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Abstract: Hydrogen sulfide (H2S) in joint fluid acts as a signal molecule to regulate joint inflammation.
Direct detection of H2S in joint fluid is of great significance for the diagnosis and treatment of
arthritis. However, due to the low volume of joint fluid and low H2S concentration, existing methods
face the problem of the insufficient limit of detection. In this study, a highly sensitive biosensor
was proposed by designing a primer probe and combining it with hybrid chain reaction (HCR)
under the strong interaction between metal ions and H2S to achieve H2S detection. The primer
probe containing multiple cytosine (C) sequences was fixed on a gold electrode, and the C–Ag–C
hairpin structure was formed under the action of Ag+. In the presence of H2S, it can combine with
Ag+ in the hairpin structure to form Ag2S, which leads to the opening of the hairpin structure
and triggers the hybridization chain reaction (HCR) with another two hairpin structures (H1 and
H2). A large number of double-stranded nucleic acid structures can be obtained on the electrode
surface. Finally, Ru(phen)3

2+ can be embedded into the double chain structure to generate the
electrochemiluminescence (ECL) signal. The linear response of the H2S biosensor ranged from 0.1000
to 1500 nM, and the limit of detection concentration of H2S was 0.0398 nM. The developed biosensor
was successfully used to determine H2S in joint fluid.

Keywords: hydrogen sulfide; electrochemiluminescence; hybridization chain reaction; joint fluid

1. Introduction

Arthritis is a common inflammatory disease of human joints and the surrounding soft
tissues, and its incidence is mainly in middle-aged and older adults. The main clinical man-
ifestations of arthritis are pain, deformity, and joint dysfunction, which seriously reduce
the life quality of patients and bring a heavy psychological burden [1,2]. The researchers
investigated that hydrogen sulfide (H2S) acts as an endogenous mediator of inflamma-
tion in the joint fluid, protecting chondrocytes from oxidative stress [3]. In chondrocytes,
H2S was induced by regulating cysteine-β-synthase and cysteine-γ-lyase, which signifi-
cantly inhibited chondrocyte oxidative stress-induced cell death [4,5]. Many instrumental
methods, such as the electrochemical method [6,7], colorimetric method [8,9], fluorescence
spectroscopy [10,11], electrochemiluminescence (ECL) method [12], and surface-enhanced
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Raman scattering [13], were applied for H2S determination in different samples. Among
these methods, most of them were aimed at the detection of total sulfur ion in biological
samples, and the limit of detection of H2S was generally at the micromolar level. However,
H2S is a gaseous signal molecule that can freely shuttle between cell and joint tissue fluid,
requiring higher sensitivity detection technology to capture and detect it [4,5,14]. Therefore,
developing a highly sensitive and rapid H2S detection method is of great significance for
understanding the pathogenesis of arthritis.

ECL is a kind of electrochemical conjunction with chemiluminescence detection tech-
nology, which has the advantages of high sensitivity and simple instrument. Therefore,
ECL has become a commercially successful analytical technique and a versatile tool for H2S
detection in many scenes. Zhu et al. [15] developed a spectral shift-based ECL chemosensor
for H2S detection. This shift-based chemosensor can effectively avoid the interference
of the ECL signal intensity fluctuations, enabling a highly reliable quantitative analysis
in serum samples. Yu et al. [16] designed a 3D microfluidic paper-based ECL origami
cytodevice with a hollow-channel sensing platform for H2S detection based on metal ion
introducing graphene quantum dots. This sensing platform was successfully applied in
real time to monitor H2S released from cancer cells. Hong et al. introduced an ECL probe
to detect H2S based on a cyclometalated iridium(III) complex. In the presence of H2S,
the probe structure can be changed and triggered, and the intrinsic ECL signal decreases
significantly. However, due to lack of an ECL signal amplification strategy, the detection
limit of the above detection methods was too high, which cannot meet the detection of H2S
in joint fluid.

ECL biosensors based on ruthenium bipyridine and its derivatives combined with sig-
nal amplification have attracted extensive attention in nucleic acid detection, immunoassay,
and molecular diagnosis in recent years. Li’s research group constructed a label-free ECL
biosensor for lysozyme detection, which realized the highly sensitive detection of lysozyme
by taking advantage of the particular binding between aptamer and lysozyme [17]. It is
well known that Ru(phen)3

2+ has the characteristic of being quantitatively embedded in
the grooves of dsDNA. Based on this characteristic and combined with the nucleic acid
amplification method, our research group constructed a highly sensitive detection of food
safety contaminants, gene fragments, and other targets, showing good specificity and
sensitivity [18–21].

It has been reported that some metal ions can covalently combine with specific bases in
oligonucleotides to form coordination structures mediated by metal ions. Ag+ can combine
with cytosine (C) to form a stable coordination structure of C–Ag–C, and the binding
force of this structure is stronger than the double helix structure of nucleic acid [22–24].
Based on this reaction, Ag+ was introduced to form a hairpin structure with a C-rich
primer probe. In the presence of H2S, the hairpin structure primer can pull out Ag+ from
the hairpin structure to form Ag2S, resulting in hairpin structure dissociation, and the
hairpin primer turns back to a single-stranded DNA structure. Because the single-stranded
DNA structure contains the initiating sequence of hybridization chain reaction (HCR),
it can trigger the HCR reaction and generate a large number of double-stranded nucleic
acids on the electrode surface. Conversely, when the sample does not contain H2S, the
hairpin structure primer C–Ag–C cannot trigger HCR reaction and cannot produce the
HCR amplification effect. At last, Ru(phen)3

2+ molecules can be quantitatively embedded
into the grooves of double-stranded DNA as ECL probes to achieve highly sensitive ECL
detection. Based on this, a sensitive ECL biosensor for H2S can be developed. The proposed
biosensor was applied to detect H2S in joint fluid samples with satisfactory results.

2. Materials and Methods
2.1. Materials and Chemicals

Dichlorotris (1,10-phenanthroline) ruthenium(II) hydrate (Ru(phen)3
2+), K3Fe(CN)6,

K4Fe(CN)6, tripropylamine (TPA), 6-mercaptohexanol (MCH), tris (2-carboxyethyl) phos-
phine (TCEP), Mg(NO3)2, KNO3, NaNO3, KCl, ascorbic acid (AA), uric acid (UA), dihy-
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droxy phenyl acetic acid (DOPAC), and 5-hydroxytryptamine (5-HT) were purchased from
Aladdin (Shanghai, China). Glutathione (GSH), cysteine (Cys), dopamine (DA), sepharose,
4S green plus nucleic acid stain, TAE buffer, and DNA marker (100–1200 bp) were pur-
chased from Sangon Biotech Co., Ltd. (Shanghai, China). All reagents were of analytical
reagent (AR) grade and directly used for the following experiments without further pu-
rification. Tris–HClO4 buffer (20 mM) was prepared by dissolving Mg(NO3)2 (1 mM),
KNO3 (10 mM), and NaNO3 (100 mM) into ultrapure water, and the pH of the solution was
adjusted to pH 7.4. Ultrapure water obtained from the Millipore water purification system
(18.2 MOhm·cm−1, Millipore, Germany) was used in all experiments.

All patient samples were acquired during the diagnosis or treatment in the Affiliated
Hospital of Putian University. The patient samples were processed under institutional
guidelines and approved by the ethical committee for biomedical research of the Affiliated
Hospital of Putian University. The joint fluid samples were collected from medical pro-
cedures performed at the Affiliated Hospital of Putian University and stored at −80 ◦C
until use.

In this strategy, the designed oligonucleotides were synthesized by Sangon Biotech.
Co., Ltd. (Shanghai, China) and used without further purification. The design of the hairpin
oligonucleotide probe was rearranged from the literature [25]. The sequences from 5′ to 3′

are shown as follows:
Primer: 5′-SH-TTTTTCCATCCCTCCACCTGAGTGCCTCCACCCATCC-3′

H1: 5′-CTCCACCCATCCTGCTAGTGGGATGGGTGGAGGCAATCA-3′

H2: 5′-CACTAGCAGGATGGGTGGAGTGATTGCCTCCACCCATCC-3′

2.2. Instruments

The electrochemical measurements were recorded by an electrochemical workstation
(CHI660D, Chenhua Instruments, Shanghai, China) with a classical three-electrode sys-
tem. Then, a gold electrode (diameter: 2 mm, 99.99% (w/w) polycrystalline, Chenhua
Instruments, Shanghai, China) was employed as the working electrode, a Ag/AgCl elec-
trode saturated with 3 M KCl was served as the reference electrode, and a platinum wire
was used as the counter electrode. The ECL intensity measurements were detected by a
laboratory-assembled detection system, which contains electrochemical measurements and
emission chemical luminescence detection. Electrochemical and emission chemical lumines-
cence were recorded by an electrochemical workstation (CHI660D, Chenhua Instruments,
Shanghai, China) and an ultraweak luminescence analyzer (BPCL, Institute of Biophysics,
Chinese Academy of Science, Beijing, China), respectively. Additionally, the voltage of
the PMT in the ultraweak luminescence analyzer was set at 850 V in the detection process.
Cyclic voltammetry (CV) measurement and electrochemical impedance spectroscopy (EIS)
measurements were performed in 0.5 M KNO3 solution containing 0.01 M [Fe(CN)6]3+/4+.
ECL intensity detection was recorded in Tris–HClO4 buffer (20 mM, pH 7.4) containing a
coreaction reagent, 0.02 M TPA.

2.3. Working Electrode Preparation Protocol

A 2 mm diameter gold electrode was polished with 1.0, 0.3, and 0.05 µm alumina
slurry. Additionally, the gold electrode sequence was ultrasonically cleaned by ethanol,
piranha lotion, and distilled water. Then, the gold electrode was immersed in 0.5 M H2SO4
solution, and the platinum wire was used as the reference electrode and counter electrode.
CV was used to activate the electrode in the potential range of −0.2–1.0 V until the stable
voltammetry peak was obtained. Additionally, the electrode was thoroughly rinsed with
deionized water and dried with a high purity of N2 gas. The primer was mixed with Ag+

at a concentration ratio of 1:8 and annealed at 95 ◦C to form a C–Ag–C hairpin structure.
Subsequently, the gold electrode was immersed in 1 µM of the hairpin structure’s primer
and reacted for 2 h to make the primer self-assemble to the electrode surface by a Au–S
bond, and then passivated with 1 mM MCH.



Chemosensors 2022, 10, 250 4 of 11

2.4. ECL Detection

An amount of 10 µL of Tris–HClO4 buffer was dropped on the primer-modified gold
electrode, and the working electrode was placed in a tube containing 50 µL of various
concentrations of H2S standards (using Na2S as the source) or joint fluid samples. H2S gas
could be volatilized from the tube and enriched on the primer-modified gold electrode by
headspace enrichment [26,27]. Then, HCR was carried out at 37 ◦C for 105 min when the
electrode was soaked in the solution containing H1 and H2 and Tris–HClO4 buffer. Follow-
ing this, the modified electrode was immersed in Ru(phen)3

2+ solution and incubated for
3 h at 4 ◦C. Then, the electrode was rinsed thoroughly with Tris–HClO4 buffer to reduce
the nonspecific binding. Finally, the ECL signal was measured in the potential range of
0.6 to 1.5 V (vs. Ag/AgCl) in Tris–HClO4 buffer containing 0.02 M TPA, and the scan rate
was 100 mV/s.

3. Results and Discussion
3.1. Principle of the Proposed ECL Biosensor for H2S Detection

In this strategy, a highly sensitive electrochemiluminescence biosensor was constructed
through Ag+ combined with C-rich primer interaction and HCR amplification. The working
principle is shown in Figure 1. In the presence of Ag+, a C-rich single-strand primer can
form a C–Ag–C complex, and then the single-strand primer can form a hairpin structure.
Subsequently, the hairpin structure primers are fixed on the surface of the gold electrode by
a Au–S bond. Since H2S is both highly volatile and soluble in water, it can be volatile from
the sample and enriched on the electrode. In the enrichment process, H2S forms Ag2S with
Ag+, which competes with Ag+ from primers with a C–Ag–C hairpin structure, leading to
the dissociation of the hairpin structure of the primer and the formation of a single-strand
primer. The single-strand primer structure contains the initiating sequence required for
the HCR amplification reaction, which is triggered when the H1 and H2 hairpin probes
are added. That is, the initiator sequence in the single-strand primer triggers the opening
of the H1 hairpin structure with a sticky end and hybridizes with part of it. The exposed
sticky end of H1 further captures the H2 probe with a notch and hybridizes with part of it.
The alternating hybridization of the H1 and H2 probes drives the chain reaction to form a
DNA double-strand structure with a notch. Finally, a large number of DNA fragments with
the double-stranded structures were generated on the electrode surface. Ru(Phen)3

2+ could
be inserted as an ECL probe into the groove structure of dsDNA on the electrode surface,
and a significantly enhanced ECL signal was detected. Because of the HCR amplification
reaction, only a small amount of H2S can generate a large amount of double-stranded DNA
on the electrode surface, which significantly improves the detection sensitivity.
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3.2. Characterization of the ECL Biosensor

In this strategy, HCR nucleic acid amplification technology was used to amplify the
signal. In order to verify the feasibility of the HCR reaction system designed in this
experiment, agarose gel electrophoresis was used to characterize the principle. As shown
in Figure 2A, lanes a and b are the gel electrophoresis patterns of the primer before and
after adding Ag+. It can be seen from the gel electrophoresis image that the primer was
a single-strand primer, so there are no apparent bands in swim lane a. When Ag+ was
added, a C-rich primer and Ag+ formed the C–Ag–C complementary and paired hairpin
structure, and a conspicuous band appeared in lane b. Lane c was a mixture of H1 and
H2 oligonucleotide probes. Since there was no initiating chain in the system, H1 and H2
existed stably in the solution without HCR reaction. In the absence of H2S, a single-strand
primer and Ag+ formed a stable C–Ag–C complementary paired hairpin structure, which
cannot expose the HCR promoter sequence, and it cannot generate the HCR amplification
reaction (lane d). When H2S was present in the sample, Ag+ in the C–Ag–C primer formed
Ag2S with H2S, exposing the single-strand primer to the initiating sequence of the HCR
reaction and triggering HCR amplification, resulting in bright and long bands (lane e).
These experimental results show that in the presence of H2S, the C–Ag–C structure can be
dissociated, and the exposed initiator sequence can trigger HCR amplification to generate a
long double-stranded DNA tandem structure.

Chemosensors 2022, 10, 250 6 of 11 
 

 

repulsion with [Fe(CN)6]3-/4- and hinders the charge transfer on the electrode surface. 

When MCH was added to plug the extra sites of the electrode, the diameter of the 

semicircle continued to increase (curve c), with an Rct of about 2000 Ω. MCH forms a 

molecular film on the surface of the electrode and prevents [Fe(CN)6]3-/4- charge transfer at 

the electrode interface. In the presence of H2S, the C–Ag–C structure dissociates, exposing 

the promoter sequence, triggering the HCR reaction, and generating a large number of 

double-stranded DNA fragments of different lengths on the electrode surface. A large 

amount of phosphoric acid skeleton greatly inhibits the charge transfer of [Fe(CN)6]3-/4- at 

the electrode interface. The Rct increases to about 5000 Ω (curve e). In the absence of H2S, 

the HCR reaction cannot be triggered, and the Rct value is only about 3000 Ω (curve d), 

which was caused by a small amount of residual H1 and H2 primers on the electrode 

surface. The above experimental results show that the sensor self-assembly process 

constructed in this strategy was consistent with the designed detection principle. 

To further verify the feasibility of the ECL biosensor, we compared the cyclic 

voltammetry and corresponding ECL intensity after HCR reaction with H2S (red curve) 

and without H2S (black curve) (shown in Figure 2C,D). In the absence of H2S, the initiation 

sequence of the HCR reaction cannot be exposed, failing to trigger the HCR reaction, and 

only the very weak Ru(phen)32+ oxidation current and ECL signal can be detected. When 

the sample contained H2S, Ag+ and H2S formed Ag2S, exposing the HCR reaction initiation 

sequence, triggering the HCR reaction, and detecting a significantly increased Ru(phen)32+ 

oxidation current, and the ECL signal value increased eightfold. The experimental results 

show that H2S can trigger the HCR amplification reaction and generate a large number of 

double-stranded DNA fragments on the electrode surface. Ru(phen)32+ is embedded in the 

groove of the double-stranded DNA fragments as an ECL probe, resulting in a strong ECL 

signal. Therefore, ECL detection of H2S can be realized by designing a C-rich primer 

sequence and combining it with the HCR nucleic acid amplification method. 

 

Figure 2. (A) Agarose gel electrophoresis (lane a: primer; lane b: primer + Ag+; lane c: primer + Ag+ 

+ H1 + H2; lane d: H1 + H2; lane e: primer + Ag+ + H2S + H1 + H2); (B) electrochemical impedance 

spectroscopy of various probes modified at the electrode (a: bare Au electrode; b: electrode ‘a’ + 

primer + Ag+; c: electrode ‘b’ + MCH; d: electrode ‘c’ + H1 + H2; e: electrode ‘c’ + H2S + H1 + H2) in 

[Fe(CN)6]3-/4- (5 mM) containing KNO3 (0.1 M) in the range of 10−2 to 106 Hz at an alternate voltage 

of 214 mV; (C) Cyclic voltammograms and (D) ECL intensity of the proposed biosensor in the 

Figure 2. (A) Agarose gel electrophoresis (lane a: primer; lane b: primer + Ag+; lane c:
primer + Ag+ + H1 + H2; lane d: H1 + H2; lane e: primer + Ag+ + H2S + H1 + H2); (B) electrochemical
impedance spectroscopy of various probes modified at the electrode (a: bare Au electrode; b: electrode
‘a’ + primer + Ag+; c: electrode ‘b’ + MCH; d: electrode ‘c’ + H1 + H2; e: electrode ‘c’ + H2S + H1 + H2) in
[Fe(CN)6]3−/4− (5 mM) containing KNO3 (0.1 M) in the range of 10−2 to 106 Hz at an alternate voltage
of 214 mV; (C) Cyclic voltammograms and (D) ECL intensity of the proposed biosensor in the absence
(black curve) and presence (red curve) of H2S (2 µM) in Tris–HClO4 buffer. The scan rate was 100 mV/s
with Ag/AgCl.

Then, electrochemical impedance spectroscopy (EIS) was used further to verify the
modification process of the electrode surface. [Fe(CN)6]3−/4− (in 0.1 M KNO3 electrolyte)
was used as an electrochemical probe to characterize the EIS of the electrode with different
assembling processes. In the Nyquist curve of the EIS spectrum, Z′ represents the real
part and Z′′ represents the imaginary part. The semicircle curve in the high-frequency
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region is controlled by charge transfer, and the diameter of the semicircle can equal the
charge transfer resistance. In contrast, the straight line in the low-frequency region is
controlled by diffusion. According to Randle’s equivalent circuit diagram, the Warburg
impedance (Zw) was the diffusion resistance of electrolyte to the electrode surface. The
electrolyte solution impedance (Rs) was the resistance between the reference electrode and
the working electrode. The charge transfer impedance (Ret) was controlled by the electron
transfer kinetics of [Fe(CN)6]3−/4− at the electrode interface. As shown in Figure 2B, curve
a is the impedance diagram of the bare gold electrode, presenting a very small semicircle,
indicating that the surface charge transfer of the bare gold electrode is almost free from
resistance. When the hairpin structure primer was fixed to the electrode surface by a Au–S
bond and combined with Ag+ to form the C–Ag–C structure, the semicircle diameter was
significantly increased (curve b), and Rct was about 1200 Ω. This is due to the negative
charge of the phosphoric acid skeleton of the primer, which generates electrostatic repulsion
with [Fe(CN)6]3−/4− and hinders the charge transfer on the electrode surface. When MCH
was added to plug the extra sites of the electrode, the diameter of the semicircle continued to
increase (curve c), with an Rct of about 2000 Ω. MCH forms a molecular film on the surface
of the electrode and prevents [Fe(CN)6]3−/4− charge transfer at the electrode interface. In
the presence of H2S, the C–Ag–C structure dissociates, exposing the promoter sequence,
triggering the HCR reaction, and generating a large number of double-stranded DNA
fragments of different lengths on the electrode surface. A large amount of phosphoric acid
skeleton greatly inhibits the charge transfer of [Fe(CN)6]3−/4− at the electrode interface.
The Rct increases to about 5000 Ω (curve e). In the absence of H2S, the HCR reaction
cannot be triggered, and the Rct value is only about 3000 Ω (curve d), which was caused
by a small amount of residual H1 and H2 primers on the electrode surface. The above
experimental results show that the sensor self-assembly process constructed in this strategy
was consistent with the designed detection principle.

To further verify the feasibility of the ECL biosensor, we compared the cyclic voltam-
metry and corresponding ECL intensity after HCR reaction with H2S (red curve) and
without H2S (black curve) (shown in Figure 2C,D). In the absence of H2S, the initiation
sequence of the HCR reaction cannot be exposed, failing to trigger the HCR reaction, and
only the very weak Ru(phen)3

2+ oxidation current and ECL signal can be detected. When
the sample contained H2S, Ag+ and H2S formed Ag2S, exposing the HCR reaction initiation
sequence, triggering the HCR reaction, and detecting a significantly increased Ru(phen)3

2+

oxidation current, and the ECL signal value increased eightfold. The experimental results
show that H2S can trigger the HCR amplification reaction and generate a large number of
double-stranded DNA fragments on the electrode surface. Ru(phen)3

2+ is embedded in
the groove of the double-stranded DNA fragments as an ECL probe, resulting in a strong
ECL signal. Therefore, ECL detection of H2S can be realized by designing a C-rich primer
sequence and combining it with the HCR nucleic acid amplification method.

3.3. Optimization of Experimental Conditions

To obtain the best detection performance of the biosensor, some critical conditions
of the experiment were optimized. In this experiment, TPA was used as ECL coreaction
reagent. According to the results of previous research by our research group, we directly
used a TPA concentration of 20 mM without further optimization [19,25]. Since the amount
of Ag+ plays a vital role in a primer forming a C–Ag–C structure, the excess concentration
of Ag+ in the system will affect the detection limit of the biosensor. As shown in Figure 3A,
with the increase in Ag+ concentration, the intensity of the ECL signal gradually decreased
and reached a plateau when the single-strand primer/Ag+ concentration ratio was 1:8.
Therefore, a concentration ratio of 1:8 was chosen as the best proportion for further study.
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Then, the enrichment time of H2S on the electrode was optimized (Figure 3B). In the
presence of H2S, volatilization adsorbed on the electrode in a closed environment resulted
in the dissociation of the C–Ag–C structure primer, exposing the initiator sequence to
trigger the HCR reaction. With the gradual increase in H2S concentration, the ECL signal
intensity gradually increased. At 30 min, the ECL signal reached a platform. Therefore,
30 min was chosen as the enrichment time of H2S.

The double-stranded DNA in the gold electrode surface after HCR reaction plays a
vital role in signal amplification. Subsequently, the reaction time of HCR was investigated
(Figure 3C). The intensity of ECL increased with the increase in HCR reaction time, and
almost ceased to increase after 90 min, indicating the completion of the HCR reaction.
Therefore, 90 min was selected as the reaction time of HCR in subsequent experiments.

Finally, the time of Ru(phen)3
2+ embedding double-stranded DNA on the gold elec-

trode surface was optimized (Figure 3D). At 4 ◦C and in a dark environment, with the
increase in Ru(phen)3

2+ incubation time, the strength of ECL gradually increased, reaching
saturation when the incubation time was 3 h. Therefore, 3 h of Ru(phen)3

2+ intercalation
time was finally selected as the optimum condition.

3.4. Analytical Performance of the Proposed ECL Biosensor

Under optimal conditions, the sensor constructed above is used for H2S detection. As
shown in Figure 4, in the range of 0.100–1500 nM, the ECL signal intensity increases with
the increase in H2S concentration, and the log value of the H2S concentration has a good
linear relationship with ECL intensity. The linear regression equation of the response was:

Y = 1661.45 lgC (H2S)/nM + 2506.17 R2 = 0.9920

where Y is the intensity of the ECL signal, C is the concentration of H2S, and R2 is the
linear correlation coefficient. The limit of detection was 0.0398 nM (S/N = 3). Compared
with other H2S sensors, this developed sensor combined with a nucleic acid amplifica-
tion strategy can detect H2S concentration at the nanomolar level with higher sensitivity.
Additionally, the analytical performance is compared in Table 1.
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Table 1. Analytical performance of this biosensor in H2S detection compared with previously
reported literature.

Methods Linear Range LOD Reference

Electrochemistry 0.08–2900 µM 0.3 µM [28]
Electrochemistry 0.5–10 µM 0.17 µM [29]
Electrochemistry 0.15–15 µM 0.1 µM [30]

Electrochemiluminescent 0.5–10 µM 0.25 µM [12]
Electrochemiluminescent 0.05–100.0 µM 0.02 µM [31]
Electrochemiluminescent 0–30 µM 1.08 µM [32]
Electrochemiluminescent 0.100–1500 nM 0.0398 nM This work

To verify the specific response of the biosensor for H2S detection, some common
physiologically active substances in joint fluid were selected as distractors to investigate
their influence on the sensor signal. Amounts of 400 µM of AA, 20.0 µM of DA, 20.0 µM of
UA, 50.0 µM of DOPAC, 50.0 µM of 5-HT, 200 µM of Cys, and 2.00 mM of GSH were used
as interference substances. The experimental results show that the ECL signal intensity
measured by the interfering substance is close to the blank value, and the HCR reaction can
be specifically amplified only when the target is present (Figure 5). Due to the high volatility
of H2S, H2S can achieve highly selective analysis and detection when the headspace
enrichment strategy is adopted. Therefore, the biosensor has good selectivity for H2S.
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In addition, the reproducibility of the ECL sensor was investigated by repeatability
experiments. The relative standard deviation (RSD) of the ECL signal was 5.80% (n = 5) for
the parallel determination of H2S at 40.0 nM by biosensors prepared with different gold
electrodes. Experimental results show that the ECL biosensor has good reproducibility. The
prepared ECL biosensor was stored at 4 ◦C for 1 week and then measured the ECL signal.
Compared with the newly prepared ECL biosensor, the measured ECL signal decreased by
less than 6.00%, indicating that the ECL biosensor has good stability.
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3.5. Application of the Proposed ECL Biosensor

Based on the above experimental results, the highly sensitive biosensor constructed
in this experiment can analyze and detect the standard sample of H2S in the relatively
mimetic system. To further investigate the application prospect of the constructed sensor in
the detection of complex biological samples, it has been applied to detect H2S concentration
in joint fluid. The determined results are summarized in Table 2. In addition, the recoveries
were examined by the standard addition method, 200 nM H2S standard was spiked in the
above-mentioned joint fluid samples, and the recoveries were in the range of 92.3–96.5%.
The above experimental results show that the ECL sensor constructed in this method can
be effectively applied to the determination of H2S concentration in complex samples with
reasonable accuracy.

Table 2. Determination of H2S in joint fluid using the proposed sensor (n = 3).

Sample Detected
(nM)

Spiked
(nM)

Total Found
(nM)

Recovery
(%)

1 855.4 ± 30.58 200.0 973.6 ± 22.85 92.3%
2 749.2 ± 27.38 200.0 916.4 ± 21.81 96.5%
3 536.6 ± 31.36 200.0 703.9 ± 19.52 95.6%

4. Conclusions

In this study, a highly sensitive and highly specific ECL biosensor was constructed
to detect H2S based on the interaction between ions and the principle of HCR nucleic
acid amplification. When the target was present, the C–Ag–C hairpin structure primer
dissociated, exposing the HCR reaction initiation sequence, triggering the HCR reaction,
and amplifying the detection signal. Compared with other H2S detection methods, this
method has a lower detection limit and can be used to detect joint fluid samples. In
addition, this biosensor not only is expected to analyze and detect other low-concentration
H2S samples, but also has a particular practical application prospect.
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curation, Z.C. and W.L.; methodology and validation, J.L. and L.F.; visualization and writing review
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