.

ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

REVIEW

View Journal | View Issue

Graphitic-phase carbon nitride-based
electrochemiluminescence sensing analyses:
recent advances and perspectives

i '.) Check for updates ‘

Cite this: RSC Adv., 2018, 8, 19369

Jingjing Jiang, Xinyi Lin, Dong Ding and Guowang Diao D *

Graphitic-phase carbon nitride (g-C3N,4) materials are important polymeric and metal-free semiconductors,
and have attracted extensive attention as emerging electrochemiluminescence (ECL) emitters due to their
wonderful optical and electronic properties. The g-CsN4-based ECL sensing analysis, as a research hotspot
in analytical chemistry, offers an exquisite pathway to monitor target analytes with the advantages of low
background signal, high sensitivity, desirable controllability, and simple instrumentation. Herein, we
briefly describe the current research status of g-C3N4-based ECL assays along with versatile signaling
strategies, introduce the preparation methods and ECL emission mechanisms of g-CszN4-dependent
emitters, summarize their ECL sensing applications from 2012 to now, highlighting with special examples
of metal ion and small molecule detection, nucleic acid bioanalysis, immunoassay, protein sensing, and
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1. Introduction

With the increasing detection demand for interesting analytes,
tremendous efforts have been devoted to establishing novel and
sophisticated sensing techniques in recent years, such as fluo-
rescence, electrochemistry, colorimetry, and electro-
chemiluminescence (ECL), achieving significant progress in
environmental monitoring, food security, and early-stage diag-
nosis of disease."® Among them, ECL is an electrogenerated
chemiluminescence process at electrode surface, in which the
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design more advanced ECL biosensors.

excited states of emitters are generated by high-powered elec-
tron transfer reactions and then return to the ground state for
light emission.>™ In view of the ingenious technological inte-
gration of chemiluminescence and electrochemistry, the
designed ECL analysis exhibits extraordinary properties
including reduced background interference, high sensitivity,
desirable controllability, and low-cost equipment.’**®* For
example, free of additional light source can avoid the interfer-
ence of scattering light and luminescent impurities.' Further-
more, the utilization of various emitters evidently promotes an
intensive evolution for the diversity and sensitivity of ECL
devices.” Based on the universal optical and electric charac-
teristics, some burgeoning fluorescence and
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photoelectrochemical active materials, especially graphene-like
materials, are introduced to develop the advanced ECL detec-
tion platforms.***

Graphitic-phase carbon nitride (g-C;N,) materials, as the
crucial polymeric and metal-free semiconductors with the band
gap of 2.7 eV, are mainly composed of carbon and nitrogen atoms
and possess 2D graphite-like architectures with the interlamellar
spacing of ca. 3.3 nm.>*** Compared with various structural forms
of carbon nitride such as «-C3;N, and B-C;N,, g-C3N, can be
identified as the most stable allotrope under ambient condi-
tions.*** As shown in Fig. 1, triazine or tri-s-triazine was consid-
ered as the basic structural unit of g-C;N,.** According to the
results of density functional theory, tri-s-triazine based structure
exhibited higher thermal and chemical stabilities.** Owing to the
lone electron pairs of nitrogen atoms, large surface defect, and
proper band gap, g-C;N, nanosheets (NTs) have been proved to be
the ideal ECL emitters for the construction of sensing devices in
comparison with the other carbon materials.***® For example, Yan
et al. fabricated a solid state ECL platform based on gold nano-
particles (Au NPs) functionalized g-C;N, hybrids for DNA moni-
toring.”” However, although some overviews concerning g-CsNg-
based sensing applications are reported,®®?** there has not been
a special report on the ECL sensing of g-C;N, until now.

Herein, we give an overview to investigate the recent prog-
resses of g-C3N,-based ECL sensing analyses from 2012 to now.
As shown in Fig. 2, this review will introduce the synthesis
methods and ECL emission mechanisms of g-C3N,-dependent
emitters, summarize their sensing applications with various
signal amplification strategies, which represent the significant
development in this field. Finally, the unknown territory and
challenges for future work are also discussed. We firmly believe
that this work will be essential for interested readers to better
understand their latest development status and directions.

2. The fabrication of g-CsN4 materials

In recent years, several thermal treatments, such as chemical/
physical vapor deposition, solid-state reaction, and sol-
vothermal methods, can be used to synthesis g-C;N, by
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Fig. 1 (A) Triazine and (B) tri-s-triazine as the basic structural units of

g-C3Ng4. Reproduced from ref. 34 with permission from The American
Chemical Society.

polymerization of various nitrogen-rich organic precursors (e.g.
melamine, dicyandiamide, cyanamide, and urea) due to the
strong interaction between their atomic layers.*** The
common synthesis conditions are performed in closed or semi-
closed system for the inhibition of NH; sublimation during the
condensation process. By altering the preparation conditions, g-
C;N, with different condensation degrees are available and
possess diverse physicochemical properties.** However, the
fabricated g-C3;N, is generally a bulk material, and the poor
dispersion and low surface area largely obstruct its widespread
applications in sensing fields. Due to the increasing require-
ment of the sophisticated ECL devices, various g-C;N,-based
micro/nanomaterials with satisfactory water-solubility or
augmented surface area (e.g. 2D nanosheets, 1D nanorods/
nanowires, and 0D quantum dots (QDs)) have attracted
considerable attentions, which can be synthesized through
liquid exfoliation, thermal etching, hydrothermal/solvothermal
treatments, chemical tailoring, chemical oxidation, and so
on.**® For example, Ju et al. prepared carbon nitride nano-
sheets (CNNS) by ultrasonic exfoliation of bulk material in
water, and constructed a sensitive sensing platform for ECL
detection of DNA sequence.” Based on the low temperature
solid-state approach, Lu et al. used g-C;N, QDs to develop the
resonance energy transfer (RET)-mediated ECL sensor for
riboflavin assay.*

To improve the determination sensitivity of constructed
sensors, the functionalization of g-C;N, with noble metal
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Fig. 2 Overview of g-C3N4-based materials for ECL sensing analysis.

nanoparticles, graphene, or graphene analogues have been
proved to show excellent ECL performance.’** Using Au NPs-
functionalized g-C;N, NTs as the ECL emitter and useful matrix
for the modification of dithiobis(succinimidyl propionate)
(DSP), a desirable ECL sensor was reported for dopamine (DA)
detection. As shown in Fig. 3, a sandwich structure sensing
platform was achieved by the covalent coupling of DA molecule
and 3-aminophenylboronic acid functionalized polyaniline
(APBA/PANI). Based on the effective PANI-initiated ECL quench-
ing for g-C3;N,; NTs, this biosensor exhibited a wide linear
response in the range of 0.10 pM to 5.0 nM, as well as high
selectivity depended on dual-molecule recognition approach.
Furthermore, Chi's group fabricated an ECL sensor for the
monitoring of folic acid (FA) using g-C;N,/reduce graphene oxide
(RGO) nanohybrid.*® The introduction of RGO with 2D m-7
conjugated framework could serve as the buffer layer for over-
injected high energy electrons, and led to the stable ECL
response with a declining onset potential. Taking advantage of g-
C;N, QDs decorated g-C3N, NTs, Xu et al. designed a facile ECL
sensing strategy for nitrites with a detection limit down to 0.12
uM. Owing to the increased surface defects, the prepared nano-
hybrids as luminophores exhibited preeminent ECL activities.>
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without target
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oo 1000
oo

wohou
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Fig. 3 The preparation of DSP-decorated Au-g-CsN4 for highly
selective ECL detection of DA based on dual-molecular recognition
and PANI quenching. Reproduced from ref. 54 with permission from
Elsevier.
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3. The g-C3zN4-based ECL emission
mechanisms and sensing strategies

The emission mechanisms of luminophores are usually
ascribed to the annihilation and coreactant mechanisms.*”** In
the former, the oxidized and reduced species are both generated
on electrode surface during the potential sweep, and thus
collide with each other to initiate ECL emission. In order to
maintain the emission efficiency in the annihilation mecha-
nism, the wide potential window and stable radical species are
required. In the latter, ECL phenomenon is obtained by a single
direction potential scan in the luminophore/coreactant system,
in which the formed coreactant intermediate can drive the
formation of the excited ECL active material under the elec-
trochemical reduction/oxidation reaction and then the gener-
ated luminophores in the excited state return to the ground
state to emit light. Compared with the annihilation mechanism,
this mechanism resolves the restriction of electrochemical
scanning potential range and radical stability. Thus, the
improvement of emission efficiency significantly enhances the
detection sensitivity in the field of ECL sensors, especially in g-
C;3Ny-based ECL assays.>*** The coreactant ECL emission
mechanism can be divided into “reductive-oxidation” (R-O) ECL
and “oxidative-reduction” ECL (O-R) according to the involved
oxidation or reduction pathway on modified electrode surface.

In the R-O ECL mode, coreactants such as peroxydisulfate
(S,04°7), hydrogen peroxide (H,0,), and dissolved oxygen (O,)
have been widely used for the construction of g-C;N,-based
cathodic ECL sensors. Using g-C3;N, nanoflake as a perfect
example, Chi's group described the corresponding ECL behav-
iors in the presence of R-O coreactants (S,05>~, H,0,, and O,)
(Fig. 4A).%® Their research indicated that the g-C3N, nanoflake
film (NFF) on glassy carbon electrode (GCE) showed the intense
non-surface state ECL behaviors, which could be verified by the
well overlapping of ECL and fluorescence emission spectra from
g-C3N, versus various wavelengths. As demonstrated in Fig. 4B,
when the electron energy of modified electrode raised with
cathodic potential polarization, the high-energy electrons were
injected into the conduction band (CB) of g-C3;N, NFF to
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Fig. 4 (A) The ECL responses of g-C3zN4 NFF modified GCE in 0.1 M (a)

air-saturated PBS of pH 7.0, nitrogen-saturated PBS of pH 7.0 con-
taining (b) 0.258 mM H,0O, and (c) 0.258 mM K,S,0g, and (B) the
cathodic ECL emission mechanism for g-CsN, NFF/R-O coreactant
systems. Reproduced from ref. 63 with permission from The Royal
Society of Chemistry.
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produce radical anions g-C3N,'~ (R1). Meanwhile, the hole
donors (i.e. ‘OH and SO, ) were generated by the electro-
chemical reduction of the coreactants (R2-R4). After the reac-
tion of the hole donors with g-C;N, ", the excited state g-C;N,
(g-C3N,4*) was formed owing to the depletion of electrons and
holes in the CB and valence band (VB) of g-C;N,, respectively
(R5-R6), and thus emitted blue light when they returned to their
ground states.

Alternatively, we can achieve the anodic ECL in “O-R” mode.
Using triethanolamine (TEA) as the O-R coreactant, Yuan et al.
investigated the anodic ECL property of g-C;N, modified carbon
paste electrode.® They found that a weak anodic ECL response
appeared in phosphate buffer solution, while the obviously
increased ECL response was observed in the presence of TEA,
demonstrating the important effect of selected coreactant on
the anodic ECL response. A possible ECL mechanism was re-
ported for g-C;N,/TEA system. Briefly, the positively charged g-
C;N,"" might be formed from its electrochemical oxidation
when the applied voltage was more positive than the VB of g-
C;N, during the appropriate potential scan. Similarly, TEA was
electrochemically oxidized into a radical cation (TEA'"), and
then decomposed to yield a powerful reductive TEA" radical,
which could react with g-C;N,"" to form excited state g-C3N, (g-
C3N,*). After g-C3N,* decayed back to its ground state, the
emission light was brightened. Besides, Lei et al. found that
triethylamine (Et;N) could also enhance the anodic ECL
response of g-C;N, by means of the similar O-R reaction
process.®® The authors pointed out that the Et;N" radical was
obtained by a proton release from electro-oxidized Et;N"". After
reacted with g-C3;N,'", the generated g-C;N,* could trigger
a strong anodic ECL signal. Zhu and coworkers developed
a feasible label-free ECL aptasensor to detect acetylcholines-
terase (AChE) in combination of Au NPs decorated g-C3N, and
TEA as luminophore and anodic coreactant, respectively.*®

Since ECL systems are generally involved in four crucial
reaction steps (i.e. redox reactions on electrode surface, homo-
geneous chemical reactions, the generation of excited state
species, and light emission),*” the ECL readouts can be regu-
lated effectively by altering (accelerating or inhibiting) the above
ECL pathways. Several ECL sensing strategies have been
proposed for quantitative assays. For g-C3N,-based emitters, the
ECL responses can be controlled by different approaches,
including the introduction/separation of ECL emitters (or active
species interacted with ECL emitters), the generation/
consumption of coreactants, and the steric hindrance caused
by the biorecognition reaction, which directly or indirectly
impact the reaction microenvironment changes via the inter-
actions between ECL active species and the corresponding
recognition events. More interestingly, in comparison with one-
signal detection, the emerging dual-signal techniques are more
reliable owing to the reduction of positive or negative false
signals which are initiated by experimental conditions. Zhang
et al. obtained dual-ECL signals of CNNS with the aid of S,04%~
and TEA at the cathodic and anodic potentials, respectively.*®
They found that the distinct quenching/enhancement effect
upon diverse metal ions were realized at various driven poten-
tials, which might result from the difference of energy level
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matching between CNNS and metal ions (Fig. 5A), as well as the
catalytic actions of CNNS'* and TEA" (Fig. 5B, taking Ni** as
a model). Thus, a potential-mediated dual-signal ECL sensor
was successfully developed with no additional masking
reagents and labeling, and the linear response of Ni*" was
calculated from 10 to 120 nM with a detection limit of 2.35 nM
(Fig. 5C and D), which could significantly decrease the imper-
ceptible false signal in comparison with the single-ECL analysis
previously.

4. Applications of g-C3sN4-based ECL
sensors

As the electrogenerated chemiluminescence techniques
continue to be studied, the g-C;N,-based ECL sensing analyses
have grown rapidly, and branched out to the sensitive moni-
toring of various chemical/biological substances with impera-
tive environmental and clinical significance. Here, in order to
summarize their recent advances, this section is divided into
five main segments including metal ion and small molecule
detection, nucleic acid bioanalysis, immunoassay, protein
analysis, and cell-related biosensing.

4.1. Metal ion and small molecule detection

As is known to all, heavy metal pollution with strong toxicity
have become one of the most serious issues in our living envi-
ronments, which is harmful to human health even at trace
concentration level.*” In view of the strong adsorption capacity
of g-C;N, toward metal ions,”>”* several g-C;N,-depended ECL
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Fig. 5 (A) The electronic band structure of CNNS and oxidation/
reduction potentials of different metal ions; (B) the proposed ECL
reaction pathways of CNNS in the presence of Ni?*; (C) ECL intensity of
CNNS-modified GCE with different Ni* concentrations in the pres-
ence of K,S,0g at cathodic potential range and TEA at anodic potential
range; and (D) the linear fitting of cathodic and anodic ECL quenching
coefficients. Reproduced from ref. 68 with permission from The
American Chemical Society.
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sensors have been constructed for ongoing analytical require-
ments. For example, Xiao et al. first presented a cathodic ECL of
semiconductor g-C;N, using K,S,0g as a coreactant.” They
found that the ECL intensity of g-C;N, could be efficiently
quenched through the electron transfer from g-C;N,"~ to cu®,
which was ascribed to the redox potential of Cu**/Cu” lying
between the CB and VB of g-C;N, (see Fig. 5A). Consequently,
a simple Cu** ECL sensor was developed with satisfactory linear
range and low detection limit of 0.9 nM. Later, Yang's group
designed a “signal-off” ECL sensor to selectively and sensitively
monitor Cu** in the g-C;N,/graphene oxide (GO) hybrid/O,
system.” In contrast to pure g-C3N,, the utilization of GO not
only promoted the ECL recyclability but also achieved 380%
increase of detection signal. Interestingly, based on the
quenching of g-C;N, NTs ECL emission by Cu®" and the
chelation of pyrophosphate ion with Cu*, another sensitive g-
C;N, NTs-based ECL sensor was reported by Chi's group for the
assay of pyrophosphate ion in synovial fluid.” Moreover, Zhang
et al. managed to synthesize structure-controllable CNNS for
monitoring multiple metal ions.” As demonstrated in Fig. 64,
the bulk carbon nitride (CN) with different polymerization
degree were obtained by changing the reaction temperature
from 400 to 650 °C, and denoted as CN-T (T represented
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reaction temperature). After liquid exfoliation, the CNNS with
tunable chemical structures were facilely achieved (Fig. 6C), and
showed distinctive ECL responses to several metal ions
(Fig. 6D). Thus, the accurate and reliable sensors were con-
structed due to the selective quenching resulted from electron
transfer (or inner filter effect) and enhancement caused by
catalytic reaction of CNNS''/TEA" intermediates. Thus, the
developed sensor showed high sensitivity for the monitoring of
Ni**, ¢d*" and cu®" with low detection limits of 1, 20, and
250 nM, respectively, and could provide an exciting and inge-
nious approach for the fabrication of remarkable carbon nitride
family-based sensors.

The g-C;N,-based ECL sensors were also applied for the
small molecules assays.”””® As shown in Fig. 7, Yuan et al
successfully prepared B-cyclodextrin (B-CD) functionalized g-
C;N, (g-C3N,-CD) as a luminophore, and then interacted with
ferrocenecarboxylic acid (Fc-COOH) to form g-C;N,-CD-Fc-
COOH inclusion complex via host-guest recognition. After
acetylcholinesterase (AChE) was chemically conjugated onto
inclusion complex modified electrode, a sensitive “signal-on”
ECL sensor was constructed for organophosphate pesticides
(OPs) determination.” In the absence of OPs, the hydrolysis
reaction of acetylthiocholine (ATCl) by AChE could in situ
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produce acetic acid (HAc), which reacted with coreactant Et;N
to achieve a low ECL signal. However, the presence of OPs could
effectively inhibit AChE activity for the lessened coreactant
consumption, resulting in an enhanced ECL response. Recently,
Wang et al. constructed an amplified ECL aptasensor for 178-
estradiol (E2) assay using Eu,03/g-C3N, nanocomposite as effi-
cient luminophore.*® They found that the ECL intensity of g-
C;3N, could be dramatically elevated by Eu,O; clusters with
oxygen vacancies. When the target was captured by E2 aptamer
on sensing platform surface, the ECL response would decrease
with the increasing E2 concentration due to the steric effect of
E2-aptamer complex. Based on this, the designed ECL apta-
sensor manifested excellent sensitivity and selectivity toward
E2. Du and coworkers developed a facile ratiometric ECL
sensing for monitoring glucose levels on the basis of in situ
production and conversion of coreactants triggered by the
catalytic cascade reactions of glucose oxidase-immobilized g-
C3N,-supported Au nanocomposites (GOx/Au-g-C;N,) (Fig. 8).*
In the absence of glucose, Au-g-C;N, provided a stable and
strong cathodic ECL using dissolved oxygen as a coreactant.
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Fig. 8 The ratiometric ECL biosensor for glucose detection by means
of in situ production and conversion of coreactants caused by catalytic
cascade reactions of GOx/Au—-g-CsN4. Reproduced from ref. 81 with
permission from Elsevier.
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After the addition of glucose, H,O, was in situ produced by
enzyme catalysis, and then converted into reactive oxygen
species by Au NPs, leading to a decreased cathodic ECL from g-
C;3N, NTs as well as an enhanced anodic ECL from luminol. By
means of the competitive oxygen consumption, the designed
biosensor exhibited prominent performances (such as wide
linear response range, low detection limit, and high selectivity)
without additional coreactants for signal amplification.

4.2. Nucleic acid bioanalysis

Nucleic acids are the messenger of biological genetic informa-
tion and the foundation of gene expression. With the develop-
ment and innovation of life science and technology, the ECL
behavior of g-C;N, has been widely used for nucleic acid
sensing.®” For example, Shan et al. proposed an ultrasensitive
ECL strategy for DNA assay coupling of the conformational
conversion of biotinylated capture DNA and the favorable
electrocatalytic activity of g-C3N, NTs@cobalt(n) proto-
porphyrin IX (CoPPIX@C;N,) biotag.®”* In the presence of
target sequence, the hairpin structure of capture DNA were
unfolded via biorecognition reaction and exposed the bio-
tinylated 5 extremity. Then, the streptavidin-functionalized
CoPPIX@g-C;N, was immobilized on electrode interface via
biotin-streptavidin linkage, and electrochemically reduced
coreactant H,O, for the significant decrease of ECL response.
The designed biosensor could monitor target DNA down to
femtomolar concentration and exhibit a wide linear range over
6 orders of magnitude. Xu's group developed a novel dual-
wavelength ratiometric ECL biosensor for detecting microRNA
via the RET between g-C;N, nanosheets and Ru(bpy);>*.** As
displayed in Fig. 9, the synthesized Au NPs functionalized g-
C;3N, not only favored the modification of thiol-labeled molec-
ular beacon, but also showed a stable ECL emission peak at
460 nm which matched well with the absorption peak of
Ru(bpy);>*. The spectral overlap of g-C;N, NTs with Ru(bpy);>*
gave a strong evidence for the appearance of ECL emission of
Ru(bpy);>* at 620 nm, building a highly efficient ECL-RET
system. After target microRNA hybridized with molecular
beacon, the formed DNA-RNA duplex was cleaved by duplex-
specific nuclease, and released microRNA to initiate the next
cycle for signal enhancement. Then, the DNA-Ru(bpy);>" probe
could be captured by the residual single-strand DNA on

Ru(bpy);**
E(‘I.TRI{'I"
-
g-C3Ny 2 $ $ $
\ AR TR
460 nm 620 nm v S0 v N
S P 020 .9
! 5 \ 00,95, 89
§PrubcDN:\-Ru(hp))3 Lo 8,’
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Fig. 9 Schematic diagram of a novel dual-wavelength ratiometric
ECL-RET biosensor for the detection of microRNA. Reproduced from
ref. 84 with permission from The American Chemical Society.
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modified electrode, leading to the decline of ECL response at
460 nm as well as the increase of ECL response at 620 nm. The
proposed ECL-RET method opened a new pathway for the
further exploitation of dual-wavelength ECL system and
exhibited potential abilities in nucleic acids bioassays.

Notably, since the properties of g-C;N, strongly depend on
the synthesis methods, many researches have attempted to
exploit new-type g-C3N, with desired surface modification and
functionalization. In this case, Zhang and coworkers reported
that mechanical grinding of CN with 1-pyrenebutyrate mole-
cules could realize the interface-modified CNNS (m-CNNS)
through noncovalent exfoliation and -7 stacking interac-
tions (Fig. 10A), which not only retained the original ECL
properties of CNNS material but also formed a well-assembled
interface for further binding various biomolecules, shaking
off the deficiencies of carbon nitride in surface science.* Using
probe ssDNA (pDNA) as a model to covalently conjugate m-
CNNS modified electrode, an appealing biosensor was con-
structed for target DNA (tDNA) detection based on the ECL
quenching of m-CNNS by Cu®* obtained from the generation of
DNA-Cu*" complex (Fig. 10B). Instead of covalent linkage with
direct physical absorption, only a small increase (9%) was
observed by the immobilization of pDNA on conventional
CNNS. Thus, this ECL biosensor had enhanced sensitivity in
comparison with the physical absorption of DNA probe on
unmodified CNNS, and the proposed preparation method of m-
CNNS could significantly enlarge their potential application in
biosensing.

4.3. Immunoassay

As a fascinating ECL emitter, some functionalized g-C;N,
nanomaterials have been applied in the construction of

m-CNNS
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Fig.10 (A) The general fabrication of m-CNNS based on simultaneous
noncovalent modification and exfoliation process, and (B) the
construction of ECL DNA biosensor using m-CNNS, and conventional
CNNS as a control. Reproduced from ref. 85 with permission from The
American Chemical Society.
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immunosensor with excellent detection performances. For
example, Chen et al. designed an ECL immunosensor to
monitor carcinoembryonic antigen (CEA) concentrations based
on Au NPs decorated g-C;N, nanohybrids.*® The introduced
gold nanoparticles could effectively suppress the ECL passiv-
ation by capturing and storing the partial CB electrons of g-C3N,
NTs, and catalyze the reduction of persulfate (S,05>7) to
produce SO, as hole donor, achieving a high and stable
cathodic ECL response. The modified electrode was prepared by
the stepwise modification of Au NPs functionalized g-C3N, and
CEA antibody (anti-CEA). After CEA was captured, the related
electrons transfer and coreactant diffusion was blocked by the
steric hindrance of generated protein layers, and thus the ECL
response was decreased linearly from 0.02 to 80 ng mL™". Guo
et al. constructed a disposable and label-free ECL immuno-
sensor for the determination of carbohydrate antigen 125
(CA125) on the basis of one-off screen-printed carbon electrodes
(SPCEs) and multi-functionalized g-C5N,.*” As shown in Fig. 11,
the carboxylated g-C;N, was sequentially functionalized by the
covalent coupling of amino-coated Fe;O, and CA125 antibody
(anti-CA125). The introduction of Fe;O, nanoparticles was
beneficial to the existence of carboxylated g-C;N, in the outer
Helmbholtz plane of biosensor and resulted in the enhancement
of ECL emission of g-C;N, through the accelerated electron
transport between SPCEs and g-C;N,. After the specific binding
with CA125 antibody, CA125 was captured on the sensing
system, leading to the obvious inhibition of ECL response.
Later, Guo et al. also developed a new potential-resolved “in-
electrode” type ECL immunosensor for simultaneous moni-
toring of CA125 and squamous cell carcinoma antigen (SCCA)
using AuNP-functionalized g-C;N,4 NTs as cathodic and Ru-NH,
as anodic luminophores.® In this immunoassay, the CA125 and
SCCA were both captured by the corresponding anti-CA125, and
anti-SCCA;, and served as join points to directly assemble the
signal tags of (Ru & anti-CA125,)@GO and anti-SCCA,-AuNPs/g-
C;N,, which showed two different ECL emissions at 1.25 V and
—1.3 V, respectively. Taking advantage of the proposed strategy,
the immobilized luminophores near the outer Helmholtz plane
were all valid for the relevant electrochemical reactions and
then produced enhanced ECL emissions. Thus, the detection

- g
Yani-Carzs <

EDC/NHS

carboxylated g-C,N,

multi-functionalized g-C,N,

5,0, SO~

Wi
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\
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Fig. 11 Schematic illustration of (A) the preparation process of multi-
functionalized g-C3Ny4, and (B) the construction of proposed immu-
nosensor for CA125 detection. Reproduced from ref. 87 with
permission from Elsevier.
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limits of this immunosensor could be obtained with 0.4 mU
mL~" for CA125 and 0.33 pg mL~" for SCCA.

With the help of similar principles, Li and coworkers
synthesized the carboxylated g-C;N,/graphene nanohybrids for
ECL SCCA monitoring.*® After the deposition of g-C3;N,/gra-
phene and covalent binding of anti-SCCA on the electrode
surface, SCCA was captured by specific immunoreaction and
impeded the diffusion of coreactant toward the electrode
surface. Thus, the ECL response decreased linearly with the
logarithm of SCCA concentration ranging from 0.025 to 10 ng
mL ™. Then, the authors also exploited a quenched immuno-
sensor for the sensitive CEA determination based on Ag nano-
particles functionalized g-C3;N, (Ag@g-CsN,) as a luminophore
and ferrocene carboxylic acid-labeled secondary antibody (Fc-
COOH@ADb,) as a quencher.” In comparison with pure g-C3Ny,
the obtained Ag@g-C3;N, displayed the excellent ECL intensity
and satisfactory adsorption ability, which was benefited to the
assembly of primary antibody (Ab,). Meanwhile, Au doped
mesoporous Al,O; nanorods were utilized to conjugate more Fc-
COOH®@ADb, (Au@Al,0;-Fc-COOH®@AD,). After a sandwich-type
immunoreaction, the ECL response decreased evidently with
the increasing CEA concentration owing to the remarkable
quenching effect of Au@Al,0;-Fc-COOH®@Ab,, which was
related to the energy transfer from g-C;N,* to ferrocenium
along with the inhibition of radical reactions. Xu et al. designed
a spatial-resolved ECL ratiometric device for ultrasensitive
determination of prostate specific antigen (PSA) on the bipolar
electrode (BPE) surface using Au@g-C;N, nanocomposites and
Ru(bpy);>* as cathodic and anodic emitters, respectively.”* As
indicated in Fig. 12, the electroneutrality of BPE ensured the
electrically coupled reactions occurred on cathode and anode.
Pt-polyamidoamine (PAMAM)-DNAzyme on cathode surface
could quench the ECL signal of g-C3N, via RET, and promote
the catalytic reduction of O,. Meanwhile, it would facilitate the
ECL reaction of Ru(bpy),>* at anode with the increased faradaic
current flowing, which was initiated by oxygen reduction. Thus,
they obtained an “off-on” ECL at cathode by the release of Pt-
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Fig. 12 The spatial-resolved ECL ratiometry for sensitive monitoring
of PSA based on a closed BPE. Reproduced from ref. 91 with
permission from Elsevier.
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PAMAM-DNAzyme accompanied with “on-off” ECL at anode.
This ratiometric biosensor for sensitive detection of PSA was
achieved with a linear range from 0.10 to 200 ng mL ™"

4.4. Protein analysis

Protein molecules are key substances for composing cells and
tissues in the human body, and can be also detected by g-C3N,-
based ECL devices.” For instance, Kim's group deposited target-
mediated polyelectrolyte-aptamer multilayer film on the solid-
state modified electrode, and developed a smart permeability
gate-based ECL aptasensor for bisphenol A (BPA) detection via
the regulation of coreactant diffusion rate.”* As shown in
Fig. 134, the negatively charged Au-g-C;N, was applied onto
GCE, and multiple layers of polyethyleneimine (PEI)/
polystyrene sulfonate (PSS) were deposited using layer-by-layer
method, followed by the assembly of overlayered films con-
taining PEI and BPA aptamer. Upon the addition of BPA, the
formed PEI/aptamer films as a gate were destroyed through the
specific binding of target molecules, resulting in the increased
ECL response. Using the similar approach, they further re-
ported a label-free ECL biosensor for sensitive determination of
protease and nuclease based on target-programmable poly-
electrolyte films on g-C;N, modified electrode.”® Moreover,
employing phenoxy dextran (DexP)-g-C3;N, as signal probe, Wei
et al. constructed a “signal-on” ECL sensing platform for
monitoring concanavalin A (Con A).** As shown in Fig. 13B, the
prepared 3D graphene-gold nanoparticles (3D-GR-AuNPs) as an
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Fig. 13 Schematic illustration of (A) the novel permeability gate-
mediated ECL aptasensors by means of target-responsive poly-
electrolyte-aptamer films (reproduced from ref. 93 with permission
from The Royal Society of Chemistry), and (B) the synthetic process of
3D-GR-AuNPs for the preparation of ECL biosensor (reproduced from
ref. 95 with permission from Elsevier).
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excellent matrix were utilized for GOx assembly, which could
specifically recognize target Con A. After interacted with DexP-
2-C3;N, by carbohydrate-Con A interaction, an enhanced ECL
signal was achieved as the increase of Con A levels in the range
of 0.05-100 ng mL ™. Subsequently, on the basis of polyaniline-
3,4,9,10-perylenetetracarboxylic acid-DexP conjugate (PANI-
PTCA-DexP) as the signal quenching probe, they developed
a “signal-off” ECL biosensor for ultrasensitive Con A determi-
nation.®® The sensing platform was constructed by the sequen-
tial assembly of Ag-g-C;N,, DexP, and GOx. Upon the anchoring
of ConA, PANI-PTCA-DexP was bound onto the modified elec-
trode and resulted in a decreased ECL response due to the
quenching effect of PANI in Ag-g-C5N,/S,05>~ system. Recently,
a “signal-on” aptasensor was reported by Chi's group for platelet
derived growth factor (PDGF-BB) assay on the basis of g-C3N,
QDs@CNNS with improved ECL activity.”” When Fec-labeled
aptamer was attached, the introduced Fc could lessen the ECL
signal of g-C;N, QDs@CNNS at short distance. In the presence
of PDGF-BB, the formed PDGF-BB/aptamer hybrid released
from the luminophore surface, efficiently recovering the ECL
intensity in detection system. And the ECL intensity of
biosensor was proportional to PDGF-BB concentration in the
range from 0.02 to 80 nM with a detection limit down to
nanomole level.

4.5. Cell-related biosensing

Cell is a basic unit of the organism structure and function, and
the g-C;N,-based ECL sensing for cell-related bioanalysis has
received more attention because of the great significance in
human health and life science. For instance, Liu et al. built
a ECL biosensor with reusable ability for cancer cells detection
and their surface N-glycan evaluation at dual-potential condi-
tions using gold nanoparticles-modified g-C;N, as cathodic and
Ru(phen);** as anodic signal probes.”® In this work, the
hybridized capture DNA/aptamer duplex DNA was immobilized
onto the MoS, NTs modified electrode, and triggered the
intercalation of Ru(phen);>" in its groove. By the specific inter-
action between the aptamer and target cells, the duplex DNA
were broken into a single-strand DNA and then released the
Ru(phen);**. Meanwhile, a sandwich-type modified electrode
was formed by the recognition interaction between mannose
and Con A@Au NPs modified g-C3;N, (Con A@Au-C3N,)
nanoprobe. Considering the signal ratio of cathodic and anodic
ECL, this biosensor showed desirable sensitivity and selectivity,
as well as avoided the traditional routing cell counting proce-
dures. Then, Ju's group reported a similar ECL biosensor for
ultrasensitive determination of circulating tumor cells (CTCs)
and simultaneous evaluation of the relevant glycan expression
based on CNNS and luminol-reduced Au NPs (LuAuNPs)
(Fig. 14).* The Au NPs-decorated CNNS (AuNPs@CNNS) were
utilized to couple the aptamer for specific conjugation of CTCs,
and lectin-functionalized LuAuNPs were used for surface
glycans recognition. In the presence of MCF-7 CTCs, the
decreased cathodic ECL could be attributed to the CTCs-based
steric effect. Meanwhile, the anodic ECL was heightened
owing to the decorated luminol molecules. Thus, this ECL
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Fig. 14 The construction of a dual-potential ratiometric ECL
biosensor for the monitoring CTCs and evaluating their surface glycan.
Reproduced from ref. 99 with permission from Elsevier.

biosensor exhibited excellent performance for the sensitive
detection of cell with a detection limit down to 2 cells, and was
successfully applied for monitoring the variation of glycans on
cell surface. Xu's group developed a ratiometric ECL sensing
approach for HL-60 cancer cells determination using g-C3N,
NTs and Ag-PAMAM-luminol nanocomposites as ECL emit-
ters.' DNA functionalized Ag-PAMAM-luminol
composites were prepared to conjugate the aptamers on
magnetic bead surfaces. After the addition of HL-60 cells, Ag-
PAMAM-luminol nanocomposites could be liberated from
magnetic bead, followed by the hybridization of capture DNA on
¢-C3N, modified electrode, which not only quenched the
cathodic ECL of g-C;N, owing to the RET originated from Ag
NPs but also increased the anodic ECL of luminol, achieving an
obvious ratio change.

nano-

5. Conclusion and future
perspectives

In this review, we have detailed the current status of g-C3N,
based-ECL sensing analyses and their special applications with
representative examples. Unlike the chromatographic and
spectroscopic equipment, g-C;N,-based ECL sensors can be
easily utilized to sensitively and selectively monitor various
targets including metal ions, small molecules, nucleic acids,
antigens, proteins, and cells, with the features of simple
instrumentation, low cost, weak background, and desirable
controllability, which provide the endless driving forces for
their further developments.

In-depth understanding of the signal response strategies of
g-C3N, materials is beneficial to the design of next-generation
ECL biosensors. However, the researches of g-C;N,-based
sensors are entering a new stage of development and facing
some important issues and challenges. We believe that the
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future work will focus on the improvement of g-C;N,-based ECL
detection performance through the following points. Firstly,
further investigate the ECL behaviors of new carbon nitride
emitters (e.g. g-C3N, QDs, single layer or chemically modified g-
C3N,4 NTs) and select these g-C;N, materials with higher ECL
activities. Secondly, combine g-C;N, materials with new nano-
materials and biomaterials for superior sensing or biosensing.
For example, dope with foreign atoms to tune the bandgap of g-
C;N, materials and increase light absorption, or hybridize with
other nanomaterials to obtain an enhanced ECL response.
Thirdly, by integration of several emerging techniques, the great
progress and major technological breakthrough can be ach-
ieved in the near future. For example, using the g-C;N, NTs
modified microwell array, a novel ECL imaging strategy was
proposed to simultaneously analyze total cholesterol at single
cells with better visible sensitivity."”* Fourthly, since most ECL
sensors are only able to quantify one analyte, additional works
will establish simultaneous or multiplex assay systems. Fifthly,
construct reliable sensing systems for the sensitive detection of
analytes in complex biological matrixes (e.g. blood, saliva, and
urine). Thus, with the continual achievement of above
demands, we envision that the developed g-C;N,-based ECL
sensors can simultaneously detect different targets in complex
samples using simple, rapid, and miniaturized devices, and
bring tremendous influences in disease diagnosis, environ-
mental monitoring, and biological detection.
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