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ABSTRACT: A dual-mechanism-driven ratiometric electrochemiluminescent
(ECL) biosensor was developed for the ultrasensitive detection of protein kinase
activity, which was based on a competitive catalytic reaction and resonance
energy transfer (RET) by assembling gold nanoparticles (GNPs) on two-
dimensional (2D) porphyrinic metal—organic framework (MOF) nanosheets. In
this work, an ECL catalytic reaction competing for dissolved O, proceeded
between 2D copper-based zinc porphyrinic MOF (Cu—TCPP(Zn)) nanosheets
and luminol. Meanwhile, the cathodic ECL of singlet oxygen ('O,), derived from
the electrocatalytic reaction of 2D Cu—TCPP(Zn), would be reduced by the
assembled GNPs due to RET, while the anodic emission of luminol could be
enhanced by GNPs with excellent electrocatalytic activity. With the detection of
protein kinase A (PKA) as an example, this dual-mechanism-driven ECL
biosensor exhibited a broad linear range (0.005—5.0 U mL™") and a sensitive
detection limit (0.0037 U mL™'). Compared with the traditional single-
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mechanism-driven sensing strategies, the developed dual-mechanism-driven ratiometric ECL biosensor may provide an effective

method for the design of green and ultrasensitive ECL sensors.

KEYWORDS: protein kinase activity, electrochemiluminescence, two-dimensional porphyrinic metal—organic framework,

dual-mechanism-driven mechanism, ratiometric biosensor

B INTRODUCTION

Protein kinases play crucial roles in signal transduction,
metabolism, cell growth, and differentiation." ™ The dereg-
ulation of protein kinase activities may lead to a series of
serious diseases including diabetic complications, cancers, and
Alzheimer’s disease.”™” Therefore, accurate identification of
the kinase activities and screening of their potential inhibitors
are of great importance for elucidating the signal transduction
pathways, drug discoveries, targeted diagnosis, and therapies.
Up to now, a growing interest has emerged in developing
various signal transduction pathways and analytical technolo-
gies for protein kinase activity detection. Generally, most signal
transduction pathways relying on catalytic reactions,”” surface
charge change,10 resonance energy transfer (RET),"""* and
charge transfer'’ have been widely used for protein kinase
activity biosensing studies. However, most of them are driven
by a single sensing mechanism, resulting in low detection
sensitivity and limited sensing performance.'* And multiple-
mechanism-driven sensors for protein kinase activity analysis
have rarely been reported. Developing signal transduction
strategies driven by multiple mechanisms would provide a new
approach to further improve the analytical performance of
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protein kinase biosensors. Additionally, compared with several
existing techniques such as P radioactivity,> mass spectrom-
etry (MS),'® Raman spectroscopy,'” fluorimetry,"®'? color-
imetry,20 and electrochemical sensing,21 an electrochemilumi-
nescent (ECL) approach has aroused special attention because
of its simple operation, low cost, low background noise, and
high sensitivity.””** To date, the enhanced ECL sensing
strategies based on quantum dots (QDs) or metal nano-
particles are extensively utilized for protein kinase A (PKA)
425 Although these methods could exhibit excellent
analytical performance, the ECL sensing systems always need
to introduce a coreactant, such as hydrogen peroxide (H,0,)
to enhance the luminescence response. However, H,0, tends
to decompose at room temperature, resulting in poor stability
and reproducibility of biosensors.””*” Therefore, novel sensing

biosensors.
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Scheme 1. Fabricated Process of the 2D Cu—TCPP(Zn)-Based Dual-Mechanism-Driven Ratiometric ECL Biosensor for the
PKA Assay
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Figure 1. (A) SEM image and (B) TEM image of 2D Cu—TCPP(Zn) nanosheets. (C) PXRD patterns for 2D Cu—TCPP and 2D Cu—TCPP(Zn)
nanosheets. (D) UV—vis absorption and PL emission (4., = 430 nm) spectra of 2D Cu—TCPP(Zn) nanosheets. (E) ECL—potential curves of the
GCE/(2D Cu—TCPP(Zn)),/TOAB (n = 1—6). Inset E: Effect of films on the ECL responses. (F) ECL—potential curves of the GCE/2D Cu—
TCPP(Zn)/TOAB at different concentrations of luminol.

strategies and green, stable ECL systems for the PKA assay are
still in high demand.

Porphyrin-based ECL systems involving singlet oxygen
('0,) have been previously reported.”* > In particular,
porphyrinic metal—organic frameworks (MOFs), composed
of porphyrins or their derivative ligands, have been extensively
applied for photoelectrochemical biosensing, because they
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possess more remarkable chemical stability and are prone to
biofunctionalization compared with porphyrin monomers.*' ~**
More recently, our group reported a novel competitive ECL
mechanism between zirconium-based metalloporphyrinic
MOF nanoparticles and luminol for ratio sensing of
polynucleotide kinase (PNK) activity,”* which is quite
beneficial to the development of green and ultrasensitive
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ECL biosensors. Moreover, in comparison with the three-
dimensional (3D) MOF crystals, two-dimensional (2D) MOF
nanosheets, as a new type of 2D nanomaterials, have attracted
increasing attention for gas separation, catalysis, and sensing
because of their large surface area and highly exposed active
sites.”>

With all of this in mind, we propose to combine the
competitive catalytic reaction with RET and apply them into
the ECL biosensing interface by assembling gold nanoparticles
(GNPs) on the 2D Cu-based zinc porphyrinic MOF (Cu—
TCPP(Zn)) nanosheets. As shown in Scheme 1, the
oligohistidine tag (His-tag) kemptide (Hgkemptide) was
immobilized on 2D Cu—TCPP(Zn) nanosheets via coordina-
tion binding between the His-tag peptides and unsaturated
copper sites, and the PKA assay was realized by the dual-
mechanism-driven ECL ratio biosensor with a lower detection
limit compared with previous methods. This study opens a
general avenue to expand the applications of 2D porphyrinic
MOFs and gives a new way for further development of a green
and ultrasensitive ECL biosensing system.

B EXPERIMENTAL SECTION

Materials and Apparatus. All the reagents, materials, and
apparatus used in this work are provided in the Supporting
Information.

Synthesis of 2D MOF Nanosheets. The 2D MOF nanosheets
were prepared by a previously reported method.*® Briefly, 10 mg of
tetrakis(4-carboxyphenyl)porphyrin (TCPP) or zinc(Il) tetrakis(4-
carboxyphenyl)porphyrin (TCPP(Zn)), 30 mg of Cu(NO;),-3H,0,
and 280 mg of polyvinylpyrrolidone (PVP) were ultrasonically
dissolved in 10 mL of DMF and heated at 90 °C for S h in an oven.
Then, the mixture was cooled to room temperature and centrifuged to
obtain a dark purple rod-shaped precipitate, which was washed
multiple times with ethanol, and 2D Cu—TCPP and Cu—TCPP(Zn)
nanosheets were obtained, respectively.

Fabrication of the PKA Biosensor. Generally, the polished glass
carbon electrode (GCE) was used as the working substrate electrode.
Then, the GCE/2D MOFs were obtained by using the Langmuir-
Schafer transfer method (Scheme S1).*° As illustrated in Scheme 1,
the obtained GCE/2D Cu—TCPP(Zn) was incubated with 20 uL of
Hg-kemptide (200 uM) for 12 h at 25 °C. After being rinsed with
buffer solution, the modified electrode was further reacted with
different concentrations of PKA and ATP-SH at 37 °C for 1 h to
perform PKA-catalyzed peptide phosphorylation. After rinsing, 20 uL
of GNP solution was dispersed onto the above-modified GCE for 1 h
to adsorb GNPs onto the phosphorylated peptide-modified electrode
surface. After the nonspecific GNPs were removed by washing, the
surfactant, tetraoctylammonium bromide (TOAB, S uL, 10 mM), was
coated on the above-modified electrode and dried at room
temperature, and the ratiometric PKA biosensor was implemented
to collect ECL signals in HEPES (10 mM, pH 7.4), 0.1 M KCI
containing 10 #M luminol.

Inhibition Assay. Ellagic acid and tyrphostin AG 1478 were
selected as typical models for protein kinase inhibition. Different
concentrations of kinase inhibitors were introduced into $ U mL™" of
PKA reaction buffer, measured by the same experimental procedures
for PKA detection described above.

PKA Assay in Cell Lysates. Diluted HeLa cell extracts (1%) were
added to the PKA assay solution by using the same test procedures for
the PKA assay described above.

B RESULTS AND DISCUSSION

Characterization and ECL Investigation of the 2D
Cu—TCPP(Zn) Nanosheets. 2D Cu—TCPP(Zn) nanosheets
were synthesized by using Cu(NO),;-3H,0, ZnTCPP, and
PVP via a bottom-up approach.®” As illustrated in Scheme S2,
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the surfactant molecule, PVP, can adhere to MOF surface and
play a prominent part in the anisotropic growth of Cu—
TCPP(Zn), thus forming 2D Cu—TCPP(Zn) nanosheets. The
2D Cu—TCPP(Zn) nanosheets show well-defined ultrathin
sheet-like structures from scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) images
(Figure 1A,B). When a red laser passes through it, the colloidal
structure of 2D-Cu—TCPP(Zn) nanosheets is confirmed, as
the 2D MOF exhibits a distinct Tyndall effect (inset in Figure
1B). Moreover, the powder X-ray diffraction (PXRD) pattern
of 2D Cu—TCPP(Zn) nanosheets gives three obvious peaks
indexed as (110), (210), (004), which are consistent with
those of 2D Cu—TCPP nanosheets®® and confirm the
crystalline feature of 2D MOF (Figure 1C). The UV-—vis
absorption and photoluminescence (PL) emission spectra of
2D Cu—TCPP and Cu—TCPP(Zn) nanosheets are shown in
Figure 1D. The UV—vis absorption spectrum of 2D Cu-—
TCPP nanosheets exhibits a metal-coordination-induced Q-
band absorption at 548 nm, a Soret band at 420 nm, and an
accompanying shoulder at 438 nm, due to the J-aggregation of
the MOF nanosheets.”” For the 2D Cu—TCPP(Zn), a typical
Soret band (447 nm) tailing with two Q-bands (565 and 603
nm) could be observed, which is in line with that of
ZnTCPP,*' validating the successful assembly of ZnTCPP
units in 2D MOFs. Meanwhile, compared with the quenched
fluorescence spectrum of 2D Cu—TCPP nanosheets derived
from photoinduced electron transfer (PET) induced by copper
coordination,”® the PL emission spectrum of 2D Cu—
TCPP(Zn) nanosheets shows two peaks at 607 and 660 nm,
which indicates that both ground and excited states of
porphyrin are affected by the zinc coordination. Therefore,
2D Cu—TCPP(Zn) nanosheets are similar to other 2ZnTCPP-
based MOFs, possessing photoelectrochemical characteristics
of the latter.

Moreover, the 2D Cu—TCPP(Zn) nanosheets may display
the ECL catalytic activity. First, it is crucial for ECL study to
fabricate 2D nanofilms with controllable thickness.””™** In
order to verify it, the GCE/(2D Cu—TCPP(Zn)), (n = 1-6,
number of deposition cycles) electrodes were obtained by
employing the Langmuir-Schafer transfer method (Scheme
S1). Moreover, the ECL behaviors of 2D Cu—TCPP(Zn) were
investigated by using surfactant TOAB activated GCE. As
shown in Figure 1E, an obvious cathodic emission peak was
observed at —1.55 V, derived from 'O, generated by
electrocatalytic reaction of 2D Cu—TCPP(Zn), and the ECL
intensity increased with n up to 3. However, if n further
increased from 3 to 6, the ECL intensity decreased, probably
because the diffusion of dissolved O, to the zinc porphyrin
active center was limited with the increased thickness of the
MOF nanosheet film. Therefore, the GCE/(2D Cu—TCPP-
(Zn)); electrode was used as an ideal ECL platform for
biosensing. Additionally, the ECL—time response of 2D Cu—
TCPP(Zn) in aqueous media displayed constant and stable
signals in the process of continuous cathodic potential
scanning (Figure S1), suggesting the excellent cathodic ECL
stability, which was attributed to the interlaminar pore
structure of dissolved oxygen enriched MOF films. Second,
the ECL behavior of the 2D Cu—TCPP(Zn)—luminol system
was investigated. As shown in Figure 1F, the cathodic emission
from 'O, decreased, and the anodic emission of luminol
enhanced with the increasing amounts of luminol from 0 to 20
uM. The ratiometric ECL responses suggest that a competitive
reaction involving dissolved O, proceeds between 2D Cu—
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Figure 2. High-resolution XPS response of Cu 2p (A) and N 1s (B) core energy levels for 2D Cu—TCPP(Zn) and 2D Cu—TCPP(Zn)/H-
kemptide. (C) Nyquist plots of EIS after each step of assembly: (a) bare GCE, (b) GCE/2D Cu—TCPP(Zn), (c¢) GCE/2D Cu—TCPP(Zn)/H,-
kemptide, (d) GCE/2D Cu—TCPP(Zn)/Hgkemptide/phosphorylated Hg-kemptide, (e) modified electrode after assembly of GNPs, and (f)
GCE/2D Cu—TCPP(Zn)/Hgkemptide/phosphorylated Hg-kemptide/GNPs/TOAB. Inset A: the equivalent circuit. Electrolytes: S mM
Fe(CN)g**~ in 0.1 M KClI solution. (D) ECL—potential curves of the (a) GCE/TOAB, (b) GCE/2D Cu—TCPP(Zn)/TOAB, (c) GCE/2D
Cu—TCPP(Zn)/Hgkemptide/TOAB, and (d) GCE/2D Cu—TCPP(Zn)/Hkemptide/phosphorylated Hg-kemptide after assembly of GNPs,

modified by TOAB.

TCPP(Zn) and luminol. Meanwhile, we studied the effect of
dissolved O, on this competitive complex system. As shown in
Figure S2A, no ECL signal was observed in the N,-saturated
environment. With an increasing dissolved O, concentration,
the anodic and cathodic ECL responses gradually increased,
demonstrating that dissolved O, was involved in the
competitive reaction and boosted the cathodic and anodic
emission. The competitive ECL system with continuous
voltammetric scanning displayed stable dual-potential emission
responses (Figure S2B), indicating that the 2D Cu—TCPP-
(Zn)—luminol competitive ECL system exhibits excellent
stability. And the possible mechanism of the dual-potential
ECL system is illustrated in eqs S1—10. Thus, the proposed 2D
Cu—TCPP(Zn)—luminol competitive ECL ratiometric ap-
proach is expected to be used for biosensing and bioassay
accurately and sensitively.

Construction and Feasibility of the ECL Biosensor.
Based on the intrinsic coordination binding of copper and His-
tag peptides,” H-kemptide was assembled on the 2D Cu—
TCPP(Zn) nanosheet surface. X-ray photoelectron spectros-
copy (XPS) experiments were used to identify valence states of
elements. As shown in Figure S3A,B, besides the peaks of C, N,
O, and Cu, the Zn 2p peaks of 1021.72 and 1044.50 eV were
observed in the spectrum of 2D Cu—TCPP(Zn) nanosheets,
derived from the zinc ion in the porphyrin ring. Meanwhile,
the coordination between the MOF nanosheets and Hg-
kemptide was investigated by comparing the high-resolution
Cu 2p and N 1s spectra of 2D Cu—TCPP(Zn) and 2D Cu—
TCPP(Zn)/Hgkemptide. As shown in Figure 24, the high-
resolution Cu 2p spectra fit perfectly with a line centered at
binding energies of 954.58, 944.54, 939.50, and 934.76 eV; in
contrast, the peaks appeared at 953.98, 943.44, 939.50, and
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934.50 eV after the Hg-kemptide assembly. After the Hg-
kemptide-functionalized complex was formed, the typical
binding energy of Cu is obviously transferred to a lower
state. It is seen that the N 1s spectrum of 2D MOF nanosheets
contains two peaks at 399.86 and 398.19 eV, derived from
pyridinic and pyrrolic moieties of the zinc porphyrin ring.*’
After Hg-kemptide assembly, the XPS N 1s shows one more
peak at 397.72 eV by using the curve fitting procedure, which
might be attributed to the Cu—N bonding and amino nitrogen
in kemptide (Figure 2B). Therefore, the results suggested that
2D Cu—TCPP(Zn) and Hgkemptide are well-combined by
strong interactions.

Then, the assembly process of the designed ECL biosensor
was further studied by electrochemical impedance spectrosco-
py (EIS). The semicircle diameter of the Nyquist plot is
associated with the charge-transfer resistance (denoted as R)
at the electrode/solution interface. As shown in Figure 2C,
compared with bare GCE, the semicircle diameter of the
GCE/(2D Cu—TCPP(Zn)); electrode decreased from 198 to
153 Q (Figure 2C, curve b), which benefited from the charge-
transfer capacity improved by porphyrinic MOFs.*>** With the
successive assembling of the Hg-kemptide and the phosphor-
ylation of the peptide by PKA and ATP-SH, the R increased
gradually (Figure 2C, curves ¢ and d), indicating the poor
conductivity of the biomolecules. However, the R, value
reduced after GNPs were captured on the electrode via a Au—S
bond (Figure 2C, curve e), owing to the excellent conductivity
of GNPs. Notably, the addition of the surfactant TOAB caused
a further increase on the R, value (Figure 2C, curve f).
Additionally, Figure 2D shows the ECL behavior of four
different working electrodes in the electrolyte containing
luminol. For GCE/TOAB, only a strong anodic emission from
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luminol was observed (Figure 2D, curve a). After 2D MOF
films were assembled on the GCE, a marked decrease of the
anodic emission peak and a strong cathodic emission peak
were observed (Figure 2D, curve b), because the introduction
of 2D Cu—TCPP(Zn) nanosheets leads to a competitive ECL
performance. With the Hg-kemptide assembled through the
coordination between His-tags and Cu—O clusters, the
modified electrode exhibited both cathodic and anodic ECL
intensity, which decreased (Figure 2D, curve c) as H-
kemptide blocked interfacial electron transfer. However, after
adsorbing GNPs onto the electrode surface, the cathodic ECL
intensity decreased by 58.1%, while the anodic ECL peak of
luminol increased by 195.2% (Figure 2D, curve d). Thus, both
EIS and ECL measurement manifested the successful
construction of the PKA biosensor.

Mechanism of ECL Biosensor. The dual-mechanism-
driven ratiometric ECL biosensing strategy mainly depends on
the competitive catalytic reaction and RET. To verify this, first,
we explored the ECL-RET between 'O, and GNPs. When
peptides were modified to the 2D Cu—TCPP(Zn) electrode
surface and further phosphorylated in the presence of 0.1 U
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mL™ of PKA and 60 uM ATP-SH, the GNPs were assembled
onto the modified electrode surface. In the ECL biosensing
system without luminol, the cathodic ECL from 'O,
significantly decreased by 54.4% (Figure 3A), indicating that
the assembled GNPs can quench the luminescence from 'O,.
Just as many luminophores have RET with GNPs in close
proximity based on the necessary band overlap for efficient
energy transfer,”* the cathodic ECL of 'O,, derived from
electrocatalytic reaction of 2D Cu—TCPP(Zn), could be
decreased by the assembled GNPs due to ECL-RET (Figure
3B). Next, we introduced the RET mechanism into the 2D
MOF—luminol competitive ECL system. As shown in Figure
3C, a ratio response occurs at the ECL sensing interface; the
cathodic ECL intensity of 'O, significantly decreased by
57.8%, while the anodic emission peak of luminol increased by
66.1%. It suggests that the cathodic ECL from 'O, can be
decreased by closely contacting GNPs due to RET, while the
anodic ECL from luminol can be enhanced by GNPs with
excellent electrocatalytic activity in this competitive system
(Figure 3D). It is expected that the ECL-RET and competitive
catalytic reaction will be more remarkable as the PKA
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concentration increases in the biosensing system. As a result,
the anodic ECL intensity will be stronger, and the cathodic
ECL intensity will be weaker, that is, this dual-mechanism-
driven ECL ratiometric approach can be employed for
ultrasensitive detection of PKA activity.

Biosensing Performance of PKA Assay. After optimiza-
tion of the detection conditions (peptide concentration and
ATP-SH concentration) (Figure S4), the proposed dual-
mechanism-driven ECL biosensor was used to detect PKA
activity. As shown in Figure 4A, the anodic emission of luminol
increased gradually with the concentration of PKA, while the
cathodic ECL intensity decreased simultaneously, indicating
the good response ability of the biosensor. The anodic or
cathodic ECL intensity was dependent on the logarithm of the
PKA concentration ranging from 0.01 to 5.0 U mL™" (inset of
Figure 4A). And the limits of detection (LODs) of these two
ECL responses were estimated to be 0.0072 and 0.0093 U
mL ™/, respectively, corresponding to a signal-to-noise ratio (S/
N) of 3. On the other hand, the calibration curve in the Figure
4B demonstrated that the logarithm of the ratio of anodic to
cathodic ECL intensity (ECL,/ECL.) was linear to the
logarithm of PKA concentration ranging from 0.005 to 5.0 U
mL™!, Ig(ECL,/ECL,) = 09737 + 04867 lgCpys with a
correlation coefficient of R* = 0.9890. The LOD was estimated
to be 0.0037 U mL™". Obviously, the comparison results
indicate that this dual-potential ECL ratiometric method
exhibits great superiority including sensitivity and a wider
linear detection range. Moreover, other conventional single-
mechanism-driven PKA assay methods are listed in Table S1
for comparison with the proposed ECL biosensor. The
excellent analytical performance of the proposed biosensor
may be ascribed to the highly efficient dual-mechanism-driven
ECL process. Additionally, after 10 independent tests, the
proposed biosensor exhibited satisfactory reproducibility with a
variation coefficient of 5.34%. Meanwhile, the stability of the
proposed biosensor was also examined (Figure SS). After the
biosensor was measured upon 10 cycles of voltammetric
scanning between 0.7 and 1.7 V, no apparent change in ECL
signal was observed with a relative standard deviation (RSD)
of 0.42%, demonstrating the excellent cyclic stability for the
PKA assay.

Inhibition Assay. Kinase inhibitors can regulate kinase
activity and become potential drugs, which have important
significance in disease diagnosis and clinical therapy. There-
fore, kinase inhibitor screening has attracted increasing
interest. To evaluate the inhibition effects, the assay procedure
above was implemented with different concentrations of kinase
inhibitors. Ellagic acid, a well-recognized efficient PKA
inhibitor because of its cell-permeable antioxidation and
anticarcinogenic characteristics,”” was used as a model
inhibitor. The curve a of Figure S shows the relationship
between the ellagic acid concentration and 1g(ECL,/ECL,).
After calculation, the half-maximal inhibition value (ICy,) of
ellagic acid was 1.15S uM, comparable with the previous
reports.'>*® Additionally, as a tyrosine kinase inhibitor,
tyrphostin AG 1478 was used to compare the inhibition
effects. The ECL responses exhibited no obvious trend with a
tyrphostin AG 1478 concentration increase (Figure S, curve b).
These results confirmed the constructed biosensor was
promising for screening PKA inhibitors.

Application in Real Sample Analysis. To demonstrate
the applicability of the proposed biosensing platform, we

performed the experiment in complex biological samples by
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Figure S. Inhibition effects of (a) ellagic acid and (b) tyrphostin AG
1478 on PKA activity. The concentrations of PKA and ATP-SH are §
U mL™ and 1 mM, respectively.

detecting PKA in the buffer containing HeLa cell extracts (1%,
v/v). The recoveries were calculated to be 96, 106, 108% for
measurement of 0.05, 0.1, and 1 U mL™! of PKA (Table S2),
and the corresponding RSDs were around 3.05, 3.26, and
3.53%. The acceptable recoveries and low RSDs suggest that
the proposed ECL biosensor can ensure the accuracy and
reliability of PKA assay, which holds great prospects for clinical
examination and biomedical research.

B CONCLUSIONS

In summary, we have presented a dual-mechanism-driven
ratiometric ECL strategy for an ultrasensitive PKA assay that
unitized a competitive catalytic reaction and RET by
assembling GNPs on 2D Cu—TCPP(Zn) nanosheets. The
2D MOF exhibits competitive ECL behavior involving
dissolved O, in the presence of luminol, resulting in a dual-
potential ratiometric ECL response. Additionally, the closely
contacted GNPs assembled on the 2D Cu—TCPP(Zn)
nanosheets by thiophosphorylation can not only quench the
cathodic ECL from 'O, due to RET but also act as
electrocatalysts to enhance the anodic emission of luminol.
On this basis, compared to the conventional single-
mechanism-driven biosensors, the proposed dual-mechanism-
driven ECL biosensor exhibited better detection sensitivity and
green sustainability. Furthermore, this developed approach
could be utilized in kinase activity detection and potential
inhibitor screening in complex biological samples, bearing a
promising future in clinical diagnostics and drug discovery.
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