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ABSTRACT: Protein kinase activity analysis is essential and important for elucidation of many fundamental biological
processes, disease diagnosis, and drug discovery. Herein, a novel electrochemical biosensing method for protein kinase (PKA)
activity was demonstrated by the use of a reduced graphene oxide-zirconium dioxide−thionine (rGO-ZrO2−Thi)
nanocomposite, which interestingly served as an integral phosphopeptide-recognizing, signal amplifying and reporting
platform. The ZrO2 nanoparticle-decorated reduced graphene oxide (rGO-ZrO2) was first prepared by a hydrothermal reaction
route, and then the thionine was conjugated onto the rGO surface via π−π stacking as an excellent electrochemical probe. The
prepared rGO-ZrO2−Thi nanocomposites were well-characterized by various techniques. With the full advantage of specific
recognition of ZrO2 nanoparticles for the phosphate group, signal amplification, and transduction of abundant thionines onto
the rGO surface, and excellent conductivity of rGO, the rGO-ZrO2−Thi nanocomposite endowed a label-free and one-step
electrochemical analysis of kemptide phosphorylation catalyzed by PKA. The detection limit for PKA activity was
experimentally achieved as 0.005 U/mL, which was evidently lower than most of the reported methods. The proposed sensing
strategy could be also applied for an efficient inhibitor evaluation. Therefore, it offered an excellent pathway for a generic and
sensitive electrochemical assay of PKA activity and inhibitor.
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1. INTRODUCTION

Protein kinase (PKA) can catalyze protein phosphorylation
that is involved in cellular signal transduction to regulate many
essential cellular functions.1−3 An aberrant level of PKA
activity and phosphorylation state has been directly connected
with many clinical diseases, for example, cancer and immune
deficiency-, neurodegenerative-, and endocrinological disorder-
related diseases.4−6 Protein kinases are also widely used as
therapeutic targets for drug design and discovery.7,8 Thus,
identification of PKA activity is essential and important for
elucidation of signal transduction mechanisms, understanding
of fundamental biological processes, disease diagnosis, and
drug discovery.

During the past decades, there have been numerous reports
that focus on the analysis of PKA activity by different
techniques including electrochemistry, fluorescence, color-
imetry, photoelectrochemistry, electrochemiluminescence,
etc.9−19 Among them, electrochemical methods show some
prominent advantages, for example, intrinsic stability, simple
instrumentation, operational flexibility, ease of miniaturization,
and good sensitivity. The detection principle for PKA by these
existing techniques can be concluded as two classes. The
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labeling technique can be regarded as a widely used type for
PKA activity evaluation. In this case, the radioactive,
electroactive, fluorescent, biotin, or thiol labels could be
introduced into the kemptide substrate after PKA catalysis with
the use of corresponding ATP analogues as alternatives and
then for direct or amplified analysis of PKA.20−25 Another type
relies on the phosphorylation-specific recognition elements, for
example, antibody, metal ions, metal complexes, and nanoma-
terials, which play a signal mediation or transition role for
profiling protein kinase activity.26−31 For example, the Liu and
Li groups realized the sensitive fluorescence analysis of PKA on
the basis of novel rare earth ion-functionalized microbead or
Zr4+-functionalized mesoporous SiO2 microspheres.32,33 These
endeavors have made great progress for PKA analysis, but the
involved labor-intensive labeling procedures or radiolabeling or
specialized assay reagents increase the assay complexity and
cost. Also, the detection sensitivity toward PKA needs to be
further upgraded to serve better for disease diagnosis and drug
discovery. Currently, Zr4+ has been well-employed for the
enrichment of a phosphorylated peptide since its multi-
coordinative interaction with a phosphate group.34,35 It has
also been explored to fabricate a sensitive PKA biosensor. For
example, DNA-, polymer-, or nanomaterial-based signal
amplification systems have been established for the sensitive
PKA assay using this Zr4+ multicoordination-based signal
transduction method.36−41 However, they are often plagued
with the relatively complex operation procedures on the
electrode. Therefore, the fabrication of an electrochemical
biosensor with the advantages of simplicity, reliability, and
striking sensitivity still remains a great challenge for PKA
analysis.
Herein, we introduced a simple but very sensitive protocol

for electrochemical monitoring of PKA activity with the use of
a new reduced graphene oxide-zirconium dioxide−thionine
(rGO-ZrO2−Thi) nanocomposite as an all-in-one platform for
phosphopeptide recognition, signal amplification, and readout.
The ZrO2 nanoparticle-decorated reduced graphene oxide
(rGO-ZrO2) was first prepared via a simple hydrothermal
reaction process.42−44 Then the electrochemical probe,

thionine (Thi), was conjugated onto the rGO surface via
π−π interaction to obtain a rGO-ZrO2−Thi nanocompo-
site.45,46 As to this nanocomposite, ZrO2 was committed to
phosphopeptide recognition. Due to the unique electronic
properties and large surface area of rGO, the adsorbed
abundant thionine molecules on it were responsible for signal
amplifying and reporting. The obtained rGO-ZrO2−Thi
nanocomposite was then used for PKA biosensor fabrication.
The immobilized kemptide on the electrode could be
phosphorylated by PKA and ATP and then captured by the
rGO-ZrO2−Thi nanocomposite for amplified electrochemical
responses related with PKA activity.

2. EXPERIMENTAL SECTION
2.1. Reagents and Materials. Graphene oxide was directly

purchased from Shanghai Tanyuanhuigu Co., Ltd. (Shanghai, China).
Cysteine-terminated kemptide (LRRASLGGGGC) and ATP were
obtained from Sangon Biotech Co., Ltd. (Shanghai, China). The
cAMP-dependent protein kinase (PKA), exonuclease III (Exo III),
and T4 polynucleotide kinase (T4 PNK) were obtained from New
England Biolabs Inc. (Ipswich, MA, USA). 6-Mercapto-1-hexanol
(MCH), ZrOCl2·8H2O, and thionine (Thi) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Bovine serum albumin (BSA),
thrombin, and fetal calf serum (FBS) were obtained from Dingguo
Biotech Co., Ltd. (Beijing, China). N-(3-Chlorophenyl)-6,7-dime-
thoxy-4-quinazolinamine (Tyrphostin AG1478), ellagic acid, and N-
[2-(p-bromocinnamylamino)ethyl]-5-isoquinolinesulfonamide dihy-
drochloride (H-89) were supplied by Aladdin Reagents Inc.
(Shanghai, China).

2.2. Synthesis of the rGO-ZrO2 Nanocomposite. The
synthesis of the rGO-ZrO2 nanocomposite was based on a simple
hydrothermal reaction process.42−44 Briefly, 0.004 g of ZrOCl2·8H2O
and 0.004 g of GO were mixed into 20 mL of deionized water, and the
mixture was ultrasonically treated for 1 h. The hydrothermal reaction
for the above mixture was operated at 160 °C for 10 h. Then, the
precipitate was collected by centrifugation at 5000 r/min for 5 min
and thoroughly washed with deionized water. After the precipitate was
freeze-dried (−80 °C, 24 h), the rGO-ZrO2 nanocomposite was
obtained. The mass ratio of GO and ZrOCl2·8H2O was changed from
1:5 to 1:0.2 for the preparation of different rGO-ZrO2 nano-
composites.

Scheme 1. (A) Schematic Illustration of the Synthesis of the rGO-ZrO2−Thi Nanocomposite and (B) Fabrication Principle of
the Electrochemical Biosensor for the Protein Kinase Activity Assay
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2.3. Assembly of Thionine on the rGO-ZrO2 Nanocompo-
site. A total of 2.5 mg of rGO-ZrO2 was added into 10 mL of
thionine solution (1 mM), and the mixture was agitated ultrasonically
for 1 h. After filtration through a 0.45 μm nylon filter followed by
thorough washing and vacuum drying, the rGO-ZrO2−Thi nano-
composites were prepared.
2.4. Kemptide Immobilization. The pretreatment of the gold

electrode was operated according to the reported procedure.47 The
immobilization of kemptide was executed by incubating into 200 μM
kemptide in 10 mM Tris-HCl buffer (pH 7.4, 0.2 M NaCl, 10 mM
TCEP, 1 mM EDTA) overnight at room temperature. After being
washed thoroughly with 10 mM Tris-HCl buffer (pH 7.4, 0.1 M
NaCl), the kemptide-immobilized electrode was treated with 1 mM
MCH for 45 min and washed with Tris-HCl buffer.
2.5. PKA-Catalyzed Kemptide Phosphorylation and Recog-

nition by the rGO-ZrO2−Thi Nanocomposite. The phosphor-
ylation of the immobilized kemptide was conducted in 50 mM Tris-
HCl buffer (pH 7.4, 20 mM MgCl2) containing 80 μM ATP and
various concentrations of PKA for 90 min at 37 °C. After being
washed by Tris-HCl buffer, the phosphorylated kemptide was
recognized by 0.5 mg/mL rGO-ZrO2−Thi nanocomposite for 1 h
at room temperature. Then, the electrode was directly used for
electrochemical interrogation.
2.6. PKA Inhibitor Screening. The PKA inhibitor screening was

performed by almost the same procedures as above except that
various concentrations of inhibitor were added into the buffer.
2.7. Electrochemical Measurement. Electrochemical tests for

the modified electrodes were conducted in 10 mM PBS buffer (pH
7.4) by using differential pulse voltammetry (DPV) and cyclic
voltammetry (CV) techniques. DPV was scanned from 0.1 to −0.4 V
with a pulse amplitude and period set at 50 mV and 0.1 s, respectively.
CV was scanned in the potential range from −0.2 and 0.6 V at 50
mV/s. The electrochemical impedance spectroscopy (EIS) character-
ization toward the biosensor fabrication process was conducted in 5
mM [Fe(CN)6]

3−/4− of 10 mM PBS buffer (pH 7.4, 1 M KCl). The
applied frequency was in the range from 0.1 Hz to 10 K Hz.

2.8. Apparatus. The corresponding instruments and types used
for characterization of the nanocomposites and biosensor were listed
in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Preparation of the rGO-ZrO2−Thi Nanocompo-
site and the Detection Principle for Protein Kinase
Activity. The ZrO2 nanoparticle-decorated reduced graphene
oxide (rGO-ZrO2) was first prepared by a facile hydrothermal
reaction process using graphene oxide (GO) and ZrOCl2 as
reactants (Scheme 1A). The ZrOCl2 precursor could be
hydrolyzed into the Zr (IV) complex ions, which were then
physically or chemically adsorbed onto the GO surface and
transformed into ZrO2 nanoparticles under hydrothermal
conditions. Simultaneously, the GO was reduced into rGO
to obtain the rGO-ZrO2 nanocomposite.43,48 Subsequently, the
thionine (Thi) could be attached onto the bare rGO surface
via π−π stacking to obtain the rGO-ZrO2−Thi nano-
composite, which served as an excellent electrochemical
probe because of its high specific surface characteristic, unique
electronic properties, and biocompatibility of rGO.45,46 Then,
the rGO-ZrO2−Thi nanocomposite was explored for the one-
step and label-free electrochemical analysis of kemptide
phosphorylation catalyzed by PKA (Scheme 1B). The
assembly of cysteine-terminated kemptide on the electrode
was based on the interaction of Au with the thiol group of
cysteine. The phosphorylation of immobilized kemptide was
accomplished by the PKA-catalyzed transfer of the γ-phosphate
group of ATP into the serine of kemptide. The phosphorylated
kemptide then directly captured the rGO-ZrO2−Thi nano-
composite by the multicoordinative interaction between ZrO2

Figure 1. TEM images for GO (A) and rGO-ZrO2 (B). (C) High-resolution TEM image of rGO-ZrO2. (D) XRD patterns of GO and rGO-ZrO2.
(E) Corresponding elemental mapping images of C, O, and Zr. (F) FTIR spectra of GO and rGO-ZrO2.
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and the phosphate group, generating an amplified electro-
chemical response toward PKA activity.
3.2. Experimental Characterization of GO, rGO-ZrO2,

and rGO-ZrO2−Thi Nanocomposites. The morphology
characterization toward GO and rGO-ZrO2 was shown in
Figure 1. The TEM image of GO appeared transparent and
folded over the edges (Figure 1A). The ZrO2 nanoparticles
with the size mostly in the range 5−20 nm were grown onto
the rGO surface (Figure 1B). A high-resolution TEM image
revealed that the measured interplanar spacing of a single
crystalline ZrO2 nanoparticle was about 0.294 nm, which was
consistent with the value of monoclinic ZrO2 (Figure 1C). The
corresponding SEM characterizations and photographs toward
GO and rGO-ZrO2 were also shown in Figure S1. The
crystalline structures for GO and rGO-ZrO2 were characterized
by XRD methods and shown in Figure 1D. The GO showed a
diffraction peak at 2θ = 10.8°, which corresponded to the
(001) reflection of GO. Such a diffraction peak disappeared for
rGO-ZrO2, suggesting the successful reduction of GO into
rGO. Also, other diffraction peaks related with ZrO2 could
conform well with the card (JCPDS no. 37-1484), indicating a
monoclinic crystal phase of ZrO2 on the rGO surface.49 The
successful synthesis of rGO-ZrO2 nanomaterials was further
characterized by FTIR spectra (Figure 1F). The corresponding

absorption bands were listed in Table S1. The GO showed the
characteristic peaks corresponding to the oxygen-containing
groups. These peaks disappeared or decreased for rGO-ZrO2,
indicating again the successful reduction of GO into rGO
during the hydrothermal treatment.50 The new peaks located
at about 742 and 590 cm−1 were due to the Zr−O stretching
vibrations. The new broad peak at 1162 cm−1 might be
attributed to the C−O−Zr bond, suggesting the chemical
interaction of formed ZrO2 with rGO.44 The EDX spectra
revealed the corresponding elements and contents of C, O, and
Zr in GO and rGO-ZrO2, respectively (Figure S2). Also, it
could be seen from the elemental mapping images (C, Zr, and
O) of rGO-ZrO2 that the ZrO2 nanoparticles were
homogeneously distributed onto the rGO surface (Figure
1E). The thermogravimetric (TG) curves illustrated that rGO-
ZrO2 possessed a remarkable thermal stability compared to
GO (Figure S3).
XPS is a powerful technique that can directly allow the

analysis of elemental composition of the GO, rGO-ZrO2, and
rGO-ZrO2−Thi nanocomposites. The full XPS scan for the
GO, rGO-ZrO2, and rGO-ZrO2−Thi nanocomposites was
shown in Figure 2A. An increase of C/O ratio from 1.91 (GO)
to 2.73 (rGO-ZrO2) indicated the decreased oxygen-
containing groups after reduction. After thionine adsorption

Figure 2. XPS survey spectra of GO, rGO-ZrO2, and rGO-ZrO2−Thi (A). The C 1s binding energy of GO (B) and rGO-ZrO2 (C). The O 1s
binding energy of GO (D) and rGO-ZrO2 (E). The Zr 3d binding energy of the rGO-ZrO2 and rGO-ZrO2−Thi nanocomposites (F). The N 1s
(G) and S 2p (H) binding energy of the rGO-ZrO2−Thi nanocomposite.
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onto the rGO-ZrO2 surface, the C/O ratio was further
increased to 3.93. The C 1s peaks for GO and rGO-ZrO2 were
split into three peaks corresponding to CC/CC, CO,
and CO, respectively (Figure 2B,C), which were in basic
accordance with the FTIR results. Also, in O 1s of rGO-ZrO2,
a peak at 530.8 eV corresponding to Zr−O appeared besides
the peaks for CO and COC/COH (Figure 2D,E). It
could be further seen that the binding energy of the C 1s and
O 1s peaks of rGO-ZrO2 increased compared with GO,
suggesting the electron supply from Zr to C and O. The Zr 3d
of rGO-ZrO2 (Figure 2F) was split into Zr 3d5/2 (182.90 eV)
and Zr 3d3/2 (185.24 eV), which was the typical characteristic
for the Zr4+ ion in the full oxidation state.42,49,51 After assembly
of thionine on rGO-ZrO2, the Zr 3d5/2 peak at 182.9 eV of
rGO-ZrO2 was shifted to 182.4 eV for rGO-ZrO2−Thi, which

could be attributed to the electrostatic attraction force between
zirconium and thionine. It also confirmed the adsorption of
thionine onto the rGO surface via π−π stacking.43 Also, as
shown in Figure 2G,H, two new peaks centered at 164.1 and
399.7 eV correspond to the S 2p and N 1s of thionine, further
revealing the existence of thionine on the rGO-ZrO2 surface.

3.3. UV−Vis, Fluorescence, and Raman Spectroscopy
Characterizations toward the rGO-ZrO2−Thi Nano-
composite. The assembly of thionine onto the rGO-ZrO2
surface was verified by UV−vis spectroscopy (Figure 3A). The
GO displayed a typical absorption peak at 228 nm and a
shoulder peak at 300 nm.46,52 The maximum absorption of
rGO-ZrO2 shifted to be about 260 nm, suggesting the
reduction of GO into rGO for the recovery of electronic
conjugation. The thionine showed two characteristic peaks at

Figure 3. (A) UV−vis spectroscopy of GO (red), rGO-ZrO2 (green), thionine (blue), and rGO-ZrO2−Thi (dark cyan) in the aqueous solution,
respectively. (B) Fluorescence spectroscopy for GO (red), rGO-ZrO2 (green), and thionine before (blue) and after (dark cyan) the addition of
rGO-ZrO2. (C) Raman spectroscopy of GO (red), rGO-ZrO2 (green), thionine (blue), and rGO-ZrO2−Thi (dark cyan), respectively.

Figure 4. Electrochemical impedance spectroscopy (A) and cyclic voltammetry (B) for the differently assembled electrodes in 5 mM
[Fe(CN)6]

3−/4− of 10 mM PBS buffer (pH 7.4, 1 M KCl) including the bare gold electrode (a), kemptide-immobilized electrode (b), after MCH
blocking (c), phosphorylation of kemptide (d), and recognition with the rGO-ZrO2−Thi nanocomposite (e). EIS was operated with the frequency
range from 0.1 Hz to 10 kHz and the amplitude of 5 mV. The dashed (a′−e′) and solid lines (a−e) were for experimental and simulated EIS
curves, respectively. The inset shows the corresponding equivalent circuit. The scan rates for CV were 100 mV/s. Differential pulse voltammetric
(C) and cyclic voltammetric (D) responses of the fabricated PKA biosensor toward blank (a) and 20 U/mL PKA (b) in 10 mM PBS (pH 7.4). The
curve (c) was obtained by using rGO-ZrO2 as the substitute of the rGO-ZrO2−Thi nanocomposite. The ATP concentration is 80 μM. The reaction
time for PKA catalysis is 1.5 h.
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about 283 and 600 nm, respectively,53 which could be also
observed in the obtained rGO-ZrO2−Thi nanocomposites.
The fluorescence experiment further evidenced the assembly of
thionine onto the rGO-ZrO2 surface (Figure 3B). It is well-
known that graphene oxide can work as a quencher when it
interacts with the fluorescent molecules. The thionine in the
solution displayed a fluorescence emission at 638 nm. The
fluorescence intensity evidently decreased after addition of
rGO-ZrO2, suggesting an interaction between thionine and
rGO-ZrO2. Raman spectroscopy characterizations were shown
in Figure 3C. Two characteristic peaks at 1355 and 1589 cm−1

corresponding to D and G bands of carbon atoms were
observed in GO and rGO-ZrO2.

54 The typical peaks of
thionine (807, 912, and 1389 cm−1) were also seen in the
spectrum of the rGO-ZrO2−Thi nanocomposite, which could
be attributed to the atom vibration of thionine rings.55 These

experiments fully evidenced the assembly of thionine onto
rGO-ZrO2 to form a rGO-ZrO2−Thi nanocomposite.

3.4. Electrochemical Characterization of the Bio-
sensor Fabrication Process and Detection Feasibility
toward PKA. The stepwise assembly processes for PKA
biosensor fabrication were followed by electrochemical
impedance spectroscopy (EIS) methods (Figure 4A). The
inset showed the corresponding equivalent circuit. The
experimental curves for differently modified electrodes (dashed
lines from a′ to e′) agreed well with the simulated curves (solid
lines from a to e). The obtained parameters by fitting Nyquist
plots were shown in Table S2. A straight curve was observed
for the bare electrode, indicating a diffusion-controlled
electrochemical process (curves a and a′). After kemptide
and MCH assembly on the electrode, the charge transfer
resistance (Rct) was increased sequentially with the obtained
values of 1032 Ω (curves b and b′) and 2481 Ω (curves c and

Figure 5. (A) DPV responses of the fabricated biosensor toward different concentrations of PKA. The concentrations for the curves (a−l) were 0,
0.005, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 5, 10, 20, and 50 U/mL, respectively. (B) Calibration curve between DPV peak current and PKA concentration.
The inset shows the linear relationship. (C) Selectivity test of the fabricated biosensor toward different proteins including bovine serum albumin
(BSA, 1 μM), thrombin (1 μM), Exo III (20 U/mL), T4 PNK (20 U/mL), and PKA (20 U/mL). (D) Electrochemical responses in buffer and 5%
diluted FBS spiked with different concentrations of PKA. (E) Relationship of DPV responses with ellagic acid and tyrphostin AG 1478
concentrations. The used concentrations for ellagic acid and tyrphostin AG 1478 were 1, 3, 5, 7, 9, 11, 13, 15, and 20 μM. (F) Relationship of DPV
responses with H-89 concentrations. The used concentrations for H-89 were 10, 20, 50, 100, 200, 500, and 1000 nM, respectively. The PKA and
ATP concentrations used in panels E and F were 20 U/mL and 80 μM, respectively.
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c′), suggesting the inhibition effect of immobilized insulating
molecules on the [Fe(CN)6]

3‑/4‑ diffusion. After kemptide
phosphorylation catalyzed by PKA, the electrochemical
impedance increased slightly to 2815 Ω, which might be due
to the introduced negative charge after kemptide phosphor-
ylation (curves d and d′). After the binding of rGO-ZrO2−Thi
on the electrode via the multicoordinative interaction of ZrO2
with the phosphate group, the impedance was observed with a
further increase (3512 Ω) (curves e and e′). Although rGO has
been well-known to improve the electron transfer ability, the
observed phenomenon of the increased Rct value might be
induced by the anchored ZrO2 with the increased negative
charges. The corresponding cyclic voltammetric character-
izations for the differently modified electrodes were shown in
Figure 4B. The nearly reversible redox peaks of [Fe(CN)6]

3‑/4‑

could be seen on the bare electrode surface (curve a).
Following a stepwise assembly of the biosensor fabrication
process, the peak current decreased and the peak-to-peak
potential (ΔEp) increased sequentially (curves b to e),
indicating the suppressive [Fe(CN)6]

3‑/4‑ diffusion for the
decreased electrochemical response after a stepwise assembly
process. The cyclic voltammetric responses for the differently
assembled electrodes were basically in accordance with the EIS
results, indicating the successful fabrication of an electro-
chemical biosensor.
The detection feasibility toward PKA activity was then

confirmed and shown in Figure 4C,D. An evidently amplified
DPV response related with the electrochemical reduction of
thionine at about −0.16 V could be observed after kemptide
phosphorylation by PKA and binding with the rGO-ZrO2−Thi
nanocomposite (curve b in Figure 4C). Also, a pair of large
redox peaks of thionine could be seen in the CV results (curve
b in Figure 4D). The linear relationship between peak currents
and scan rates indicated the surface-controlled electrochemical
redox process (data not shown). The electrochemical response
was only very small when no PKA was applied (curve a in
Figure 4C,D), suggesting that no phosphate group was
introduced in the kemptide and that the rGO-ZrO2−Thi
could not effectively bind on the electrode surface.
Furthermore, we used rGO-ZrO2 with no thionine assembly
as a comparison. No electrochemical responses could be
obtained (curve c in Figure 4C,D). These experiments fully
evidenced the electrochemical detection feasibility toward PKA
activity. The signal-to-background (S/B) value for the
detection of 20 U/mL PKA could reach an exciting value of
about 20. It should be noted that, in the case of detection
toward different types of protein kinases, especially with
negatively charged kemptide substrate, the nonspecific electro-
static interaction between the rGO-ZrO2−Thi nanocomposite
and kemptide might exist for a relatively high background
signal. However, the multicoordinative interaction between
ZrO2 and the phosphate group would dominate. Also, the
nonspecific electrostatic interaction between the rGO-ZrO2−
Thi nanocomposite and kemptide might be decreased to some
extent by changing the solution pH or even the kemptide
sequence. Thus, the current rGO-ZrO2−Thi nanocomposite
has the potential for the generic detection of different protein
kinases.
3.5. Experimental Condition Optimization. The

experimental optimization was performed to pursue the best
detection performance (Figure S4). The immobilization
concentration of kemptide was first determined as 200 μM,
superior to other employed concentrations (Figure S4A). The

loading amount of ZrO2 onto the surface of rGO would impact
the detection toward PKA activity. Too much of ZrO2
decorated onto the rGO surface would be not beneficial for
the further assembly of thionine onto the nanocomposite, but a
low amount of ZrO2 might limit the recognition of
nanocomposite for the phosphorylated kemptide. Our
experimental results showed that the rGO-ZrO2−Thi nano-
composite prepared by GO and ZrOCl2 with a mass ratio of
1:1 was superior to that by other mass ratios (Figure S4B).
The thionine concentration for the preparation of the rGO-
ZrO2−Thi nanocomposite was also optimized. It could be seen
that the rGO-ZrO2−Thi nanocomposite prepared by 1 mM
thionine could almost achieve the maximum response toward
PKA activity detection, suggesting the saturation adsorption of
thionine onto the rGO surface (Figure S4C). Furthermore, the
ATP concentration, PKA catalysis time, and temperature were
optimized as 80 μM, 90 min, and 37 °C, respectively (Figure
S4D−F).

3.6. Detection Performance of the Fabricated
Biosensor toward PKA Activity. The sensing performance
toward PKA activity was further explored and shown in Figure
5A. A stepwise increase of the DPV response could be seen
upon the addition of increasing PKA concentration (0−50 U/
mL), indicating a concentration-dependent response manner.
The calibration curve for the peak current versus PKA
concentration was obtained (Figure 5B). A linear plot as Y
(peak current, μA) = 0.26 + 4.90 X (concentration, U/mL)
was demonstrated in the PKA concentration range 0.005−0.2
U/mL (correlative coefficient, 0.9921). The detection limit
toward PKA could be experimentally achieved as 0.005 U/mL,
which was evidently lower than the vast majority of reported
methods (Table S3). Thus, the fabricated PKA biosensor
could achieve the ultrasensitive detection toward PKA activity.
Six repetitive measurements toward three concentrations of
PKA (0.5, 1, and 20 U/mL) displayed the relative standard
deviations (RSDs) of 6.79%, 7.3%, and 5.8%, respectively.
Thus, the detection reproducibility of the current biosensor for
PKA is satisfied.
The selectivity test of the current biosensor toward several

different proteins was also conducted (Figure 5C). Only a
distinct electrochemical response toward PKA could be
obtained when compared with other nonspecific proteins.
Also, we attempted the PKA detection in the diluted serum
samples by the current biosensor to verify its applicative
potential in a relatively complex biological matrix (Figure 5D).
The blank serum could only give a slightly larger electro-
chemical response than the blank buffer, suggesting that the
diluted serum itself contained no or only a very little amount of
PKA, which could be not discriminated by the current
biosensor. Also, the current responses in the serum toward
PKA were comparable with that in the buffer and intensified
with the increasing concentrations of spiked PKA. This
strongly suggested the applicative potential in the complex
biological sample.

3.7. Inhibitor Screening of the Current PKA Bio-
sensor. The developed electrochemical biosensor was further
explored for PKA inhibitor screening. Herein, ellagic acid and
H-89 were chosen since they had been well-recognized as
efficient PKA inhibitors. The DPV response could be
effectively inhibited whether for the addition of ellagic acid
or H-89 (Figure 5E,F). The IC50 values of ellagic acid and H-
89 were obtained as 5.36 μM and 67 nM, which were basically
consistent with the reported values.25,30,56,57 Also, a tyrosine
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kinase inhibitor (tyrphostin AG 1478) was used to check its
effect on PKA activity. In this case, only a negligible DPV peak
current change could be observed upon addition of an
increasing tyrphostin AG 1478 concentration, suggesting no
inhibition effect on PKA activity. These experiments showed
the potential of the current fabricated biosensor in the PKA
inhibitor screening.

4. CONCLUSION
In the current study, a novel rGO-ZrO2−Thi nanocomposite
was successfully prepared and directly used for label-free
electrochemical analysis of PKA activity. The rGO-ZrO2−Thi
nanocomposite was well-characterized by various techniques. It
took full advantage of the specific recognition of ZrO2
nanoparticles for the phosphate group, the abundant thionines
attached onto the rGO surface for signal amplification and
transduction, as well as unique electronic properties of rGO.
The fabricated PKA biosensor by the rGO-ZrO2−Thi
nanocomposite could effectively avoid the expensive or
specialized assay reagents or complex post-treatment proce-
dures for many existing PKA assay methods. The detection
limit toward PKA could be achieved as 0.005 U/mL. Also, it
could be efficiently applied for inhibitor screening. Therefore,
the currently fabricated biosensor could be used as a generic
and sensitive strategy for the protein kinase activity assay to
serve for disease diagnosis, prognosis, and drug discovery.
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