN4/ITO (d), P-peptide/AuNPs/CS/ITO (e) and
P-g-GN4/Zr*/P-peptide/AUNPS/CS/ITO (f) in 5 mM fFe(CNY)/K[Fe(CN)]
mixture containing 0.1 M KCI. (D) FTIR spectra ofGgN, (a) and P-g-eN, (b).

PKA concentration is 50 U/mL.

Fig. 2. The PEC response of different electrodes in 0.BB& containing 0.1 M AA
(pH 7.4.). a, Z¥'/P-peptide/AuNPs/CS/ITO, b, peptide/AuNPs/CS/ITGs wecubated
with zr* and P-g-GNj, c, AuNPs/CS/ITO, d,

P-g-GN4/Zr**/P-peptide/AUNPs/CS/ITO. PKA concentration is 5énU/

Fig. 3. Effect of P-g-GN4 concnetration (A) and PKA incubation time on tHeCP

response of the biosensor. PKA concentration ig/s0L.

Fig. 4. (A) The PEC response of the biosensor with dffi€iPKA concentrations. a-h:
0.05, 0.1, 0.5, 1, 5, 10, 30, 50 U/mL. (B) The éineorrelation between PEC intensity
and PKA concentrations. (C) The PEC response chafigihe biosensors with

different protein kinase. The concentration ofetiént protein kinase is 50 U/mL. (D)
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The PEC response of ten biosensors fabricated emdigmtly. PKA concentration is

50 U/mL.

Fig. 5. The PEC response of the biosensor afteibitidy with different

concentrations of ellagic acid. a-j: 0, 2, 4, 618, 12, 14, 16, 18M. Inset graph is

the plot for the inhibition percent versus ellagacid concentration. PKA

concentration is 50 U/mL.

Fig. 6. Thehistogram of the relative activity of PKA in difiemt samples..
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Table 1. The comparison of the detection perforraaidhe developed PEC assay

with other methods for kinase activity

Methods Kinase Linear range (unit/mL) LOD (unit/mL) Refs.
Fluorescence PKA 0.5-500 0.1 [32]
Fluorescence PKA 0-400 0.47 [33]
Fluorescence PKA/CK2 0.0833 [34]
Fluorescence PKA 0-1000 0.5 [35]
FRET PKA 0.08 [36]
Electrochemistry PKA 0.15 [19]
QCM PKA 0.64-22.33 0.061 [37]
Photoluminescent  CK2 0.1-1 0.03 [38]
ECL PKA 0.01-100 0.005 [39]
ECL PKA 0.07-32 0.07 [40]
ECL PKA 0-100 0.005 [41]
PEC assay PKA 0.05-50 0.077 This work

ECL: electrochemiluminescence; QCM: quartz crystarobalance; CK2: casein kinase 2; FRET:

Fluorescence Resonance Energy Transfer
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Highlights
1. A novel photoelectrochemical biosensor is fabricated for kinase activity assay.
2. Phosphorylated g-C3N, is used as the photoelectric conversion material with
visible-light activity.
3. The high affinity between Zr** and the phosphate group causes the assembly of
P-g-C3N,4 on the substrate peptide.
4. The developed method can be applied to detect kinase in real samples.



