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ABSTRACT

Herein, a novel electrochemiluminescence resonaneegy transfer (ECL-RET) biosensor
using graphene quantum dots (GQDs) as donor anghgna oxide (GO) as acceptor for
monitoring the activity of protein kinase was prasel for the first time. Anti-phosphoserine
antibody conjugated graphene oxide (Ab-GO) nonoasie could be captured onto the
phosphorylated peptide/GQDs modified electrodeaserfthrough antibody-antigen interaction
in the presence of casein kinase Il (CK2) and asieed3-triphosphate (ATP), resulting in ECL
from the GQDs quenching by closely contacting GBISTECL quenching degree was positively
correlated with CK2 activity. Therefore, on the isasf ECL-RET between GQDs and GO, the
activity of protein kinase can be detected serdlifivThis biosensor can also be used for
guantitative analysis CK2 activity in serum sampes qualitative screening kinase inhibition,
indicating the potential application of the deveddpmethod in biochemical fundamental

research and clinical diagnosis.

Keywords. Electrochemiluminescence resonance energy tnan§&eaphene quantum dots;

Casein kinase Il activity; Graphene oxide.



1. Introduction

Protein kinases can catalyze the phosphorylatioprofeins by transferring phosphate
groups from adenosiné-Biphosphate to the OH group of an amino acid siol&in in peptides
or proteins and generate adenosine diphosphatesiprbcess. Protein kinases make up a huge
super family of enzymes (termed the “kinome”) andypa critical regulatory role in many
fundamental biological processes [1]. With morentlB80 protein substrates identified to date,
the Ser/Thr-specific protein kinase-casein kinds¢CK2) is probably the most pleiotropic
member of the human kinome. Abnormal expressionaskin kinase has been implicated in a
number of diseases including cancers, HIV and Ainkes disease [2-4]. The identification of
kinase activities and their potential inhibitorsnist only essential for basic biology to clarify
molecular mechanisms of signal transduction, bbb avaluable for kinase-targeted drug
discovery. The methods for the measurement of préiease activities include isotope labeling
technique [5,6], mass spectroscopy [7], electrodsieyn[8], and magnetic resonance imaging
[9]. Although these methods all have their own adages, most of them suffer from the
drawbacks such as harmful radioactive labels, sapeed/sophisticated instrumentation,
complicated sample handling, or tedious operatjh@F Therefore, the development of sensitive,
reliable, and cost-effective protein kinase assfaysdisease diagnosis and high-throughput
screening of kinase inhibitors still remains a gckallenge.

Resonance energy transfer (RET) between molecwleish plays a central role in many
areas of modern chemistry and physics, is recogna®e a sensitive and reliable analytical

technique dependent on the spectral overlap beteeergy donor and acceptor as well as their



separation [11]. In recent years, RET systems basetthe varied forms of luminescence have
been developed for the assay of protein, immungassa biosensing [12-14]. Clegg summed
up fluorescence resonance energy transfer (FREdrpaph for proteins and nucleic acids assays
[15]. Recently, biosensor based on FRET from Cd$®/quantum dots (QDs) to fluorophore for
CK2 assay has been developed [16]. Although gosditeewere obtained, it suffered from the
strong  background  autofluorescence caused by theterna illumination.
Electrochemiluminescence resonance energy tra(iS@-RET), which occurred based on the
overlap of the ECL spectrum of the ECL species i absorption spectrum of the acceptor,
was a promising approach for further study of epdrgnsfer. Due to the advantage of the
absence of background arising from nonselectivegaxaitation, high sensitivity, wide dynamic
concentration response range, and so on [17], @le-ET assays have been used for DNA
detection [18,19], cytosensing [20,21], and immwsed [22]. However, the inherent toxicity of
Cd-based semiconductors used in most ECL-RET &udmay raise serious health and
environmental problems [23]. Therefore, the sedorhbenign nanomaterials with strong and
stable ECL emission as donor has become an urgal¢icge.

Graphene quantum dots (GQDs), the recently emergadpon-based materials, are
graphene sheets smaller than 100 nm. Due to theyttoxicity and attractive biocompatibility,
it is of considerable interest to study the ECL&ebrs of GQDs. Up to now, few studies have
been found involving the ECL research of GQDs. 2hal. synthesized two-color GQDs and
applied them for detection of &din ECL biosensing [23]. Qiu et al. developed an RBs

mediated dual-potential ECL ratiometric sensingrapph for protein kinase A analysis using



GQDs and luminol as emitters [24]. Lu and co-woskezported the biosensor based on the
ECL-RET between GQDs and Au NPs in solution foedgbn of p53 ssDNA [25]. Graphene, a
two-dimensional carbon crystal with only one atdmcthkness, can act as an excellent energy
acceptor due to its extraordinary electronic proeer[26]. Dong et al. designed a novel
biosensor for effective detection of target DNARKRET from CdTe QDs to graphene oxide (GO)
[27]. Zhao et al. proposed a universal immunosensimnategy based on interaction between
graphene and GQDs for sensitive detection of hummanunoglobulin G [28]. Owing to the
similar nature of the QD-based ECL emission andgbminescence, energy transfer between
QD and GO has been considered for the design of@ivibased ECL analytical methodologies
[29]. However, no references have been found tlo#t 6QDs as the donor and GO as the
acceptor are integrated into one system for ECL-Ri6&nalysis.

In this work, a novel ECL-RET system using GQDsdasor and GO as acceptor was
designed for monitoring the activity of protein &se (Scheme 1). Using CK2 as a model, the
biosensor was fabricated by covalent binding GQDbt& ahitosan film electrode and then
functionalized with peptides through the amide tieacto form peptide/GQDs modified
electrode. In the presence of CK2 and adenosiftriphosphate, the peptides were
phosphorylated, and then anti-phosphoserine antibodjugated graphene nanocomposite was
captured onto the phosphorylated peptide/GQDs relget surface, resulting in high ECL
guenching of GQDs. This ECL quenching degree wagipely correlated with CK2 activity. To
the best of our knowledge, it is the first timepfile the kinase activity based on ECL-RET

mechanism using GQDs as donor and GO as accepapeatively. Thus, sensitive kinase



activity assay and quantitative kinase inhibitaesning can be achieved using this strategy.

Scheme 1

2. Experimental
2.1. Materials and Reagents, Apparatus, Synthesis of Graphene Oxide Sheets and GQDs, and
Preparation of Ab-GO Bioconjugates were presented in Supplementary Material.
2.2. Preparation of the Biosensor

The glassy carbon electrode (GCE) was polished Wwi?h0.3, and 0.0pm a-Al,O3 powder
on fine abrasive paper and then rinsed with ethandl water. After the electrode was rinsed
thoroughly with ultrapure water and allowed to dryh N, at room temperature, 1 chitosan
(CS) solution (0.5% w/w) was dropped on the GCHasa and dried in air. The resulting
CS/GCE was then immersed in a solution containidgn@y/mL carboxylated GQDs and 5 mM
EDC for 5 h at room temperature to obtain GQDs/CHGAfter rinsing with 0.1 M pH 7.4 PBS,
the electrode was dipped into a solution contaisimgM EDC, 8 mM NHS, and 50M peptide
at room temperature in darkness for 8 h to yielgtide/GQDs/CS/GCE. CK2-catalyzed
phosphorylation reaction was performed by placimg modified electrode in an assay buffer
solution (20 mM Tris-HCI and 20 mM Mgg&lpH 7.4) containing a desired amount of CK2 and
ATP at 37 °C for 2 h. The phosphorylated peptidelified electrode was obtained. For CK2
inhibitor assay, the procedures were similar asv@bexcept that different concentrations of
inhibitor were added in the CK2 reaction mixture.

2.3. ECL Characterization and Kinase Activity Detection



The phosphorylated peptide modified electrode wasnersed into a monoclonal
anti-phosphoserine antibody conjugated graphenecaamposite (Ab-GO) solution at 25 °C for
1 h to capture Ab-GO onto the phosphorylated peE@®Ds/CS/GCE surface due to the
specific antibody-antigen interaction. After bewgshed to remove the nonspecific adsorption,
the resulting electrode was characterized by an EChnique in 0.1 M pH 7.4 PBS buffer
solution containing 0.1 M §5,05 and 0.1 M KCI, the potential range was set frotg td 0 V.

3. Results and discussion
3.1. Characterization of GO and GQDs

The morphology, structure and optical propertie&GQIDs were examined by transmission
electron microscopy (TEM), Fourier transform in&dr (FTIR), UV-vis absorption, and
photoluminescence (PL) spectra. The TEM image of d&played a uniform structure, which
appeared transparent and was folded over on oreewitly isolated small fragments of graphene
on its surface (Fig. 1A). After hydrothermal treatm of graphene sheets [30], the formed GQDs
were dispersed with an average diameter of ca. 8(Figm 1B), confirming the successful
synthesis of high crystallized GQDs [31,32]. Faz #TIR spectrum of GQDs (Fig. 1C, curve a),
the vibrational absorption band associated withstnetching of C-OH at 1240 ¢fand C-O-C
groups at 1052 ci became weaker after the hydrothermal reductioterAthloroacetic acid
activation, the resulting GQDs derivative showeadrgger absorption bands at 1725 ¢m240
cm* and 1052 cit (Fig. 1C, curve b), indicating the formation ofrlaxylated GQDs. To
further explore the optical properties of the GQ@Dsl mechanism of PL quenching between the

GQDs and GO, UWvis absorption and PL sptroscopic characterizations were collected (Fig.



1D). GO (curve a) displayed a maximum absorptio228 nm due to the-n* transition of
aromatic C=C bonds and a shoulder around 300 nmtaltiee nz* transition of C=0O bonds
[27,33]. Upon excitation with 310 nm beam, the Rledra of the GQDs (curve b) and
carboxylated GQDs (curve c) showed strong peak&tatnm with a stokes shift of 135 nm.
Obviously, the PL emission of the GQDs had a carsiole spectral overlap with absorption of
GO, which was necessary for efficient energy transfin photoluminescence or
chemiluminescence system. In addition, it was clteat the GQDs were homogeneous and
yellow color under daylight (picture 1) and exhdaitblue photoluminescence under irradiation
by a 365 nm UV light (picture 2). No distinct colohanged in carboxylated GQDs under
daylight (picture 3) and 365 nm UV light (picturg¢ were observed, indicating that nearly no
change in optical properties of GQDs and carbord& QDs occurred. Based on this necessary
overlap for efficient energy transfer in a photoinescence or chemiluminescence system, the

successful ECL energy transfer between GQDs andd@dd be achieved.

Figurel

3.2. Characterization of the Biosensor

The stepwise reactions on the electrode surfaceanfrmed by electrochemical impedance
spectroscopy (EIS). The semicircle portion obseraesigh frequencies corresponds to the
electron-transfer limited process (Ret), a linetipor observes at low frequencies by diffusion
process [34]. As shown in Fig. 2, the bare GCE ada small semicircle domain (curve a),

3-/4-

which implied a low Ret value of the redox coupfeFe(CN)™""". Due to its nonconductive



properties, CS film could inhibit the electron tséer, leading to increased Ret for the redox
probe (curve b). Upon immobilizing carboxylated GQBimply GQDs for short) on the CS
modified electrode, Ret remarkably increased (cwjvdue to the fact that carboxylated GQDs
carried more negative charges [3bhe Ret increased further after the assembly ofigep
(curve d). After the phosphorylation of peptides®y/mL CK2 and 50 uM ATP, the resulting
phosphorylated peptide/GQDs/CS modified electrdaeved a much higher resistance (curve e),
indicating that phosphate groups had been tramsfefrom ATP to peptides under the
catalyzation of CK2. When assembling of Ab-GO oe #hectrode surface through the specific
immunoreaction between phosphorylated peptide asgorylated peptide/GQDs/CS modified
electrode surface and anti-phosphoserine antibodjgated on Ab-GO nanocomposite, the Ret
increased obviously (curve f), the reason coulétbuted to that the formed immunocomplex
on the electrode surface acted as the inert eleaind mass-transfer blocking layer which further
hindered the electron-transfer of Fe(Nfy. To give more detailed information about the
impedance of the modified electrode, a modified dkeusequivalent circuit (inset in Fig. 2) was
chosen to fit the measured results. All these empmartal results demonstrate the sensing

interface has been successfully fabricated accgrtdirscheme 1.
Figure?2

The atomic force microscopy (AFM) technique was leygd to characterize the assembling
processes of the biosensor. AFM image of CS filppeaped a little undulate height less than 1

nm (Fig. 3A). After the modification of GQDs, plgndf dots with a height of ca. 2.0 nm were



presented (Fig. 3B), suggesting that GQDs was sstdéy assembled onto CS film through the
amide reaction. After peptide was covalently botmdhe GQDs/CS surface, larger light dots
were observed and the height increased to ca. Fign3C). When Ab-GO was assembled on
the phosphorylated peptide/GQDs/CS surface, a langgber of prominences with the height of
ca. 21 nm appeared obviously (Fig. 3D), which wassestent with the size of the Ab-GO

bioconjugates (Fig. S1 in the Supplementary Ma®riaemonstrating the successful capture of
the ADb-GO bioconjugates on the phosphorylated deffiQDs/CS surface. The results
demonstrate that the assembling processes of tiserisoican be realized according to Scheme

1.

Figure3

3.3. ECL Behavior of the Biosensor

To demonstrate the feasibility of the developedséisor, ECL response of the different
modified electrodes was investigated in 0.1 M p# FBS containing 0.1 M #5,0s and 0.1 M
KCI (Fig. 4). The ECL-voltage curves of the bareE5€urve a) and CS/GCE (curve b) showed
neglectable ECL emission, indicating the backgrod@d. signal of the electrodes was very low.
After conjugating GQDs on CS modified electrodefas, the cathodic ECL signal appeared
obviously (curve c), demonstrating the strong E@hdvior of GQDs. When peptides were
covalently conjugated to the GQDs/CS electrodeaserfthe ECL signal of the immobilized
GQDs slightly decreased (curve d), due to the smmd electron-transfer resistance and the

inhibition of the peptide to the reaction betweeisiOs and GQDs. A little decrease of the ECL
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signal was observed after assembly of Ab-GO on& péptide/GQDs/CS modified electrode
surface in the presence of 0 U/mL CK2 and 50 uM AdiRve e), due to the slight nonspecific
binding interaction between the peptide and GO.|&Mhie ECL signal decreased distinctly after
the Ab-GO was assembled onto the phosphorylatetide¢B QDs/CS modified electrode surface
in the presence of 5 U/mL CK2 and 50 uM ATP (cufyedemonstrating the successful
fabrication of the ECL-RET sensing platform for &&® activity monitoring. The possible

mechanism of the ECL reaction of GQDs is descrémetbllow [23].

GQDs+ne” - nGQDS
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GQDs ™ +30,” - GQDs +30,”
GQDs - GQDs+ hv

According to the mechanisms, strongly oxidizing,SQadicals and GQDs radicals were
produced by electrochemical reduction e0§ and GQDs, respectively. Then, SOradicals
reacted with GQDS via electron-transfer annihilation, producing ¢edi state GQDswhich
finally emitted light. In the fixed amount of,G¢’", the cathodic ECL intensity at -1.20 V
depended on the concentration of the GQD&hen the Ab-GO was assembled on the
phosphorylated peptide/GQDs/CS film surface throtighantibody-antigen interaction, the GO
was close to GQDs at short proximity, which coulduce the energy transfer from GQDs to GO,
resulting in a decrease of the excited state GQ&rsl thereby the decrease of the cathodic ECL
intensity. At higher kinase activity, more Ab-GO wd be captured onto the electrode surface,

giving better ECL-RET with GQDs. On the basis of ttecreased cathodic ECL signal from the
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ECL-RET between GQDs and GO, kinase activity caddiermined indirectly.
Figure4

3.4. ECL Measurement of CK2 Activity

The analytical performance of the ECL biosensor veasracterized under optimal
experimental conditions (Fig. S2 in the Supplemgndaterials). As shown in Fig. 5A, with
increasing CK2 concentration, the cathodic ECL aigrom GQDs decreased correspondingly.
The decreased ECL intensity linearly depended erCii2 concentration in the range from 0.05
to 5 U/mL with the detection limit of 0.023 U/mL/{&= 3) (Fig. 5B). The detection range of the
method was much wider than those of previously meplo0—0.5 U/mL on an electrochemical
strategy using TIGMWNTs nanocomposites [36], 0.1-1.0 U/mL on a photonescence assay
using GQDs as optical probe [32], and 0.08-2.0 UfnLa fluorescent assay using peptide
biomineralized gold nanoclusters as signal senpnodpe [37]. The detection limit was much
lower than those of 0.1 U/mL on a FRET-based methbg], and 0.03 U/mL on a
photoluminescence assay using GQDs as probe [B2].décreased ECL intensity as a function
of CK2 concentration confirmed our speculation tiet high quenching efficiency of GO to the
ECL of GQDs led to high sensitivity for ECL-RET-leaks biosensing of CK2. These results
demonstrate that the proposed ECL-RET-based syratag be employed for highly sensitive

kinase activity detection in a wide concentratiange.
Figure5

3.5. Kinase Activity Inhibition Evaluation

12



This proposed strategy for the detection of kinas#ivity was further employed to
guantitatively characterize the inhibition of CKZtigity. Ellagic acid, which possesses
anti-mutagenic and anti-carcinogenic propertiea astent and cell-permeable antioxidant [38],
was employed as the model inhibitor in this redeafs shown in Fig. 6A, the ECL signal from
GQDs increased with increasing concentration aigetl acid, and then reached a stable level
when the concentration of ellagic acid was ove’bQuM. The ECL intensity and different
concentrations of the ellagic acid curves were begpn the inset of Fig. 6A. From which the
ICs0 value (inhibitor concentration producing 50% intidn) for ellagic acid was estimated to
be 0.043uM, which was well comparable with that reportedtle literature [38]. To further
demonstrate the potential of this strategy for extirey kinase inhibitors, the inhibition of CK2
phosphorylation activity by other three differemhibitors such as quercetin, emodin, and
5,6-dichlorobenzimidazolefi-D-ribofuranoside (DRB), was also tested by comparECL
signal from samples incubated with inhibitors agaithat without any inhibitor. Different ECL
intensities in the presence of the same conceoradf inhibitors were shown in Fig. 6B.
Quercetin and emodin could strongly inhibit the CH&ivity, while DRB was a relatively
weaker inhibitor, and the inhibition efficiency ellagic acid was the most serious one, in good
agreement with the order obtained in previous tspf89]. Therefore, the above results
demonstrate that our method can be successfully mséhe assay of CK2 inhibitors and the

gualitative screening of kinase inhibitors.

Figure6
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3.6. Specificity of ECL Biosensor

To evaluate the specificity of the assay, défe proteins or enzymes, such as bovine serum
albumin (BSA), glucose oxidase (GOx), and alcoheihydirogenase (ADH), were tested (Fig.
S3). In comparison with that in the case of CK2yatight ECL intensity change was attained
for BSA, GOx, and ADH. These results suggest tihat proposed method possesses high
selectivity to CK2 assay.
3.7. Reproducibility and Precision of ECL Biosensor

ECL emission of the biosensor at CK2 concentradio®.5 U/mL under continuous potential
scans in a 0.1 M PBS containing 0.1 M30g and 0.1 M KCI was shown in Fig. S4. Strong and
stable ECL signals were observed with a relatiemd#rd deviation of 0.97%, which signified
that the ECL biosensor possessed excellent poteythng stability. The reproducibility of the
ECL biosensor was also studied with intra-and tas=ay precision. The intra-assay precision of
the ECL biosensor was evaluated by measuring theJAnL of CK2 activity ten times. The
inter-assay precision was assessed by assayirsguthe level of CK2 activity with ten electrodes.
The intra- and the inter-assay variation coeffitsesbtained from 2.5 U/mL CK2 were 6.7% and
8.1%, respectively, giving acceptable repeatabiitd fabrication reproducibility. When the
biosensor was not in use, it was stored in air itmmdat 4 °C. No obvious change in the ECL
intensity of GQDs was observed after storage fare¢ks, exhibiting a potential application in
practice.
3.8. CK2 Activity Assay in Complex Biological Samples

To further investigate the proposed ECL-RET-basséyin complex biological samples for
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clinic application, the phosphorylation reactionluson was prepared by adding a desired
amount of CK2 in human serum rather than buffeutsmh. As shown in Table S1 in the
Supplementary Materials, the recoveries were irrdinge of 97-103% for measurement of 0.1,
1.0 and 2.5 U/mL CK2 spiked in serum with a maxim®8D of 3.0%, suggesting that the
as-proposed ECL assay holds a great promise irigahapplications for CK2 detection with
great accuracy and reliability.
4. Conclusion

In conclusion, a novel signal-off sensing platfofon sensitive detection of CK2 activity
based on the ECL-RET between GQDs and GO was pedpios the first time. The GO was
acted as the acceptor to quench the cathodic EQQiDs, resulting in a new ECL-RET sensing
approach for CK2 detection. At a higher concerdratof kinase, the more Ab-GO could be
effectively captured onto the phosphorylated pep@@Dsmodified electrode surface, giving
more ECL-RET between GQDs and GO. The ECL quenctegyee was positively correlated
with CK2 activity. As a result, the as-proposed ERET-based biosensor offered a highly
sensitive strategy for CK2 activity monitoring wighlow detection limit, wide linear range, and
good stability. Moreover, the proof-of-concept nuetlalso showed excellent performance on the
accurate and quantitative kinase inhibitor assayifwing with well-known kinase inhibition
systems. It is expected that the novel strategyopién new opportunities for development of the
ECL-RET technique and promote the applicationsaoben-based nanomaterials in bioassays.
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Figure Captions

Scheme 1. lllustration of ECL biosensor for monitoring CK2tavity and inhibitor screening.
Figure 1. TEM images of (A) GO and (B) GQDs. Inset of B:rditer distribution of GQDs. (C)
FT-IR spectra of (a) GQDs and (b) carboxylated GQD3$ UV-vis absorption spectra of (a) GO,
and PL spectra of (b) GQDs and (c) carboxylated &Qbset of D: photographs of GQDs (1
and 2) and carboxylated GQDs (3 and 4) taken uniddale light (1 and 3) and 365 nm UV light
(2 and 4), respectively.

Figure 2. EIS of (a) bare electrode, (b) CS, (c) GQDs/CS, yeptide/GQDs/CS, (e)
phosphorylated peptide/GQDs/CS modified electrodes, (f) electrode (e) after assembly of
Ab-GO. Inset: the equivalent circuit used to moithel impedance data. Rs, solution resistance;
Zw, Warburg diffusion resistance; Cdl, double-lagapacitance.

Figure 3. AFM images of (A) CS, (B) GQDs/CS, (C) peptide/GEROS, and (D)
Ab-GO/phosphorylated peptide/GQDs/CS films.

Figure 4. ECL-time curves of (a) bare electrode, (b) CS,GQDs/CS, (d) peptide/GQDs/CS,
and electrode (d) after assembly of Ab-GO in thespnce of (e) 0 U/mL and (f) 5 U/mL CK2
and 50 uM ATP in 0.1 M PBS containing, 0.1 M KCbahl M KS,Os.

Figure 5. (A) ECL curves of the biosensor at different contcations of CK2 (from a to j: O,
0.05, 0.1, 1.0, 2.5, 5.0, 7.5, 10.0, 20.0 and 30r0L, respectively). (B) Relationship between
the EClggps and the Gko. The detection was performed in 0.1 M pH 7.4 PB&taining 0.1 M
KCl and 0.1 M KS,0g. Scan rate: 100 mV/s. Scan range: -1.6 V~0 V.

Figure6. (A) Relationship between ECL intensity and thdéedldnt concentrations of ellagic acid.
Inset: ECL intensity-time curves of the biosensodiierent concentrations of ellagic acid. (B)
The ECL intensity in the absence of inhibitor (cohtand in the presence of 1M four
different inhibitors (DRB, emodin, quercetin, anthgic acid). The phosphorylation of peptide

was carried out with 10 U/mL CK2 and 50 uM ATP.
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Figure3
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Figure5
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Highlights

® \Wereported anovel ECL-RET biosensor for sensitive analysis of casein kinase 1 activity.
® The successful ECL-RET between GQDs and GO could be established.

® GQDswasemployed for casein kinase Il activity monitoring and inhibition assay.

® Highly sensitive detection of CK2 activity and inhibition was achieved.



