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ABSTRACT: The overwhelming majority of commercially available chemiluminescence (CL)
assays are conducted in the eye-visible region. Herein, a near-infrared (NIR) aqueous CL strategy
was proposed with CulnS,@ZnS nanocrystals (CIS@ZnS NCs) as emitters. Hydrazine hydrate
(N,H,-H,0) could inject electrons into the conduction band of the CIS@ZnS NCs and
simultaneously transformed to the intermediate radical N,H;*. N,H;*® reduced dissolved oxygen
(0,) to O,7*, while the O,* could inject holes into the valence band of the CIS@ZnS NCs. The
recombination of electrons and holes at Cu” defects in CIS@ZnS NCs eventually yielded efficient
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NIR CL at around 824.1 nm, which is the longest waveband for NCs CL to the best of our

knowledge. The NIR CL could be conveniently performed in the neutral aqueous medium (pH 7.0) with a quantum yield of 0.0155
Einstein/mol and was successfully employed for constructing a signal-oft CL biosensor with ascorbic acid as the analyte as well as a
signal-on CL biosensor for determining ascorbate oxidase, which indicates that this NIR CL system has a promising potential for

bioassays in diverse ways.

hemiluminescence (CL) is a kind of optical radiation
phenomenon driven by chemical reactions and has the
merits of excellent signal-to-noise ratio, high sensitivity, and
simple equipment because it eliminates the excitation light
source. CL has been widely used in biosensors and
commercialized immunodiagnosis.' > Multicomponent detec-
tion in a single assay is attractive in bioanalysis for high-
throughput detection and precise diagnosis.””> Multicolor CL is
more convenient to achieve this goal.6 However, most
commercial CL emitters glow in the visible region, and their
emission wavebands normally overlap with each other."®’
Near-infrared (NIR, normally beyond 780 nm) CL is strongly
anticipated to overwhelm this question. NIR CL was normally
explored with conjugate-structured organic chemicals as
emitters, and the emission waveband of the direct CL from
these organic chemicals was limited to 780 nm.* "
Nanocrystals (NCs) are usually employed as catalysts to
enhance the CL intensity. For example, cobalt/gold bimetallic
nanoclusters and oxidized g-C;N, nanosheets act as catalysts of
hydrogen peroxide to enhance the CL of luminol.'"'* Recent
investigations have demonstrated that NCs can also be directly
employed as CL emitters, such as carbon dots,"* CdTe,"* black
phosphorus quantum dots,"® perovskite nanocrystal,'® and so
on.!”™% Unfortunately, these CL with NCs as emitters, named
NCs CL, were also mainly located within eye-visible
wavebands, and the corresponding CL quantum yield (®¢;)
was too low to be qualified for bioapplication.””*"
CulnS,@ZnS NCs (CIS@ZnS NCs) are promising non-
toxic-element NCs and have been adopted in photovoltaic cells
and photoluminescence (PL).”*** Recently, investigations on
electrogenerated CL (ECL) of CIS@ZnS NCs have provided
unambiguous evidence that CIS@ZnS NCs are promising
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candidates for CL due to the interlinkage between CL and
ECL.*** Herein, we achieved efficient NIR CL from DL-lipoic
acid (LA) and trisodium citrate (TSC)-capped CIS@ZnS NCs
and proved that hydrazine hydrate (N,H,-H,0) cooperated
with oxygen (O,) to participate in the CL process. N,H,-H,0
injected electrons into the conduction band (CB) of CIS@ZnS$
NCs and was oxidized to N,H;°®, while N,H;* activated O, to
O, and later injected holes into the valence band (VB) of
CIS@ZnS NCs. The electrons and holes recombined at Cu”
defects in CIS@ZnS NCs to emit NIR CL at 824.1 nm. The
@, of CIS@ZnS NCs was 0.0155 Einstein/mol (E/mol),
which is the highest value among the ever reported ®; of
NCs-based CL to the best of our knowledge. Furthermore, the
proposed NIR CL can be conveniently performed in the
neutral aqueous medium (pH 7.0). As the sensing applications
of traditional CL systems are normally performed under strong
alkaline conditions, CIS@ZnS NC-based NIR CL systems
might be more favorable for CL bioassays.

B EXPERIMENTAL SECTION

Chemicals and Materials. All reagents were of analytical
grade and were used without further purification. Ultrapure
water (resistivity, 18.25 M€Q-cm) was used throughout the
experiments. Indium chloride tetrahydrate (InCly-4H,0),
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sodium sulfide (Na,S), glutathione (reduced, GSH), tris-
(hydroxymethyl)aminomethane (Tris), luminol, ammonium
persulfate ((NH,),S,03), potassium iodate (KIO;), ascorbic
acid (AA), sodium thiosulfate (Na,S,0;), hydroxylammonium
chloride (NH,OH), vr-histidine, superoxide dismutase from
bovine erythrocytes (SOD), glucose (Glu), bovine serum
albumin (BSA), sodium chloride (NaCl), ammonium chloride
(NH,Cl), magnesium chloride (MgCl,), potassium chloride
(KCl), potassium carbonate (K,CO;), hemin, 2-morpholinoe-
thanesulfonic acid (MES), 2-[4-(2-hydroxyethyl)piperazin-1-
yl]ethanesulfonic acid (HEPES), ascorbate oxidase (AAO),
and pr-lipoic acid (LA) were purchased from Aladdin.
Potassium nitrate (KNO,;), copper chloride dihydrate
(CuCl,-2H,0), trisodium citrate dihydrate (C¢H;Na;0,-
2H,0, TSC), isopropyl alcohol (C;HgO), hydrogen peroxide
(H,0,), potassium dichromate (K,Cr,0,), hydrochloric acid
(HCl), sodium hydroxide (NaOH), sodium hypochlorite
(NaClO), dipotassium hydrogen phosphate trihydrate
(K,PO,3H,0, PB), and hydrazine hydrate solution (N,H,:
H,0) were all of the analytical grade and purchased from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).
Thiourea and zinc acetate dihydrate (Zn(CH,COO),-2H,0)
were of analytical grade and were purchased from Guangcheng
Chemical Reagent Co., Ltd. (Tianjin, China). Human serum
samples were provided by volunteers from local hospitals.
Apparatus. The ultraviolet—visible (UV—vis) absorption
spectrum was recorded on a TU-1901 spectrophotometer
(Beijing Purkinje General Instrument Co., Ltd., China). The
photoluminescence (PL) spectrum was recorded using an F-
320 spectrofluorimeter (Tianjin Gangdong Sci. & Tech.
Development Co., Ltd., China). The PL lifetime was recorded
on an FLS920 fluorescence spectrometer (Edinburgh Instru-
ments, UK.). The X-ray diffraction (XRD) pattern was
recorded using an X-ray diffractometer (Bruker AXS D8
Advance, Germany) with Cu Ka radiation (4 = 1.5418 A). The
high-resolution transmission electron microscopy (HRTEM)
image was taken on a JEM 2100FS transmission electron
microscope with an intermediate acceleration voltage of 200
kV (JEOL, Tokyo, Japan). X-ray photoelectron spectroscopy
(XPS) was performed on an ESCALAB 250 XPS using
monochromatic Al Ka radiation (Thermo Fisher Scientific
Co.). CL curves were conducted on an MPI-II ECL analyzer
(Xi’an Remex Analytical Instrument Co., Ltd., China) with
PMT (H10721-20, Hamamatsu Photonics K.K., Japan, 230—
920 nm) as the detector. CL spectra were obtained on a
homemade spectrum analyzer consisting of an IsoPlanel60
monochromator, a thermal electricity-cooled Pixis400BR CCD
detector (Princeton Instruments). Fourier transform infrared
spectra (FTIR) were recorded on a Fourier transform infrared
spectrometer (Tensor II, Bruker). Electron spin resonance
(ESR) was measured on an electron spin resonance
spectrometer (JES-X320, JEOL). Cyclic voltammetry (CV)
was conducted on a CHI 822 electrochemical workstation
(CH Instrument) with a glassy carbon electrode (GCE) as the
working electrode, a Ag/AgCl (saturated KCl) electrode as the
reference electrode, and Pt coils as the counter electrode.
Preparation of LA and TSC-Capped CIS@ZnS NCs.
The LA- and TSC-capped CIS@ZnS NCs were prepared
according to the previously reported literature.”® LA (0.2
mmol), NaOH (0.1 mmol), TSC (0.08 mmol), CuCl, (0.01
mmol), InCl; (0.04 mmol), and Na,S (0.062 mmol) were
added successively to 20 mL of water with continuous stirring.
The reaction mixture was heated to 95 °C for 40 min, and then
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1 mL of ZnS shell stock solution (pH $.7) containing 0.08
mmol of Zn(CH;COO), and 0.08 mmol of thiourea was
introduced into the solution for another 45 min at 95 °C. The
crude CIS@ZnS NC was precipitated with isopropyl alcohol,
purified via centrifugation several times, and then redispersed
in ultrapure water. The concentration of CIS@ZnS NCs
utilized for CL characterization was determined to be 3.0 uM
according to the corresponding UV—vis spectrum (Figure S1)
and the literature.”’”

The CIS@ZnS NCs-modified GCE, i.e., GCEICIS@ZnS was
prepared by dropping a drop of 10 uL of purified CIS@ZnS
NCs onto the GCE surface and drying it under ambient
conditions.

CL Measurement and Procedure for AA and AAO
Detection. For CL measurement, the CIS@ZnS NCs solution
was mixed with 1 mL of Tris—HCI buffer containing N,H,-
H,O at room temperature. Typically, the concentrations of
CIS@ZnS NCs and N,H,-H,O were 3.0 yuM and 10 mM,
respectively, and the pH was 7.0. The CL was recorded within
100 s, and the PMT was biased at —800 V. The CL spectra
were collected on a homemade spectrum analyzer with an
optical slit of 1.5 mm.

For AA detection, a drop of 30 yL of AA was injected into
the CIS@ZnS NC solution and then mixed with 1 mL of
Tris—HCI buffer containing N,H,-H,O for CL measurements.
Serum was employed for real sample detection. After the
serum was centrifuged in an ultrafiltration tube (Millipore, 30
kDa), a drop of 30 uL of the filtrate was collected for AA CL
determination. In the recovery experiments, AA of a specific
concentration was added into the serum, and then the mixture
was processed for CL measurements.

For AAO detection, a drop of 30 uL of AA (800 M) was
mixed with a drop of 30 yL of AAO, and then the mixture was
incubated at 37 °C for 25 min. The obtained solution was
injected into the CIS@ZnS NCs solution and then further
mixed with 1 mL of Tris—HCI buffer containing N,H,-H,O for
the CL measurement.

B RESULTS AND DISCUSSION

CL Performance of CIS@ZnS NCs. As shown in Figure
1A, the water-soluble CIS@ZnS NCs exhibited efficient CL
and displayed a typical CL kinetic profile upon the addition of
N,H,-H,O with an initial rapid increase in signal to the
maximum followed by a decrease.”® The decay curve
attenuated to the baseline was shown in Figure S2. The PL
spectrum (Figure 1B) of CIS@ZnS NCs showed a major peak
at 711.6 nm with a shoulder at 816.8 nm. This always occurred
at quantum dots for a defect-related emission.””* The
corresponding PL decay curve of CIS@ZnS NCs (Figure
S3) showed three order exponential decay, 34.72, 165.25, and
505.82 ns. Therefore, it was reasonable to attribute the
emission at 816.8 nm to the defects in CIS@ZnS NCs. The CL
spectrum of CIS@ZnS NCs in the presence of N,H,-H,O
(Figure 1B) showed the maximal emissions at 824.1 nm, which
was the longest waveband for NCs-based CL to the best of our
knowledge and different from commercial CL emitters that
were mainly in the eye-visible region."**' The peak of the CL
spectrum was very close to 816.8 nm, so it could be inferred
that the CL of CIS@ZnS NCs with N,H,-H,0O was defect-
involved radiative-charge-transfer processes. The @ was
defined as the relation between the number of photons emitted
by a certain chemical reaction, per number of moles of the
limiting reactant,”® and the ®¢ of CIS@ZnS NCs was
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Figure 1. (A) CL intensity—time curve of CIS@ZnS NCs in 0.1 M
Tris-HCl (pH 7.0) before and after the injection of 10 mM N,H,
H,0; (B) PL of CIS@ZnS NCs (black line) and the CL spectrum of
CIS@ZnS NCs in 0.1 M Tris—HCl (pH 7.0) containing 10 mM
N,H,-H,O (red line); (C) CL intensity of CIS@ZnS NCs in 0.1 M
Tris—HCI (pH 7.0) containing 10 mM different redox agents; and
(D) effects of the N,H,-H,0 concentration on the CL intensity of
CIS@ZnS NCs in 0.1 M Tris—HCI (pH 7.0).

determined to be 0.0155 E/mol (luminol as the reference,
Figure $2),% the highest value for the @ of NCs CL and
higher than the reported Schapg’s adamantylidene-dioxetane-
based NIR CL (Table S1).'®*"** Different redox agents
(Figure 1C) were also investigated to demonstrate their effects
on the CL, and only N,H,-H,O could produce efficient CL.
Although (NH,),S,0;4 and H,0, could achieve CL to some
extent, the luminous intensity was too weak to be practical.
According to Figure 1D, 10 mM was chosen as the optimal
concentration for N,H,-H,O.

Effects of the CL Reaction on the Properties of CIS@
ZnS NCs. The CIS@ZnS NCs showed three major XRD peaks
(Figure 2A) at 27.765, 47.109, and 54.698°. Compared with
CIS (PDF: 85-1575), they moved slightly toward ZnS (PDF:

" ZnS:05-0566 B
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Figure 2. (A) XRD, (B) FTIR, (C) XPS spectra of element Cu, and
(D) XPS spectra of element S. Black lines: CIS@ZnS NCs, red lines:
product after CIS@ZnS NCs reacted with 10 mM N,H,-H,O in 0.1
M Tris—HCI (pH 7.0).

05-0566). This phenomenon can also be observed in other
nanomaterials with core—shell structures.”> The crystal
structure of CIS was chalcopyrite, features low band gap
energy, broad emission, and an abundance of intrinsic defects
due to the different bond lengths (Rg,_s # Ry,_g), causing
anion displacement from a close-packed arrangement, leading
to a tetragonal distortion of the crystal lattice.” It was in good
agreement with its obvious defect emission in PL and CL
spectra. The XRD pattern remained unchanged before and
after CIS@ZnS NCs reacted with N,H,-H,O, which proved
that the structure of the nanoparticles was preserved during the
CL reaction. TEM results (Figure S4) showed that the size of
the NCs was also primarily preserved after the CL reaction.
The FTIR spectra (Figure 2B) of CIS@ZnS NCs displayed
different features. The band at 3433 cm™" was typical oxygen—
hydrogen (O—H) stretching vibration absorption bands, and
1619 and 1383 cm™' corresponded to the carbonyl group
(C=0).”> After the CL reaction, a new absorption band
appeared at 1015 cm™', which was similar to the symmetric
stretching vibration of S=0O in $O,~.7%7 This meant that the
LA ligands on the NC surface were oxidized during the CL
process. XPS also revealed the occurrence of oxidation. The
content of the oxygen element (Table S2) obviously increased,
and other elements such as Cu, In, Zn, and S basically
remained unchanged. Although Cu was easily oxidized,
especially in a solution, there was no change in the valence
state of Cu. Characters of Cu(I) were 932.3 and 952.3 eV with
a splitting of 20 eV (Figure 2C). The oxidation of S was further
confirmed by the new peak at 167.7 eV (S=0).">** Since
N,H,-H,O could only be used as a reducing agent,””*’ and no
other oxidants were added during the CL process, it could be
inferred that dissolved oxygen (O,) might participate in the
reaction.

CL Mechanism. Control experiments were conducted to
verify the role of O, in this CL system. First, CL performance
(Figure 3A) was recorded after 10 min of nitrogen degassing.
The CL intensity was decreased to 0.35 times that before
deoxygenation for 10 min. Similar results were also observed in
the ECL nature of CIS@ZnS NCs in which the electrons were
injected via electrochemical reduction (Figure SS). There was
no doubt that O, did participate in both the pure CL and the
ECL processes and might act as an oxidant for injecting holes
onto the VB of CIS@ZnS NCs. It can be concluded that N,H,-
H,O was cooperated with O, to participate in the CL process.
To further demonstrate the detailed chemical species for
oxygen involved in the CL, three free radicals related to O,,
OH*, '0,, and O,* were tested by radical scavengers. As
shown in Figure 3B, thiourea (an effective scavenger of
OH*)"" did not have any impact on the CL intensity, and
histidine (an effective scavenger of 'O,) merely slightly
quenched the CL intensity. However, superoxide dismutase
(SOD, an effective scavenger of 0,)* completely inhibited
the CL intensity, which further clarified that O,°” was essential
for the NIR CL emission. ESR was the most direct evidence to
identify radicals. Only the spin adduct formed by $,5-dimethyl-
1-pyrroline-N-oxide (DMPO) and O,°~ (Figure 3C) could be
detected when CIS@ZnS NCs and N,H,-H,O coexisted,
indicating that the coexisted CIS@ZnS NCs and O, were
necessary for the generation of O,°” radicals. CV was used to
determine the redox characteristics of CIS@ZnS NCs via
physically surface confining the CIS@ZnS NCs onto GCE
(Figure 3D). Two oxidation peaks were observed at 0.685 V
(Ox,) and 1.155 V (Ox,) with onset potentials of 0.488 and
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Figure 3. (A) CL intensity of CIS@ZnS NCs in 0.1 M Tris—HCl
(pH 7.0) containing 10 mM N,H,-H,0O (a) before and (b) after
deoxygenation; (B) effects of different free radical quenchers on the
CL intensity of CIS@ZnS NCs in 0.1 M Tris—HCl (pH 7.0)
containing 10 mM N,H,-H,0 and 10 mM thiourea, 10 mM histidine,
or 1 mg/mL SOD; (C) ESR of (a) 20 mM DMPO + CIS@ZnS NCs,
(b) N,H,-H,0, and (c¢) CIS@ZnS NCs—N,H,-H,0 in 0.1 M Tris—
HCI (pH 7.0); (D) CV of (a) bare GCE and (b) GCEICIS@ZnS in
0.1 M Tris-HCl (pH 7.0) containing 0.1 M KCl at 100 mV/s; (E) the
energies for LUMO (a), HOMO (b), and Cu" defects (c) orbitals of
CIS@ZnS NCs and the standard redox potentials of N,H,-H,0 (d)
and O,°” (e); and (F) scheme of CL of CIS@ZnS NCs.

0.908 V, respectively, which were ascribed to the Cu* defects
and the highest occupied molecular orbitals (HOMO). A
reduction peak appeared at —1.055 V with an onset potential
of —0.832 V (Red;), which was attributed to the lowest
unoccupied molecular orbital (LUMO) of CIS@ZnS NCs.****
The Cu® defects; HOMO and LUMO energy levels were
calculated to be —5.435, —5.658, and —3.918 €V, respectively
(475 eV for 0.0 V vs NHE)."” The difference between each
two of them matched well with the results from the PL and CL
spectral data of CIS@ZnS NCs, which were calculated
according to the formula E 1240/2.*7*% The standard
oxidation potential of N,H,-H,O and the reduction potential
of O, were at —1.21 and 1.19 V, respectively,"”" allowing
efficient electrons transferred from N,H,-H,0 to LUMO of
CIS@ZnS NCs and holes from O,* to HOMO of CIS@ZnS
NCs (Figure 3E). It had been reported that O,*” could be
generated from N,H;* and 0,,°" and the CL mechanism of
CIS@ZnS NCs with N,H,-H,0O could be explained as follows:
N,H,-H,0 acted as a reducing agent to inject electrons into
the conduction band of CIS@ZnS NCs and formed N,H,".
Subsequently, N,H;* reacted with O, to form O,°”, which
injected holes into the valence band of CIS@ZnS NCs. Then,
the electrons and holes recombined and emitted light through
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the Cu® defects in CIS@ZnS NCs,>* similar to the charge-
transfer route for ECL of the CIS@ZnS NCs/N,H,-H,0O
system.”” Meanwhile, the surface ligand LA was simultaneously
oxidized. This process was like CIS@ZnS NCs as a medium
that bridged N,H,-H,0 and O,. The scheme of the CL process
is shown in Figure 3F.

CL Sensor for AA Detection. pH is crucial for free radical
reactions and biosensors. The CL intensity (Figure 4A)
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Figure 4. (A) Effects of pH on the CL intensity of CIS@ZnS NCs in
0.1 M Tris—HClI containing 10 mM N,H,-H,0; (B) effects of buffers
on the CL intensity of CIS@ZnS NCs. The concentration of buffers
was fixed at 0.1 M and pH of 7.0; (C) calibration curve for AA
detection; and (D) CL intensity of the proposed NIR CL sensor
toward samples containing 10% BSA as well as 10 mM TSC, Gly,
GSH, NaCl, NH,CI, MgCl, and KClI, respectively. Inset of C: CL
intensity with 1, 25, 50, 100 uM AA.

reached a maximum under neutral conditions (pH at 7.0). The
NIR CL of CIS@ZnS NCs was consequently performed under
neutral conditions, which was superior to the eye-visible CL of
luminol/H,0, and lucigenin/H,0, performed under strong
alkaline conditions.”*™> According to Figure 4B, Tris—HCI
buffer was chosen as the optimal buffer for the NIR CL of
CIS@ZnS NCs. Since the NIR CL from CIS@ZnS NCs could
be carried out under neutral conditions, AA was chosen as the
model analyte to verify its biosensing potential, as the shortage
and excessive intake of AA would result in many diseases,
including scurvy, stomach, and so on. Figure 4C showed that
the CL intensity decreased gradually with the increasing AA
concentration. The linear range of AA for the NIR CL assay
was 1—800 M with the linear equations I = —35.62 [AA] +
28 549 (R* = 0.9959). The limit of detection was 0.3 uM (S/N
= 3). The selectivity of the proposed signal-off NIR CL sensor
for determining AA was also verified with the sample
containing interfering substances, including 10% BSA as well
as TSC, GSH, Glu, NaCl, KCI, MgCl, and NH,CI of 10 mM,
respectively (Figure 4D). These interfering substances failed to
exhibit any obvious influence on the CL intensity. Human
serum was also used to evaluate the performance of the signal-
off NIR CL sensor in actual samples. The concentration of AA
in the serum was estimated to be 57.5 uM, which was
consistent with previously reported results.”” The recovery in
human serum was 97.4—102% with the RSD smaller than 5%
(n = 3) (Table 1). Importantly, as the CL of the proposed
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Table 1. Recovery of the Proposed NIR CL Sensor for
Detecting AA in Human Serum

added (uM) founded (M) recovery (%) RSD (%)
30 88.1 102 0.56
50 106.2 97.4 0.38
150 2104 101.9 0.30

signal-off NIR CL sensor could be completely quenched with
800 uM AA, a signal-on NIR CL biosensor was further
proposed to detect AAO by catalyzing the oxidation of 800 M
AA with AAO.>® The linear range for determining AAO was
1—75 mU/mL, and the linear equation was I/I, = 0.04 [AAO]
+ 0.98 (R* = 0.9992, Figure S6 and Table S3). These results
indicate that the NIR CL from CIS@ZnS NCs can be diversely
utilized for biosensing.

B CONCLUSIONS

In summary, an effective NIR CL strategy was proposed by
employing CIS@ZnS NCs as emitters with the help of N,H,-
H,O0 and O,. The detailed charge-transfer characterization
proved that O, participated in the NIR CL reactions between
CIS@ZnS NCs and N,H,-H,O via the formation of O,™*
radicals. Compared with the eye-visible CL of traditional
luminol/H,0, and lucigenin/H,0, systems, which are
normally performed under strong alkaline conditions, the
NIR CL of CIS@ZnS NCs can be conveniently performed
under neutral conditions with @ up to 0.0155 E/mol. The
NIR CL from CIS@ZnS NCs can not only be utilized for
determining AA in a signal-off way but also be employed to
detect AAO in a signal-on way, indicating that the proposed
NIR CL strategy is promising for NIR CL biosensing in diverse
ways.
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