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A high-efficient chemiluminescence (CL) platform for highly selective and sensitive H,S detection was con-
structed on the basis of the quenching effect of S>~ on the copper ion modified graphitic carbon nitride nano-
sheets (Cu?*-g-CsN4 NSs) enhanced luminol-H,0, system. Cu?*-g-CsN,4 NSs with horseradish peroxidase-like
catalytic activity were prepared and provide a great improvement for luminol-H,0, system. The presence of
$2~ induced the formation of CuS precipitate on g-C3N, NSs surface. The precipitate can block the catalytic Cu?
* sites on the g-C3N4 NSs surface, resulting in a great CL decrease of CL system. Based on such a mechanism, a
simple, highly selective and sensitive CL biosensor for H,S detection was designed. Under the optimized condi-
tions, luminol-H,0,-Cu?"-g-C5N4 NSs system gave a decrease of CL intensity with the Na,S concentration in-
creasing. The CL biosensor is in a linear range of 10.0 pM-50.0 nM and the detection limit for detecting Na,S is
as low as 2.0 pM. Moreover, the method here has enjoyed a successful application for determining H,S in

human plasma samples and the recovery is between 95.7% and 110.0%.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen sulfide (H,S) serves as a gasotransmitter molecule, the
same as carbon monoxide (CO) and nitric oxide (NO), can greatly affect
the living biosystems [1]. Of these, as a vital signaling molecule, H,S par-
ticipates in various physiological activities under physiological condi-
tions, such as vasodilation, oxygen sensing, angiogenesis, apoptosis,
neuromodulation and inflammation [2]. Importantly, endogenous H,S
level is correlated with various diseases like Down syndrome, liver cir-
rhosis, diabetes and Alzheimer's disease [3]. Previous established tech-
niques specific to detecting HoS mainly are methylene blue method
[4], monobromobimane method [5], gas chromatography [6], and sul-
phide ion selective electrodes [7]. However, some problems including
the complicated sample processing, high-cost instruments, as well as
low selectivity and sensitivity still puzzled the researchers [8]. There-
fore, the development of the selective and sensitive method for H,S de-
tection on simple setup is highly appealing.

The optical detection techniques can be used to detect volatile gas-
eous molecule effectively [9]. Fluorescence detection as one of the
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most popular optical technique has proved its great potential in differ-
ent biological samples from cell culture to blood serum [10,11]. The
strategy by designing the fluorescence probes utilizing Cu?*-
fluorophore complex/Cu?*-nanomaterials have been becoming an ef-
fective way for H,S sensing. The mechanism is mainly based on the fluo-
rescent change of the Cu?>*-fluorophore complex/Cu?*-nanomaterials
in the presence of H,S owing to the highly affinity of sulfide ions toward
Cu ions (Ksp of CuS, 1.27 x 1073%). For example, Sasakura et al. devel-
oped an azamacrocyclic Cu?>*-complex fluorescent probe for H,S detec-
tion [12]. Zhuo et al. [13] prepared a fluorescent probe of Cu-doped
carbon quantum dots to measure H,S in human serum and image H,S
in living cells. However, fluorescent probes always suffer from the
poor photostability and are prone to photobleaching and
photodegradation, limiting their further applications. To avoid the phe-
nomenon, chemiluminescence (CL) should be a good choice with the
features of no need of excitation source, low background nature, simple
equipment and high sensitivity. Inspired by the above mentioned exam-
ples, is it possible to introduce the Cu?>* mediated mechanism into the
CL system to improve the CL performance for H,S detection?

In many CL systems, e.g., luminol-H,O, [14], N-aminobutyl-N-
ethylisoluminol functionalized graphene oxide-H,0, [15], nitrogen
and sulfur co-doped carbon dots-H,0, [16], in which horseradish
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peroxidases (HRP) are always adopted as a catalyst for the enhance-
ment of CL intensity. With the development of nanoscience and nano-
technology, the nanomaterials with excellent catalytic effect have
been synthesized to mimic the horseradish peroxidase (HRP) functions
like iron oxide [17], Au [ 18], or Cu [19] nanoparticles. Recently, Vazquez-
Gonzalez et al. reported that the Cu?*-modified graphitic carbon nitride
nanoparticles (Cu?"-g-C3N4 NPs) featured the HRP biocatalytic func-
tions [20]. In this work, by integrating the unique function of Cu?>*-g-
C3N,4 NPs with high affinity of S>~ toward Cu?™, a simple, highly selec-
tive and sensitive CL platform for H,S detection was proposed in virtue
of the quenching effect of H,S on the Cu?"-g-C5N,4 nanosheets (Cu?"-g-
C3N4 NSs) enhanced luminol-H,0, system. According to Scheme 1,
thanks to the catalysis of Cu?>*-g-C5N, to luminol-H,0,, the system ex-
hibits a strong CL emission. Upon the addition of Na,S (employed as the
H,S donor), the Cu$ precipitate formed on the Cu?*-g-C3N, NSs surface
and thus the CL intensity declined. The proposed method allowed for
the detection of H,S in a sensitive manner. Moreover, the CL biosensor
was applied for determination H,S in human plasma samples.

2. Experimental
2.1. Materials and Reagents

Glutathione (GSH), homocysteine (Hcy), L-cysteine (Cys) and mela-
mine were purchased from the Aladdin Industrial Co., Ltd. (Shanghai,
China). Glycine (Gly) was bought from the Seebio Biotechnology Co.,
Ltd. (Shanghai, China). Serine (Ser), alanine (Ala), L-lysine (Lys), sodium
nonasulfate (Na,S*9H,0), zinc sulfate (ZnSO,), ferrous sulfate (FeSO,),
copper sulfate (CuSOy4), calcium chloride (CaCly), Ferric chloride
(FeCl3), ascorbic acid (AA), nitric acid (HNO3) and citric acid (CA)
were provided by the Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). 1.0 x 1072 M luminol stock solution was used to prepare the
luminol working solution. Other AR-grade reagents were used directly.
All aqueous solutions were prepared by pure water (18.2 M(Q-cm) ob-
tained from the ultrapure water system (Aike Water Treatment Solution
Provider, China).

2.2. Apparatus

CL measurements were performed on an ultra-weak luminescence
analyzer (BPCL-1-TIC, Institute of Biophysics, Chinese Academy of Sci-
ence, Beijing, China). The CL emission was recorded on the F-7000 fluo-
rescence and UV-vis absorption spectra were recorded on the
U—3900H UV-vis spectrophotometer (Hitachi, Tokyo, Japan). A Tecnai
G2 F20 S-TWIN microscope (FEI Co., Ltd., USA) was applied for the
Transmission electron microscopy (TEM), the scanning-TEM energy
dispersive X-ray spectroscopy (STEM-EDS) as well as the STEM-
mapping. A KAlpha X-ray photoelectron spectrometer (Thermo Fisher
Scientific Co., USA) was employed to perform X-ray photoelectron
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spectroscopy (XPS) and a FTIR-8400S spectrometer (Shimadzu, Japan)
helped to perform the Fourier transform infrared (FT-IR) spectroscopy.

2.3. Cu?"-g-C3N4 NSs Preparation

The preparation of the g-C3N4 NSs was conducted following the re-
ported methods [21,22] and there was a little improvement. At first,
5.0 g white melamine powders received 4 h annealing at 550 °C to ac-
quire the yellow bulk g-C5N,4. Second, a certain amount of the bulk g-
C3Ny4 product (600 mg) were ground to a powder form and transferred
to 200 mL of 5.0 M HNOs. Then the mixture underwent 1 h sonicate.
Next, the produced solution was refluxed at 125 °C for 12 h. After cooled
to the room temperature, the reaction product underwent centrifuga-
tion treatment, and then water was used to wash it to near-neutral
pH. Subsequently, the obtained g-CsN, nanoflakes of the previous step
were transferred to 60 mL of water for exfoliation, which was kept for
16 h under ultrasound. Finally, the centrifugation at 8000 rpm for
10 min was conducted for discard of the unexfoliated g-C3N,. The col-
lected suspension with g-C3N4 NSs was dried at 60 °C for later use.

The Cu?*-g-C5N4 NSs were synthesized as follows: In brief, a certain
amount of g-C3N4 NSs (20.0 mg) was dissolved in 20 mL pure water for
10 min by ultrasonication. Then, the formed solution was added with
20.0 mL 0.05 M CuCl, (The optimization of the CuCl, concentration,
see the section of 3.2). Following 4 h sonication at 80 °C, the mixture
underwent centrifugation treatment and wash three times by pure
water for the removal of excess CuCl,. Finally, the product was dried
for further use.

2.4. Construction of the CL Biosensor

The ingenious CL biosensor was constructed based on the probe of
Cu?*-g-C5N,4 NSs-triggered strong CL response of luminol-H,0, system.
As displayed in Scheme 1, for H,S detection, a series of various concen-
trations of Na,S (using Na,S as the equivalent [23]) was added into the
Cu®T-g-C5N4 NSs suspension, followed by 30 min incubation. The por-
tion of Cu?*-g-C3N4 NSs was first centrifuged and then washed using
phosphate buffer solution, followed by being reacted with dissociated
S~ to form CuS-g-CsN4 NSs for CL assay.

3. Results and Discussion
3.1. Characterization of g-C3N4 NSs and Cu?*-g-CsN4 NSs

TEM was performed to characterize the prepared Cu?"-g-CsN, and
g-C3N,4 NSs. According to Fig. 1A and B, pure g-C3N, NSs and Cu®"-g-
C3N4 NSs present analogous laminated structure, which indicates basi-
cally no change in the basic morphology following Cu®*-doping. Mean-
while, the TEM image also demonstrates that Cu?>*-g-C5N, NSs are
relatively thin with a high transparency. Then, the STEM-EDS spectrum
(Fig. 1C) confirms that the Cu®>'-g-C3N4 NSs are composed of the

Weak CL

CuS-g-C,N, H:0:

Scheme 1. Schematic illustration of CL assay of HS.
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Fig. 1. TEM images of g-C3N4 NSs (A), Cu?*-g-C3N, NSs (B) and the STEM-EDS image of Cu?*-g-C5N4 NSs (C) and the EDS elemental mappings of C, N and Cu elements for Cu?*-g-C3N4 NSs

(D).

elements C, N, and Cu. Element mapping characterizations were imple-
mented to further explore the structure of the prepared Cu?*-g-C3N,
NSs. Fig. 1D displays that, the STEM-mapping clearly exhibit the identi-
cal distribution of C, N, and Cu elements in the Cu?"-g-C5N, NSs
(Fig. 1D). These data prove the successful preparation of Cu?"-g-C3N,
NSs.

The surface groups, structures and components of Cu?*-g-C5N,4
NSs were further studied by FT-IR, UV-vis and XPS spectra. It can
be seen from the FT-IR spectra in Fig. 2A that the graphitic C—N net-
work does not change obviously after Cu?>* doping in g-C5N4 NSs
(curves a and b). The peak at 804 cm ™! was caused by the breathing
mode regarding the triazine units [24,25]. The peaks ranging from
1200 cm ™! to 1700 cm™! act as typical aromatic C—N stretching
modes, thereinto, the peaks at 1250 cm™!' is assigned as the
stretching vibration of C—N, and the other two peaks at
1413 cm™!, and 1635 cm ™! are assigned as the stretching modes of
heptazine-derived units [26,27]. Broad peaks from 3000 cm™! to
3500 cm™! originate from the stretching vibration of the N—H and
the O—H, which indicate the existence of physical adsorbed water
and amino groups in both g-C3N4 NSs and Cu?*-g-C3N4 NSs. A new
peak appears at about 1054 cm ™! after Cu doping, which could be
caused by the stretching vibration of the C—N in the copper phthalo-
cyanine molecule [26]. There is an obvious absorption band
(~325 nm) in the UV-vis absorption spectra for both samples (curves
a: g-C3N4 NSs, and curve b: Cu?T-g-C3N4 NSs), which correspond to
the electronic transition from valence band to conduction band
(Fig. 2B). After being added with Cu?*, absorption band shows a par-
tial red shift (~5 nm) because of the enhancement of the photocata-
lytic property in the visible area, which is related with the typical
semiconductor absorption of g-C3N,4 substrate.

In addition, XPS analysis was accomplished to analyze the elemental
composition of the synthesized Cu®*-g-C3N,4 NSs in detail (Fig. 2C). The
XPS survey spectra show several visible peaks at 23.2 eV (02s), 207.1 eV
(CI2p),291.6 eV (Cls), 408.6 eV (N1 s), 540.6 eV (O1s), 959.1 eV (Cu2p)
and 980.4 eV (OKLL) [28]. Furthermore, the XPS data verified the exis-
tence of the carbon (46.22%), nitrogen (45.62%), oxygen (5.53%), copper
(1.34%), and chlorine (1.29%) in Cu®*-g-C3N, NSs. That is, the XPS indi-
cated the coverage of Cu?* ions corresponding to about 0.0134 mg per
1.0 mg of Cu?"-g-C5N,4 NSs. All the data validate that Cu?"-g-C5N4 NSs
were successfully synthesized.

3.2. Optimization of CL Working Conditions

To achieve excellent analytical performance, the concentrations of
luminol, H,0,, Cu?"-g-C5N4 NSs, and CuCl, used for g-C5N4 NSs modifi-
cation needed to be optimized. The effect of luminol concentration
ranged from 0.25 to 5.0 mM on the CL signal response was tested. The
luminol concentration increase from 0.25 to 1.5 mM helped to signifi-
cantly enhance the CL intensity (Fig. S1A). However, as the luminol con-
centration further increased, the CL intensity decreased. Therefore,
1.5 mM luminol was chosen. As the coreactant of luminol, H,0, concen-
tration was also screened. As depicted in Fig. S1B, the CL intensity in-
creased as the H,0, concentration increased and reached a plateau at
2.0 mM. Hence, 2.0 mM H,0, was selected.

As a catalyst mimicking the HRP, Cu?>*-g-C5N, NSs possessed the
biocatalytic function to luminol-H,0, system. To screen the appropriate
concentration of Cu?T-g-C3N4 NSs, the concentration from 0.05 to
4,0mg mL~! was tested. As shown in Fig. S1C, the CL intensity increased
to a maximum value at 0.5 mg mL~". Therefore, 0.5 mg mL~' was used.
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Fig. 2. FT-IR (A) and UV-vis spectra (B) obtained for g-C5N4 NSs (a), and Cu?*-g-CsN, NSs (b). (C) XPS spectra of Cu?*-g-C3N4 NSs.

To ensure that the Cu?™-g-C5N,4 NSs exhibit a highly catalytic
function toward luminol-H,0, system, the CL of the Cu2+—g-C3N4
NSs with the variable concentrations of CuCl, (0-0.2 M) at fixed
amount of g-C3N4 NSs (0.1 mg mL™! g-C3N, suspension) were re-
corded. As shown in Fig. S1D, the modification of Cu?>* on the g-
C3N4 NSs surface (curve b-g) could remarkably improve the system's
CL intensity compared with the pure g-CsN4 NSs (curve a), indicat-
ing the vital catalytic role of coordinated Cu?™ in Cu?"-g-C5N,4 NSs
[25]. The CL intensity increased with the CuCl, concentration in-
creasing until 0.05 M (curve a-e). The concentration beyond
0.05 M gives no obvious CL change, which could be ascribed to the
saturated loading of Cu?™ on g-CsN4 NSs surface. Based on the
above analysis, the 0.05 M concentration of CuCl, was selected for
probe synthesis.

A

>

ab
Time (s)

3.3. Possible Mechanism

To investigate the catalytic property of Cu>*-g-C3N,4 NSs on luminol-
H,0, system, a series of experiments were designed. Fig. 3A depicts the
CL kinetics curves of different CL systems. As shown, the CL signal of the
luminol-H,0, system is very weak (curve a), and the separated addition
of Cu?* (1.05 x 10~* M) or g-C5N4 NSs could promote CL signals
(curves b and c), suggesting the Cu?>™ and g-C3N, NSs have certain cat-
alytic activity toward the luminol-H,0, system, respectively. Upon the
introduction of Cu2+-g-C3N4 NSs into luminol-H,0, system, a sharp
and strong CL response was observed (curve d).

To further explore the CL mechanism of the luminol—Hzoz—Cu“—g—
C3N4 NSs system, the CL spectra of different systems were measured
by the fluorescence spectrometer by taking off the light source. As

B

400 450

500
Wavelength (nm)

550

Fig. 3. CL kinetics curves (A) of and CL spectra (B) of luminol-H,0; (a), luminol-H,0,-Cu?" (Ceyz4 = 1.05 x 1074 M) (b), luminol-H,0,-g-C3N4 NSs (c), and luminol-H,0,-Cu?"-g-C3N,

NSs (d).
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displayed in Fig. 3B, the emission peaks of the luminol-H,0,, luminol-
H,0,-Cu?™, luminol-H,0,-g-C3N4 NSs, and luminol-H,0,-Cu?"-g-
C3N4 NSs are all around 425 nm. These data reveals that the luminescent
species in these systems are excited luminol [29,30], and the signal en-
hancement trend of CL spectrum is consistent with the CL kinetic behav-
ior. Based on the above analysis, combining with the previously
reported catalytic mechanism of Cu?' on luminol-H,0, system
[31,32] and the CL reaction process of g-CsN4 NSs-based system
[33,34]. The possible luminescent mechanism of the luminol-H,0,-Cu?
*-g-C3N,4 NSs system could be described by the following equations:

Hy0; + Cu2*-g-G3N; % Cut-'g-C3Ng~ + 0~ +HO,~ +H,0 (1)
H20; + Cu’ —eg—C3N; ™ —Cu? —g—C5N, + *OH + OH- )
Luminol + *OH—-luminol radicals (L") (3)

Luminol radicals (L"™) + <O, —hydroxyl hydroperoxide (LOO™)
+N, +hv (4)

3.4. Analytical Performance

To demonstrate the feasibility of Cu?"-g-C3N4 NSs as probes for
H,S sensing, Na,S with varied concentrations were tested. The re-
sults showed that CL signal changed proportionally with Na,S con-
centration in logarithmic scale in the range of 10.0 pM-50.0 nM
(Fig. 4A). The reason for this is that the enhanced concentration of
Na,S could result in the increased amount of CuS formed on g-C3Ny4
NSs surface, blocking catalytic Cu?* sites on the surface of the g-
C3Ny4 NSs. Fig. 4B depicts that the CL intensity is linearly related to
the logarithm of Na,S concentration, which follows the regression
equation I = —3378.02 — 1286.92 logC (C represents the concentra-
tion of S2~, R? = 0.997). The detection limit is found to be 2.0 pM (S/
N = 3). Moreover, the proposed method was compared with the pre-
viously reported method for detecting H,S. For the well-designed
biosensor, the linear range was relatively wide and the detection
limit was low for H,S detection (Table 1).

3.5. Specificity, Stability, and Precision

For evaluating the selectivity of the CL biosensor, some possible in-
terfering species such as metal ions, amino acids, biothiols and CA, glu-
cose and AA were examined. As shown in Fig. S2A, the existence of
100 uM of Na™, K™, Mg?*, Gly, Ser, Lys, CA, Gluocose, Ala and AA, led
to scarcely change of the CL signal, whereas 50.0 nM Na,S could result
in an obvious CL decrease. The other interferences such as Fe**+, Cu?™,

Table 1

Comparison of the proposed method and the referenced methods for H,S detection.
Methods Linear ranges LODs References
PEC method 10.0 nM-1.0 mM 0.31 nM [35]
FL probe 1.0 pM-10.0 yM 0.12 uM [36]
Multicolor colorimetric assay 0.05 uM-50.0 pM 19.0 nM [37]
Smart colorimetric probe 0.7 pM-10.0 pM 0.2 M [38]
Ultrasensitive PEC sensor 1.0 pM-10.0 nM 0.36 pM [39]
CL biosensor 10.0 pM-50.0 nM 2.0 pM This work

Zn>*, Fe?™, Hey, Cys, and GSH (each of 100 uM) caused a slight change
of CL response, and the corresponding signal fluctuation rate of CL was
calculated as Al/lpjank values, i.e., (Irez+ — Ibtank)/Iptank = 3.2%, (Icu2
+ = lblank)/lblank = 3.3%, (lZn2+ - Ibl.:-mk)/lblank = 2.8%, (IFe2+ - Iblank)/
Ibtank = 2.9%, (IHcy — Ibtank)/Iolank = — 2.6%, (]Cys — Ibtank)/Ibtank =
—3.5%, (Igsu-Iblank)/Iblank = —4.4% are all less than +5%. Therefore,
the results exhibited that the method has good selectivity for H,S
detection.

The CL response of the Cu?"-g-C3N,4 NSs probe with various storage
times (0 week, 1 week, 2 weeks and 3 weeks) for 50.0 nM Na,S was re-
corded to examine the stability of the system. As demonstrated in
Fig. S2B, the difference in CL intensity is negligible within 3 weeks, indi-
cating that the system presents an acceptable stability.

The assay of 50.0 nM Na,S for 6 parallel measurements within one
day and three days was carried out to estimate the intra-assay precision
and inter-assay precision. The relative standard deviations (RSDs) for
intra-assay were no more than 3.5%, while the RSDs for inter-assay
were less than 6.3%.

3.6. Analytical Applications

To verify the applicability of the system, the content of sulphide
in healthy human plasma (provided by Xinyang Central Hospital)
were determined. Prior to analysis, the fresh human plasma samples
are properly diluted and pretreated as the follows: briefly, acetoni-
trile was added into human plasma (7:1 v/v plasma/acetonitrile) to
remove the proteins [40]; After centrifugated for 10 min at
10000 rpm, the resultant supernatant was immediately used for
analysis. As listed in Table S1, the sulphide concentration of the
plasma averaged at 0.47 4 0.04 uM from three healthy individuals,
which were basically consistent with the reported methods [8,40].
In addition, the recovery experiments were executed by spiking
Na,S (0.2 and 0.4 uM) into three human plasma samples, respec-
tively. The recoveries vary from 95.7% to 110.0%, and the RSDs are
no more than 6.1%, indicating that the method has a good accuracy
for the detection of H,S in the biological samples.

12k
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Fig. 4. (A) CLsignal responses of different concentrations of Na,S: (a) 10.0 pM, (b) 50.0 pM, (c) 100.0 pM, (d) 500.0 pM, (e) 1.0 nM, (f) 5.0 nM, (g) 10.0 nM and 50.0 nM. (B) The linear plot

between CL intensity and the logarithm of Na,S concentration.
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4. Conclusions

In summary, the study developed a CL biosensor for detecting H,S on
the basis of the quenching effects of H,S on Cu?>*-g-C3N, NSs enhanced
luminol-H,0, system. Cu2+-g—C3N4 NSs exhibit excellent catalytic activ-
ity to luminol-based system. By virtue of the blocking effects of S~ to
catalytic Cu®™ sites on the surface of the g-CsN,4 NSs, the presence of
H,S produce a great signal decline of the Cu?>*-g-C3N4 NSs-luminol-
H,0, system. Hence, the constructed CL system presents a high sensitiv-
ity and good selectivity for detecting H,S. The CL biosensor has been ap-
plied to determining H,S in human plasma samples, providing a new
promising method for sensitive detection of H,S in biofluids.
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