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ABSTRACT: Two-dimensional (2D) porphyrin-based metal−organic frameworks (MOFs) hold great promise in a variety of areas
with the merits of large lateral size and abundant functional groups. The chemiluminescent 2D MOF has rarely been reported. In
this work, a chemiluminescence (CL) reagent and noble metal nanoparticle dual-functionalized 2D MOF (ABEI/AuNPs/CuTCPP)
was developed through the surfactant-assisted and in situ synthetic growth method, exhibiting strong and stable CL property and
outstanding peroxidase-mimicking activity. The special nanostructure of ABEI/AuNPs/CuTCPP endowed it with multi-catalytic
routes in the CL reaction, which showed a unique pH-regulated and time-resolved CL kinetic curve. A CL mechanism with multi-
catalytic centers has been proposed. AuNPs participated in the fast catalytic process and CuTCPP in the slow and strong catalytic
reaction. Owing to the impressive structural features and intrinsic enzymatic tandem reaction from natural enzyme to artificial
enzyme, a model biosensor was designed for the detection of small metabolic molecules. Employing choline as a model target, the
proposed biosensor showed a highly sensitive response to choline in the linear range from 0.3 to 300 μM with a detection limit of
82.6 nM. Significantly, the strategy may be generalized to the monitoring of other biologically important compounds involved in the
production of H2O2.

KEYWORDS: 2D metal−organic frameworks, chemiluminescence, functionalized nanomaterials, porphyrin chemistry, sensing,
small molecules

■ INTRODUCTION

Nanomaterial-assisted chemiluminescence (CL) systems have
been strongly advanced for years to enhance CL intensity and
to achieve ultrasensitive analytical performance.1−3 Metal−
organic frameworks (MOFs), as a tempting class of crystalline
nanoporous materials, are predicted to be highly attractive for
the applications in CL due to their large specific surface area,
extensive porosity, tunable structures, flexible functionalities,
and catalytic active centers.4−6 Till date, most reports generally
focus on either MOF-catalyzed liquid-phase CL systems,7,8

which is not convenient for acting as biolabeling directly, or
MOF-participated peroxyoxalate CL systems,9,10 which occur
in organic environments and limit their applications. Even
though several chemiluminescent-functionalized MOFs have
been developed,11,12 the preparation procedure is often
complicated, and their study on CL behavior is still in its
infancy. Therefore, it is highly desired to fabricate
chemiluminescent MOF nanocomposites with superior CL
activity and remarkable sensing abilities.

The porphyrin-based MOF is an important branch which is
endowed with rigid geometry and prominent properties.
Porphyrin molecules are macrocyclic molecules with stable
π-conjugated architectures and terminal functional groups. On
the other hand, their tendency of metalation13 is favorable for
imbuing the parent MOF with unsaturated metal centers which
are crucial to the enhancement of CL property. Especially, an
ultrathin two-dimensional (2D) porphyrin-based MOF was
reported to show better performance than conventional three-
dimensional (3D) MOFs, in terms of dispersity, exposure
degree of active sites, and mass transfer.14,15 Considering that
high-density exposure of active metal sites and π-conjugated
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platform with large specific surface area and abundant
functional groups in 2D porphyrin-based MOF, an appealing
route for versatile 2D MOF-based nanocomposites is to
integrate them with other active components like nano-
particles, quantum dots, enzymes, and so forth,16−18 showing
comprehensive performance. However, 2D porphyrin-based
MOF nanocomposites with multi-catalytic centers for the CL
reactions have rarely been disclosed. By coupling 2D MOF
with CL reagents and multi-catalysts, there stands a good
chance for us to design novel CL-functionalized nano-
composites with multi-catalytic centers.
As essential participants in living organisms, small

biomolecules, such as choline, glucose, and lactic acid, play
vital roles in the prevention or progression of various health
issues. Changes in the choline level will reflect the state of
metabolism, apoptosis, material transfer, and signal trans-
mission, thus can be used as a diagnosis indicator of multiple
diseases. For example, the abnormal concentration of choline
usually indicates the risk of neurological diseases like
Alzheimer’s and Parkinson’s disease.19,20 These small bio-
molecules will react with ambient O2 assisted by the
corresponding oxidase (choline oxidase, glucose oxidase,
lactate oxidase, etc.). Biosensors based on the bienzymatic
system [e.g., choline oxidase (ChOx) and peroxidase (HRP)]
are highly selective and sensitive but costly and easy to
denaturation. Therefore, it is in high demand to develop
simple, cost-effective, and rapid-response biosensors for the
monitoring of small biomolecules in bodily fluids.
Herein, we present a CL-functionalized 2D porphyrin-based

MOF nanocomposites through the surfactant-assisted and in
situ growth synthetic method. During the synthesis process,
CuTCPP nanosheets served as a nanoplatform with plenty of
functional groups and large specific areas, N-(4-aminobutyl)-
N-ethylisoluminol (ABEI) functioned as reductive reagents
and CL species, Au(III) was in situ reduced to AuNPs, and
ABEI was assembled on the surfaces of AuNPs and CuTCPP,
forming ABEI/AuNPs/CuTCPP nanocomposites. The nano-
composites exhibited strong and stable CL property with pH-
regulated and time-resolved CL kinetic curves. The effect of
pH and radical scavengers on the CL behavior was studied. A
CL mechanism with multi-catalytic centers has been proposed.
Based on the intrinsic peroxidase-mimicking activity of ABEI/
AuNPs/CuTCPP nanocomposites, a model biosensor was
developed for the detection of small biomolecules involved in
the production of H2O2 during metabolic processes.

■ EXPERIMENTAL SECTION
Chemicals. Tetrakis(4-carboxyphenyl)porphyrin (TCPP) and N-

(4-aminobutyl)-N-ethylisoluminol (ABEI) were purchased from

Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). ABEI stock
solution was prepared by dissolving ABEI in 0.1 M NaOH solution
and kept at 4 °C for further experiments. Polyvinyl pyrrolidone (PVP-
K30) and copper nitrate trihydrate (Cu(NO3)2·3H2O) were
purchased from J&K Scientific Ltd. (Beijing, China). Trifluoroacetic
acid and pyrazine were purchased from Aladdin Industrial
Corporation (Shanghai, China). Choline oxidase (ChOx, 50 units)
was purchased from Sigma-Aldrich (St. Louis, USA) and dissolved in
K2HPO4−KH2PO4 buffer (0.1 M, pH = 8.0) for 5 mg/mL stock
solution. 30% (v/v) H2O2 was purchased from Xinke Electrochemical
Reagent Factory (Bengbu, China), and H2O2 reaction solution was
prepared freshly in alkaline solution before CL measurements. Other
unmentioned reagents were all purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Ultrapure water was prepared
by a Milli-Q system (Millipore, France) and used throughout the
experiments. All the reagents used in the study were of analytical
grade.

Synthesis of Dual-Functionalized CL Nanocomposites
(ABEI/AuNPs/MOFs). 2D porphyrin-based MOFs (M-TCPP) and
classic 3D MOFs [HKUST-1, MIL-53(Fe)] were prepared according
to the literatures.21−23 Detailed descriptions are listed in Supporting
Information, Section S1. ABEI/AuNPs/CuTCPP were prepared as
follows: 10 mM HAuCl4 was added into the obtained CuTCPP
mixtures at a volume ratio of 1:100. After continuous stirring for 2 h,
10 mM ABEI solution was added and proceeded for 12 h. The
resulting mixtures were centrifuged at 10,000 rpm for 10 min and
washed with EtOH to remove unreacted precursor components.
Finally, purified ABEI/AuNPs/CuTCPP nanocomposites were
obtained. For control experiments, other functionalized 2D MOFs
(ABEI/AuNPs/M-TCPP, where M = Cd, Co, Zn) and 3D MOFs
[ABEI/AuNPs/HKUST-1 and ABEI/AuNPs/MIL-53(Fe)] were
prepared through the same method without amendment.

Characterizations of ABEI/AuNPs/CuTCPP Nanocomposites.
The ABEI/AuNPs/CuTCPP nanocomposites were characterized
using a UV−visible spectrophotometer (UV−vis, Agilent 8453,
Agilent Technologies, USA), a fluorescence spectrophotometer (FL,
F-7000, Hitachi, Japan) equipped with a 150 W Xenon lamp as the
light source, Fourier transform infrared spectroscopy (FTIR,
EQUINX55, Bruker, Germany), a field emission source transmission
electron microscope (JEM-2100F, JEOL, Japan), atomic force
microscopy (AFM, Multimode V, Veeco, USA), inductively coupled
plasma-atomic emission spectroscopy (ICP-AES, OPTIMA 7000DV,
PerkinElmer, USA), X-ray diffraction spectroscopy (XRD, TTR-III,
Rigaku, Japan), X-ray photoelectron spectroscopy (XPS, ESCALAB
250, Thermo-VG Scientific, UK) with Al Kα radiation as the X-ray
source, and an adsorption analyzer (Micromeritics ASAP2010). The
prepared nanocomposites were purified by multiple centrifugations
and re-dispersion with EtOH in order to obtain valid surface
information of ABEI/AuNPs/CuTCPP by various characterization
methods. The precipitates were dried under vacuum at 60 °C for
XRD, FTIR, and adsorption experiments or re-dispersed in H2O for
UV−vis and FL analysis. The dispersion was dripped on designated
substrates and dried naturally at room temperature for TEM, AFM,
and XPS characterizations.

Scheme 1. Schematic Illustration for Synthesis of ABEI/AuNPs/CuTCPP
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CL Measurements. The CL properties of ABEI/AuNPs/
CuTCPP nanocomposites and related control solutions and nano-
composites were studied on a Centro LB 960 microplate luminometer
(Berthold, Germany). Specifically, 50 μL of ABEI/AuNPs/CuTCPP
or control solutions was added into a well. The CL kinetic curve was
recorded when 50 μL of 1 mM H2O2 in 0.1 M NaOH solution was
injected into the well. The measurement time was set as 30 s with a
time interval of 0.1 s. The CL spectra were measured on the FL
spectrometer operated with the lamp off.
Choline Determination. The determination of choline was

implemented on a Centro LB 960 microplate luminometer. 50 μL of
choline chloride with different concentrations was mixed well with 50
μL of 0.1 mg/mL ChOx. After incubation at room temperature for 6
min, the above mixtures were diluted with 3 mL of 0.1 M NaOH.
Then, 50 μL of the diluent was injected into the well with 50 μL of
ABEI/AuNPs/CuTCPP nanocomposites, and the CL kinetic curve
was recorded in the meantime. The measurement time was set as 20 s
with a time interval of 0.1 s.

■ RESULTS AND DISCUSSION
Synthesis and Characterizations. Synthetic routes to

fabricate ABEI/AuNPs/CuTCPP nanocomposites are illus-
trated in Scheme 1. CuTCPP nanosheets were synthesized
through the surfactant-assisted bottom-up synthetic method,
followed by mixing with HAuCl4 for 2 h. Then, Au(III) species
were reduced in situ to AuNPs using ABEI as a mild reductant
in the EtOH/DMF solvent, and ABEI molecules were
assembled on the surface of nanosheets to form ABEI/
AuNPs/CuTCPP nanocomposites.
The morphology of ABEI/AuNPs/CuTCPP nanocompo-

sites was observed by AFM and HRTEM. CuTCPP nano-
sheets were flexible with smooth surface and sub-micro
diameter (Figure S1). In regard to ABEI/AuNPs/CuTCPP, a
large number of AuNPs with a horizontal size of 15.1 ± 3.3 nm
grew on the CuTCPP substrates, which still maintained
nanosheet-like nature (Figure 1a). The HRTEM image of

AuNPs (Figure 1b) showed the lattice spacing of 0.238 nm,
assigned to (1 1 1) planes of the fcc Au. Scanning transmission
electron microscopy (STEM)−energy-dispersive system
(EDS) results (Figure 1c) showed that N, O, and Cu were
densely distributed throughout the whole nanosheet, and Au
was deposited on the nanosheets randomly, which was well-
matched with the overlap image. ICP-AES results demon-
strated that the accurate amount of Cu and Au was 93.82 and
0.58 μg/mL, respectively. Similar to the HRTEM results, AFM
images showed that CuTCPP exhibited 2D layered structure
with the thickness of ca. 6.3 nm (Figure S2), and the surface of
ABEI/AuNPs/CuTCPP became rough with small dots
decorated on the nanosheets (Figure 1d). The vertical size
of AuNPs was measured to be ca. 15.2 nm, which revealed that
the AuNPs were quasi-spherical together with HRTEM results.
The thickness of ABEI/AuNPs/CuTCPP increased to ca. 7.4
nm. The 1 nm increment is probably due to the multilayer
stacking of ABEI molecules on CuTCPP via π−π interactions
as the estimated height of single ABEI molecule is around 0.25
nm. The elevation of absorption at ca. 304 nm and above ca.
500 nm in UV−vis spectra (Figure S3) also provided evidence
that the successful assembly of AuNPs and ABEI on CuTCPP.
FTIR (Figure S4) demonstrated that plenty of functional
groups containing N or O existed in ABEI/AuNPs/CuTCPP
nanocomposites, which could be used as heterogeneous
chelation sites for the formation of AuNPs.
XPS analysis was employed to evaluate the elemental

composition and chemical state of ABEI/AuNPs/CuTCPP
nanocomposites. From Figure 2a, besides the five common
photoelectron peaks at ∼288 eV (C 1s), ∼399 eV (N 1s),
∼533 eV (O 1s), ∼688 eV (F 1s), and 905−965 eV (Cu
LMM, Cu 2p) in both CuTCPP and ABEI/AuNPs/CuTCPP,
it was easy to find a new peak at ∼85 eV in ABEI/AuNPs/
CuTCPP, corresponding to the characteristic Au 4f core level

Figure 1. Morphology characterizations of ABEI/AuNPs/CuTCPP. (a) TEM image of ABEI/AuNPs/CuTCPP. Inset: histogram of size
distribution of AuNPs on ABEI/AuNPs/CuTCPP. (b) TEM image of a typical AuNP on ABEI/AuNPs/CuTCPP. Inset: HRTEM of the AuNPs.
(c) STEM-EDS mapping of N, O, Cu, and Au element in a selected area. (d) AFM analysis of ABEI/AuNPs/CuTCPP.
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spectrum. Further analysis of Au 4f spectrum (Figure 2b)
showed Au 4f7/2 at ∼84.5 eV and Au 4f5/2 at ∼88.1 eV,
suggesting that Au(III) precursor was reduced to Au(0) on the
nanocomposites as predicted.24 The Cu LMM Auger spectrum
(Figure 2c) at ∼915.2 eV and the obvious shake-up satellites
(Figure 2d) at ∼940 eV in Cu 2p3/2 and ∼960 eV in Cu 2p1/2
confirmed that Cu element existed in the form of Cu(II),25

guaranteeing its high catalytic behavior on the CL reaction.

Compared with the high-resolution N 1s spectrum of CuTCPP
(Figure 2e,f), a new deconvolution peak at ∼400.5 eV
appeared in ABEI/AuNPs/CuTCPP, which was attributed to
the OC−N−N−CO moiety of ABEI. The deconvolution
C 1s spectrum (Figure 2g) showed no obvious difference
between CuTCPP and ABEI/AuNPs/CuTCPP. However, the
C 1s envelop of ABEI/AuNPs/CuTCPP slightly shifted
toward lower binding energy by ∼0.3 eV, which may be

Figure 2. XPS analysis of ABEI/AuNPs/CuTCPP. (a) XPS survey spectra of CuTCPP and ABEI/AuNPs/CuTCPP. Deconvolution spectra of (b)
Au 4f, (c) Cu LMM, and (d) Cu 2p of ABEI/AuNPs/CuTCPP. N 1s deconvolution spectra of (e) CuTCPP and (f) ABEI/AuNPs/CuTCPP. (g)
C 1s spectra of CuTCPP and ABEI/AuNPs/CuTCPP. Inset: deconvolution of C 1s spectra of ABEI/AuNPs/CuTCPP.

Figure 3. CL property of ABEI/Au/CuTCPP. (a) CL performance of different 2D metalloporphyrinic MOF-based nanocomposites: ABEI/
AuNPs/CdTCPP, ABEI/AuNPs/ZnTCPP, ABEI/AuNPs/CoTCPP, ABEI/AuNPs/CuTCPP, ABEI/AuNPs/HKUST-1, and ABEI/AuNPs/MIL-
53(Fe). Inset: magnification of CL kinetic curves of ABEI/AuNPs/CdTCPP, ABEI/AuNPs/ZnTCPP, and ABEI/AuNPs/MIL-53(Fe). (b) CL
behaviors of different systems: 0.1 mM ABEI solution, ABEI/AuNPs, ABEI/AuNPs/Cys-Cu2+, ABEI/AuNPs/GO, CuTCPP, and ABEI/AuNPs
mixture and ABEI/AuNPs/CuTCPP. Inset: magnification of CL kinetic curves of 0.1 mM ABEI solution, ABEI/AuNPs, ABEI/AuNPs/Cys-Cu2+,
and ABEI/AuNPs/GO.
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caused by the strong interaction between ABEI and CuTCPP
plane.26 Thus, ABEI was successfully assembled on the
nanocomposites by virtue of π−π interactions and weak Au−
N bond.27,28 Furthermore, XRD pattern of ABEI/AuNPs/
CuTCPP (Figure S5) kept consistent with that of
CuTCPP,29,30 indicating that the structural integrity of
ABEI/AuNPs/CuTCPP was well-preserved. Since CuTCPP
is a porous material,23 the surface area and porosity of ABEI/
AuNPs/CuTCPP were examined by N2 sorption experiments
(Figure S6). ABEI/AuNPs/CuTCPP showed the pseudo-type-
I N2 sorption isotherms with capillary condensation at low
pressures. SBET was 70.2 m2/g, which was almost 50% lower
than that of CuTCPP (SBET = 142.3 m2/g), due to the effective
chemisorption of ABEI on the CuTCPP nanosheets. The
average pore diameter and pore volume of ABEI/AuNPs/
CuTCPP was 22.8 nm and 0.354 cm3/g, respectively.
Unique CL Property. As the dense distribution of multi-

catalytic sites in ABEI/AuNPs/CuTCPP, it stands to reason
that ABEI/AuNPs/CuTCPP possesses excellent CL behavior.
The CL curves of several functionalized 2D porphyrin-based
MOFs (ABEI/AuNPs/CdTCPP, ABEI/AuNPs/ZnTCPP,
ABEI/AuNPs/CoTCPP, and ABEI/AuNPs/CuTCPP) and
classic 3D MOFs [HKUST-1 and MIL-53(Fe)] were plotted
and are shown in Figure 3a. Under the identical measurement
conditions, ABEI/AuNPs/MIL-53(Fe) ABEI/AuNPs/
CdTCPP and ABEI/AuNPs/ZnTCPP showed weak CL
emissions (4000−30,000 A.U.), whereas ABEI/AuNPs/
HKUST-1, ABEI/AuNPs/CoTCPP, and ABEI/AuNPs/
CuTCPP exhibited intense CL intensities. This is due to
higher catalytic activity of Co(II) and Cu(II) centers than that
of other transition-metal ions on luminol analogue reac-
tions.31,32 Notably, the CL kinetic curve of ABEI/AuNPs/
CuTCPP presented unique and slow inverted V-shaped
distribution pattern with the peak time at 5.4 s. However,
the CL kinetic curve of ABEI/AuNPs/HKUST-1 and ABEI/
AuNPs/CoTCPP was much rapid, which reached to the peak
immediately after the injection of H2O2, probably owing to 3D
microporous structure of HKUST-1 and much faster
decomposition rate of H2O2 for the Co(II)-catalyzed system.33

The CL behaviors of different systems were studied and are
shown in Figure 3b. ABEI/AuNPs/CuTCPP exhibited
strongest CL emission with a peak intensity of ∼650,000
A.U., nearly 60 and 10 times higher than that of ABEI at the
synthetic concentration and the mixed system of CuTCPP and
ABEI/AuNPs at a volume ratio of 1:1. Moreover, ABEI/

AuNPs/CuTCPP possessed much greater CL activity than
other CL-functionalized AuNPs or graphene-based nanoma-
terials like ABEI/AuNPs, ABEI/AuNPs/Cys-Cu2+, and ABEI/
AuNPs/GO. As displayed in Figure S7, the CL emission was
reproducible with relative standard deviation (R.S.D.) of 5.5%
within 10 consecutive days, demonstrating good stability of
ABEI/AuNPs/CuTCPP.
During the preparation of ABEI/AuNPs/CuTCPP, PVP was

utilized as the surfactant to modulate the anisotropic growth of
ultrathin CuTCPP substrates, exercising profound influence on
structures of ABEI/AuNPs/CuTCPP. It can be seen in Figure
S8 that CL intensity of ABEI/AuNPs/CuTCPP increased
appreciably with the increment of PVP and dropped slightly
after mPVP‑K30 = 10 mg. Combined with TEM images (Figure
S9), the morphology of CuTCPP changed from the bulky
phase (mPVP‑K30 = 0 mg) to homogeneous nanosheets
(mPVP‑K30 = 10 mg) and then to blurry film with wrinkles
and foldings (mPVP‑K30 = 20 mg). It could be concluded that
nanosheet-like CuTCPP showed higher catalytic activity. It is
reported that bulky 3D MOFs would hinder mass-transfer
processes and block active sites, making the reaction rate and
efficiency low.34,35 When too much PVP attached on the
surface of CuTCPP, the viscosity of PVP would prevent H2O2
and other reactive intermediates from contacting with ABEI
molecules on the CuTCPP skeleton, thus weakening the CL
intensity. Likewise, the peak time variation with the amount of
PVP also verified this deduction.
It is well known that the CL intensity of luminol analogue

reactions is closely related to the alkalinity of H2O2.
Interestingly, we find in this work that pH not only influences
the CL intensity but also changes the kinetic curve pattern of
ABEI/AuNPs/CuTCPP (Figure 4a). Weak CL phenomenon
appeared at pH 9.0, and the CL intensity increased gradually
with the increase in pH. Under weak alkaline medium (pH
9.0−11.0), the CL intensity of ABEI/AuNPs/CuTCPP
reached its peak at 3 s and decreased quickly to a plateau.
With pH 12.0, there were two segments appeared in the CL
kinetic curve, where one was a spike at 3 s and another was a
broad peak at 16 s. Continuing to increase the pH, the curve
changed to a slow inverted V-shaped modality. We speculate
that it may be related to the CL reaction rate catalyzed by
different catalyst AuNPs and CuTCPP and the degradation
extent of ABEI/AuNPs/CuTCPP nanocomposites in strong
alkaline solutions. From Figure 4b, it can be seen that the
AuNP-catalyzed ABEI-H2O2 system showed a faster rate with

Figure 4. pH-regulated CL performance of ABEI/AuNPs/CuTCPP. (a) CL kinetic curves of ABEI/AuNPs/CuTCPP reacted with 1 mM H2O2
under different pH conditions. Inset: magnification of CL kinetic curves at pH 9.0−12.0. (b) CL kinetic curves of CuTCPP + ABEI (top) and
AuNPs + ABEI (down) with 1 mM H2O2 under different pH conditions.
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the peak time in the range of 1.4−2.1 s, whereas the CuTCPP-
involved ABEI-H2O2 system held a delayed peak time which
was concentrated in the range of 7.2−17.2 s and became earlier
with increasing pH. In addition, TEM images of ABEI/
AuNPs/CuTCPP after the reaction with H2O2 at different pH
values are compared in Figure S10. The morphology of ABEI/
AuNPs/CuTCPP at pH 9.0 remained unchanged, while the
structure of ABEI/AuNPs/CuTCPP was broken down at pH
13.0 with blurring boundary and smaller size. Thus, the first
spike can be assigned to the AuNPs-catalyzed CL emission,
and the second broad peak is derived from the porous
CuTCPP-contributed CL reaction. Higher pH would destroy
the ABEI/AuNPs/CuTCPP structure, making the CL kinetics
into an inverted V-shaped curve with only one peak.
The CL spectrum revealed that the luminophore of the

ABEI/AuNPs/CuTCPP system was still ABEI molecule
(Figure S11). We suggest that the uniqueness of ABEI/
AuNPs/CuTCPP nanocomposites is derived from its special
structural characteristics. On the one hand, AuNPs are found
to facilitate the radical generation (like OH• and O2

•−) and
electron-transfer processes on the surface of AuNPs, enhancing
luminol-analogue CL system,36 and was verified to participate
in the fast catalytic process in the ABEI/AuNPs/CuTCPP CL
nano-system (Figure 4). On the other hand, ultrathin 2D
CuTCPP nanosheets with large-surface area and numerous
functional groups can function as a remarkable platform for the
efficient integration of multiple molecules. The loading amount
of ABEI and Cu(II) on ABEI/AuNPs/CuTCPP nano-
composites was determined to be 0.038 mM (Figure S12)
and 93.82 μg/mL (ICP-AES result), respectively, which was
much higher than that on most of the conventional CL-
functionalized 2D nanomaterials.37,38 What is more, the Lewis
acidic nature of unsaturated Cu(II) centers on CuTCPP with
high-density exposure can activate the decomposition of H2O2
into reactive oxygen species.39,40 Corresponding scavengers,
thiourea (OH• inhibitor), superoxide dismutase (SOD, O2

•−

scavenger), and NaN3 (
1O2 quencher) were used to shed light

on the role of these reactive oxygen species. The results, as
shown in Figure S13, revealed that it was O2

•− and OH• rather
than 1O2 that contributed significantly to the ABEI/AuNPs/
CuTCPP CL reaction. Furthermore, XPS analysis of Cu 2p
spectra after treatment with H2O2 showed the existence of
Cu(I) and the transformation of Cu(II) to Cu(I) during the
CL reaction, as indicated by the two new peaks appeared at
932.8 and 952.8 eV (Figure S14) together with the obvious
decrement in the intensity ratio of the shake-up satellite and
the Cu 2p peak (Table S1),41,42 confirming the involvement of
unsaturated Cu(II) catalytic centers in ABEI/AuNPs/
CuTCPP. To elaborate on the importance of CuTCPP, the
CL property of the mixed system of CuTCPP and ABEI/
AuNPs with different volume ratios was measured. As depicted
in Figure S15, the CL intensity of the mixed system boosted
dramatically with the increase in CuTCPP amount and
reached the maximum at the volume ratio of 1:1, implying
that CuTCPP played a distinguished role in catalysis on the
ABEI CL reaction. In a word, numerous reactive oxygen
species are generated with different reaction rate catalysis by
the dual active centers, AuNPs and CuTCPP, of ABEI/
AuNPs/CuTCPP nanocomposites, leading to the strong CL
emission. Keeping the above facts in mind, the possible
mechanism of the ABEI/AuNPs/CuTCPP CL reaction in
alkaline solution is summarized as follows

fast rate: H O AuNPs 2HO2 2 ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯ •

slow rate: Cu TCPP HO OH Cu TCPP
O H O

Cu TCPP H O Cu TCPP HO
OH

II
2

I

2 2

I
2 2

II

+ + ↔
+ +

+ → +
+

− −

•−

•

−

HO O OH H O O2 2 2 2+ + → +• − •−

ABEI
O , HO

ABEI2⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯−
•− • •−

ABEI O ABEI2 ox+ → *•− •−

hABEI ABEIox ox ν* → +

Detection of Choline. We have found that ABEI/AuNPs/
CuTCPP owns great sensitivity on H2O2 and possesses
intrinsic peroxidase-like activity (Figure S16). Utilizing its
peroxidase-mimicking activity, it is promising to achieve the
effective detection of these small targets. Herein, employing
choline as a model target, a CL biosensor is designed for the
determination of small biomolecules (Scheme 2).

To obtain the optimum analytical performance, the key
parameters, ChOx concentration and enzymatic reaction time,
were assessed (Figure S17). Under the optimized conditions
(0.1 mg/mL ChOx, 6 min of enzymatic reaction time), the
integrated CL intensity was proportional to choline concen-
trations in the range of 0.3−300 μM with the regression
equation of log (integrated intensity/A.U.) = 0.52 × log
C(choline/M) + 8.14 (R2 = 0.993), and limit of detection
(LOD) was 82.6 nM (S/N = 3 and n = 7). R.S.D. of inter-assay
and intra-assay was 3.1 and 7.6%, respectively, indicating
favorable reproducibility of the proposed biosensor.
The selectivity of the proposed biosensor was evaluated

using several common small molecules including acetylcholine,
NH2OH·HCl, caffeine, L-cysteine, glucose, and lactic acid as
interferents at a 10-fold concentration. As shown in Figure 5b,
no significant CL signals are observed in the interference group
compared with the blank control, except that of the target and
mixture groups, indicating a high degree of anti-interference of
our detection system. The proposed biosensor exhibits a lower
LOD and wider liner range than most of the reported method
(Table S2), mainly benefiting from the impressive nanostruc-
tures of ABEI/AuNPs/CuTCPP and the enzymatic tandem
reaction from ChOx to peroxidase-mimetic ABEI/AuNPs/
CuTCPP. Moreover, our biosensor is also simple and fast. The
whole fabrication and detection procedures can be finished
within 10 min.

Scheme 2. Schematic Illustration of the Proposed CL
Biosensor for Small Biomolecule Detection Based on ABEI/
Au/CuTCPP
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The applicability of the proposed biosensor in real samples
was investigated by recovery experiments in three healthy
volunteer plasma samples. Before measuring, the samples were
deproteinized by ultrafiltration (MWCO = 3 kDa) to eliminate
the interference from proteins. As listed in Table 1, the original

choline concentration ranged from 10.0 to 15.7 μM, which was
in accordance with the literature reports.43,44 The recoveries
were in the range of 91−103% with R.S.D. of less than 5%,
suggesting the promising applicability for the detection of
choline in clinical samples.

■ CONCLUSIONS
A CL reagent and noble metal nanoparticle dual-functionalized
2D metalloporphyrinic MOFABEI/AuNPs/CuTCPP was
developed through the surfactant-assisted and in situ growth
synthetic method. During the synthesis process, CuTCPP
nanosheets served as a nanoplatform with plenty of functional
groups and large specific areas, ABEI functioned as reductive
reagents and CL species, Au(III) was in situ reduced to AuNPs,
and ABEI was assembled on the surfaces of AuNPs and
CuTCPP. ABEI/AuNPs/CuTCPP showed a 2D layered
structure with the thickness of ca. 7.3 nm, and AuNPs were
quasi-spherical on the nanosheets with the diameter of ca. 15.2
nm. ABEI/AuNPs/CuTCPP nanocomposites exhibited strong
and stable CL property with the pH-regulated CL kinetic curve
when reacted with H2O2. Under the identical measurement
conditions, the CL intensity of ABEI/AuNPs/CuTCPP was 60
times higher than that of the ABEI system at synthetic
concentrations and was much superior to CL-functionalized
AuNPs or graphene-based nanomaterials. This excellent CL
performance was mainly due to the abundant metal catalytic
centers with atomic distribution of ABEI/AuNPs/CuTCPP,
where AuNPs participated in the fast catalytic process and

CuTCPP in the slow and strong catalytic reaction.
Furthermore, ABEI/AuNPs/CuTCPP possesses intrinsic per-
oxidase-mimicking activity. Accordingly, ABEI/AuNPs/
CuTCPP nanocomposites were employed as nanointerfaces
to construct a biosensor for the detection of small molecules.
The proposed biosensor showed sensitive response to choline
in the linear range from 0.3 to 300 μM with a detection limit of
82.6 nM. Significantly, the strategy could be generalized to the
monitoring of other metabolic processes involved in the
production of H2O2. The strong and slow CL property may
also provide interesting inspiration for the development of
bioimaging.
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Table 1. Determination of Choline in Human Serum
Samples Using the Proposed Biosensor

sample
no.

initially found
(μM)

addeda

(μM)
totally found

(μM)
recovery
(%)

1 12.3 ± 0.5 10.0 22.6 ± 0.1 103
2 15.7 ± 0.2 10.0 25.3 ± 0.9 96
3 10.5 ± 0.1 10.0 19.6 ± 0.3 91

aThe added concentration is 1−10 times the initially found
concentration.
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