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The chemiluminescence (CL) of CdTe quantum dots (QDs) in the
presence of peroxyoxalate and hydrogen peroxide was explored
and applied for sensitive immunoassay, in which the amplified CL
originated from the resonance energy transfer and annihilation of
hole-injected and electron-injected QDs.

Chemiluminescence (CL) has served as a powerful analytical
tool in the fields of environmental monitoring, clinical diagnosis
and drug delivery due to its advantages of simple operation, fast
analysis, high sensitivity and a wide linear range."* Molecular CL
systems such as luminol-oxidant-horseradish peroxidase (HRP),*
dioxetane-alkaline phosphatase (ALP)* and peroxyoxalate-hydrogen
peroxide (H,0,)-fluorescent dye® have commonly been developed.
Due to the difficult modification and poor stability of natural
enzymes, the application of some CL systems is limited.® Thus
new CL systems, including nanoparticle-based CL systems,” '
are currently attracting considerable attention.

Recently, some nanocluster enhanced luminol-H,O, CL
systems have been developed,”™" and oxidant induced quantum
dot (QD)-CL systems have also been explored.'>"* Owing to their
wide excitation range, high fluorescence (FL) quantum yield and
good optical stability,"*>° QDs have been considered as a good
energy acceptor of luminol donors to produce CL resonance
energy transfer (CRET) for indirect CL. This QD-luminol-oxidant
system has been used for the development of different sensing
systems for thrombin, DNA, ATP, and so on.>'* Besides the
CRET induced QD CL, electron-hole annihilation (EHA) of nano
dots is also a hot topic, in which the nanodots serve as CL
emitters to produce enhanced CL from the combination of holes
and electron-injected nanodots. For example, CdTe QDs can
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enhance the CL intensity as well as the lifetime of peroxymono-
carbonate (HCO, ) by ~100 times.>® The high nitrogen-rich QDs
enhance the ultra-weak CL of NalO, with H,O, by 400-fold.>® A
strong CL of carbon dots has been observed in the presence of
peroxynitrous acid and used for sensitive nitrite sensing.>” These
works demonstrate the enhancement of EHA in the CL signal,
which leads to the curiosity to exploit new efficient non-
enzymatic CL systems of nano dots for amplified biodetection.

Peroxyoxalate CL (PO-CL) is one of the most efficient non-
enzyme catalyzed CL reactions.”® It shows a quantum yield up
to 34%, much higher than that of the luminol-based CL system.
This work used a bis(2,4,6-trichlorophenyl) oxalate (TCPO)-
H,0, CL reaction and CdTe QDs to design a novel CL amplification
strategy, CL resonance energy transfer and electron-hole anni-
hilation (CRET/EHA) induced amplification. The strong CL of
CdTe QDs in TCPO-H,O, was observed, along with a more
durable CL kinetic behavior than the conventional fluorescent
dye-TCPO-H,0, system. Using a CdTe QD functionalized micro-
sphere as a detection tag, a sensitive CL immunoassay was
exploited via the CRET/EHA and 1:n amplification.

Mercapto propionic acid (MPA) capped CdTe QDs were
synthesized via a hydrothermal method. The X-ray photoelectron
spectrum (XPS) and transmission electron microscopy (TEM)
images showed the successful synthesis of CdTe QDs in a spherical
structure with a size of ~3 nm (Fig. S1A-C, ESIt). The CdTe QDs
exhibited a bright orange color under ultraviolet radiation (4 =
365 nm) and a UV-Vis absorption at 540 nm (Fig. S1D, ESIt), which
overlapped with the emission region of TCPO-H,0,.> Thus, the
CRET could happen from the oxidation intermediate of TCPO by
H,0,, 1,2-dioxetanedione (C,0,*), to QDs.*

While the CdTe QDs-TCPO-H,0, system produced a strong
CL, all TCPO-H,0,, CdTe QDs-H,0, and CdTe QDs-TCPO
systems showed a weak CL (Fig. 1A), indicating that the inter-
mediate species produced by TCPO-H,O, could react with CdTe
QDs toyield CL. This CL mechanism could be verified by altering
the mixing orders of reagents (Fig. 1B). The highest CL was
created with the injection of H,0, into the mixture of CdTe QDs
and TCPO because no reaction occurred before the injection.
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Fig. 1

(A) CL intensity of CdTe QDs-TCPO-H,0,, TCPO-H,0,, CdTe QDs-H,0, and CdTe QDs-TCPO systems. (B) CL intensity after injecting

(@) H20O; into CdTe QDs-TCPO, (b) TCPO into CdTe QDs-H,0,, and (c) CdTe QDs into TCPO-H,0,. (C) CL spectrum of the CdTe QDs-TCPO-H,0,
system with cutoff filters from 420 to 650 nm (black line) and the FL spectrum of CdTe QDs (red line).

The injection of TCPO into the mixture of CdTe QDs and
H,0, produced a slightly weaker CL signal, indicating that the
product of CdTe QDs-H,0, contributed partially to the CL
emission of the CdTe QDs-TCPO-H,0, system. The lowest CL
was observed with the injection of CdTe QDs into the mixture of
TCPO and H,0, due to the formation and rapid dissociation
of the intermediate (C,0,*) (reaction (1)).>*' These results
indicated that the formed C,0,* dominated the CL emission
of the CdTe QDs-TCPO-H,0, system.

R,C,0, (TCPO) + H,0, — 2ROH + C,0,* (1)

The CL spectrum displayed the same emission band as the
fluorescence (FL) spectrum of CdTe QDs with a peak at 594 nm
(Fig. 1C), revealing that the CdTe QDs were the emitting species
of the CdTe QDs-TCPO-H,0, CL system.'***** Similar to the
energy transfer between C,0,* and a fluorescent dye,5‘31 CRET
between C,0,* and CdTe QDs produced CdTe* to emit CL
(reaction (2)) due to the spectrum matching (Fig. S1D, ESIT).

C,0,* + CdTe — CdTe* + 2CO, ()

To further investigate the CL mechanism, the whole CL
reaction was analyzed using electron paramagnetic resonance
(EPR) spectroscopy. 5,5-Dimethyl-1-pyrroline N-oxide (DMPO),
a specific target molecule of OH®, was used to capture and
detect the OH* radical.*>** As shown in Fig. 2A, H,0, under

alkaline conditions could produce OH*® and this reaction could
be catalyzed by CdTe QDs (reactions (3)—(5)). In addition, the
OH* could be stabilized on the surface of QDs.**?*

H,0, + OH  — HO,  + H,0 (3)
HO,” + H,0, —» OH® + 0,°” + H,0 (4)
H,0, + CdTe (catalyst) —» CdTe(OH®), (5)

The OH* radical was consumed greatly in the presence of
TCPO, suggesting that the essence of reaction (1) should be the
reaction of TCPO with OH® to form C,0,* (reaction (6)).

R,C,0, + 20H®* — 2ROH + C,0,* (6)

Similarly, the C,0,* in the CdTe QDs-TCPO-H,O, system
was produced on the surface of CdTe QDs (reaction (7)),
resulting in highly efficient collision between C,0,* and CdTe
QDs to create strong CL.>®

R,C,0, + CdTe(OH*), — 2ROH + CdTe-C,0,* (7)

2,2,6,6-Tetramethylpiperidine (TEMP), a specific target
molecule of '0,, was also used to identify '0,.>**?* The results
showed that H,O, itself could produce 'O, (reactions (3), (4)
and (8)),” and 'O, existed in all H,O, containing systems
(Fig. 2B and Fig. S2, ESIf). However, the addition of CdTe
QDs led to a sharp decrease in '0,, which may be due to the
CRET reaction between the CdTe QDs and 'O, (reaction (9)).
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Fig. 2 EPR spectra of (A) OH* radical in H,O,, TCPO—-H,0,, CdTe QDs—H,0, and CdTe QDs-TCPO-H,0, systems, (B) 'O, in TCPO-H,O, and CdTe
QDs-TCPO-H,0, systems, (C) CdTe QDs (a) and CdTe QDs oxidized by H,O, (b) and TCPO—-H,05 (c). Experimental conditions: 100 mM TEMP, 100 mM
DMPO, 1 uM CdTe QDs, 3.2 mM TCPO, 9.4 mM H,O, containing 1.4 mM imidazole.
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Because the CL spectrum of 'O, (a peak at 634 nm)®® was far
away from the excitation wavelength of CdTe, the efficiency of
CRET from 'O, to CdTe should be much lower than the CRET
from C,0,* to CdTe.

0,*” + H,0, —» '0, + OH®* + OH™ (8)
'0, + CdTe — CdTe* + O, 9)

Effects of different radical scavengers on the CL intensity of
the CdTe QDs-TCPO-H,0, system were investigated to identify
the action of oxidant species in the CL system (Table S1, ESIT).
Ascorbic acid, an effective radical scavenger of OH®, was
observed to greatly quench the CL signal of the CdTe QDs-
TCPO-H,0, system, indicating that OH* played a critical role in
the CL emission due to its strong oxidizing ability.”® In addition,
sodium azide (NaNj3), a scavenger for 'O,, was used to identify
the effect of 10, on the CL emission. The CL intensity of the
CdTe QDs-TCPO-H,0, system was slightly quenched by NaNj,
indicating that 'O, was not the main emitter of the CL system.

EPR was also utilized to study the ground-state properties of
CdTe QDs. The CdTe QDs showed an EPR signal at g = 2.0000
(Fig. 2C), suggesting that the ground-state CdTe QDs had a
singly occupied orbital and could act as electron donors or
electron acceptors during the reaction.”’?**°® The g-value of
CdTe QDs slightly shifted after it reacted with H,0,, which
explained the low CL of the CdTe-H,O, system. However, after
the reaction with TCPO-H,0,, the g-value of CdTe QDs was
reduced from 2.0000 to 1.9996, revealing the change of the
singly occupied orbital in CdTe QDs after the CL emission.
Thus, electron-hole annihilation (EHA) was also involved in the
CL emission besides the energy transfer (reactions (10)-(13)).

C,0,* + CdTe — CdTe*" + C,0,°~ (10)
OH* + CdTe — CdTe*" + OH™ (11)
0,*” + CdTe — CdTe*™ + O, (12)

CdTe*" + CdTe*~ — CdTe* (13)

Here, C,0,*, OH*® and O,* were formed through the reaction
between TCPO and H,O, (reactions (4) and (6)). Although both
C,0,* and OH* could serve as the hole injectors and convert
CdTe QDs to cation radicals CdTe*" (reactions (10) and (11)),
the former played the main role. On the other hand, O,*~ could
donate an electron to CdTe QDs to produce QDs with a negative
charge, CdTe* ™ (reaction (12)). Finally, electron-hole annihilation
in or between the CdTe*" and CdTe*~ resulted in the formation
of excited CdTe QDs (reaction (13)).

According to the above results and discussion, it could be
concluded that CdTe QDs were the main emitters in the CdTe
QDs-TCPO-H,0, CL system, and the CL mechanism is shown
in Fig. 3. The CL was generated from the energy release of
CdTe* (reaction (14)), which was produced by both the CRET
between C,0,* and the CdTe QDs and the radiative electron—
hole annihilation between the hole-injected and electron-
injected QDs (CdTe*" and CdTe* ). Here, CdTe QDs themselves
could catalyze the stable formation of OH*® as well as C,0,%,

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 CL mechanism of the CdTe QDs-TCPO-H,0O, system.
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hence causing efficient CRET and electron-hole annihilation to
generate high CL intensity. The CRET between 'O, and CdTe
QDs was weak and its CL emission could be negligible.

CdTe* — CdTe + hv (14)

The effects of H,O,, TCPO and imidazole concentrations on
the CdTe QDs-TCPO-H,0, CL system were then examined.
Based on the signal-to-noise ratio, 10 mM H,0,, 3.4 mM TCPO
and 1.5 mM imidazole were used as the optimal conditions
(Fig. S3, ESIf). Under these conditions, the CL intensity
increased with increasing CdTe QD concentration from 7.2 nM
to 600 nM, and a linear relationship was observed under 150 nM
(Fig. S4, ESIt). In addition, common ions and surfactants had
little effect on this CdTe QDs-TCPO-H,0, CL system (Table S1,
ESIf). Furthermore, the CdTe QDs-TCPO-H,0, CL system
exhibited a more durable CL kinetic behavior than the common
TCPO-H,0,-Cy5 CL system*' (Fig. S5, ESI). All these results
indicated the good feasibility of the proposed CdTe QDs-TCPO-
H,0, CL system for bioanalysis.

A sensitive CL immunoassay was further constructed for
demonstrating the application of the CdTe QDs-TCPO-H,0,
CL system for signal readout. The immunoassay was performed
on a home-made anti-CEA glass chip. After a sandwich-based
target recognition experiment, an avidin modified polystyrene
(PS) microsphere along with an amount of biotin modified
CdTe QDs was captured on each sandwich immunocomplex
via avidin-biotin conjugation to perform the 1:n amplification
(Fig. S6A, ESIT). After the addition of TCPO and H,0,, the CdTe
QDs captured on the protein chip could produce a CL signal.
The PS assisted CL system produced 2.3 times higher CL
emission than that without the PS microsphere, along with
similar noise (Fig. S7, ESIT). With the increasing concentration
of CEA, more CdTe QDs could be captured, resulting in the
stronger CL signal (Fig. S6B, ESIt). In this CL immunoassay, the
CL intensity was proportional to the logarithm value of the
CEA concentration over the range of 0.1 ng mL™" to 10 pg mL ™"
(Fig. S6C, ESIT). The limit of detection corresponding to the CL
signal of 3SD was 0.092 ng mL ™" (~0.3 pM). The low detection
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limit and the wide detection range were comparable to those of
the sensitive CL immunoassays based on HRP or other mimicking
enzymes (Table S2, ESIf). Furthermore, the cross-reactivity and
nonspecific binding among analytes and nonspecific antibodies
were demonstrated to be negligible (Fig. S6D, ESIt). The assay
results of CEA in 7 human serum samples from healthy people
and cancer patients obtained using the proposed CL immunoassay
method were in good agreement with the reference values
obtained via commercial ECL single-analyte testing, with relative
errors less than 6.3% (Table S3, ESIt), indicating the good accuracy
of the immunoassay using the CdTe QDs-TCPO-H,0, CL system.

Theoretically, a wide scope of biomarkers which have the
corresponding sandwich recognition can satisfy the proposed
method. Using alpha fetoprotein (AFP) as another model, the
novel CdTe QDs-TCPO-H,0, CL system could conveniently
be extended by easily alternating the antibodies. Under the
optimal conditions, the linear range for AFP detection was from
0.05 ng mL ™" to 10.5 pg mL " and the detection limit was
0.035 ng mL " (~0.5 pM) (Fig. S8, ESI{).

In conclusion, CdTe QDs can act as the CL emitter to produce
strong signal readout in the presence of TCPO and H,0,. The CL
emission is demonstrated to undergo two pathways: CRET and
radiative electron-hole annihilation between hole- and electron-
injected QDs. The exploration of CdTe QD CL shows important
significance in amplifying the detection signal for sensitive
enzyme-free bioanalysis and the development of nanoparticle-
based CL systems. The designed CRET/EHA amplification strategy
can be further combined with 1:n amplification by easily assembling
the QDs on a microsphere to act as a tag. As a proof-of-concept,
the tag has been used for the development of a sensitive CL
immunoassay method. The high sensitivity, wide detection
range, acceptable selectivity, good versatility and accuracy show
good practicability of the CdTe QDs-TCPO-H,0, CL system.

One thing to be noted is that the CdTe QDs-TCPO-H,0, CL
system is a flash-type CL. For high-throughput cancer diagnosis
using 96-well microplates, glow-type CL has more advantages.
To be more practical, more QD-based CL systems with glow-
type CL should be further developed.
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