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A B S T R A C T   

In this work, ferrous disulfide nanoparticles (FeS2NPs) with oxidase properties were synthesized, and a FeS2NPs- 
Luminol-MnO2 nanosheets (MnO2NSs) chemiluminescence resonance energy transfer (CRET) system was suc
cessfully established. Because of reaction with MnO2NSs, glutathione (GSH) can inhibit CRET between Luminol 
and MnO2NSs and recover the luminescence intensity of FeS2NPs-Luminol. Consequently, we developed a GSH 
sensor based on this chemiluminescence resonance energy transfer (CRET) system. Under optimal conditions, the 
FeS2NPs-Luminol-MnO2NSs sensing system showed very sensitive response to GSH in the range of 1 μM–500 μM. 
The limit of detection of GSH reached as low as 0.15 μM. Finally, the sensor was successfully used for the 
detection of GSH in serum.   

1. Introduction 

Reactive Sulfur Species (RSS) is a general term of sulfur-containing 
biomolecules in organisms and one of the endogenous active Species 
in organisms [1], including hydrogen sulfide, glutathione, cysteine, and 
the like, among which glutathione is the most common nonprotein 
mercaptan in the cell [2]. Glutathione (GSH) is a tripeptide containing 
sulfhydryl groups that combines glutamate, cysteine and glycine [3]. It 
has antioxidant and integrative detoxification effects [4]. As an impor
tant intracellular regulatory metabolite, the level changes of GSH have 
been associated with a variety of diseases, such as leukocyte loss, pso
riasis, liver injury, Parkinson’s disease, and more [2]. Therefore, there is 
considerable interest in developing rapid and accurate detection systems 
for use in the clinic. 

Many methods for detecting GSH have been spotted in recent years, 
such as fluorescent spectrometry [5,6], UV–Visible absorption spectrum 
[7], mass spectrometry [8] and other. However, these methods still have 
some disadvantages, such as background interference of excitation light 
source, expensive instrument, complicated operation and more. Chem
iluminescence can just avoid these deficiencies and become an excellent 
detection method for GSH. Therefore, we developed a system for GSH 
detection based on chemiluminescence resonance energy transfer 

(CRET). 
Chemiluminescence is the light phenomenon derived from the 

chemical reaction [9,10]. Compared with fluorescence, chem
iluminescence is not influenced by autofluorescence and light scattering, 
so it has been extensively employed in various fields [11–13]. As a 
typical chemiluminescence system, Luminol-H2O2 has been widely used 
in criminal investigation [14] and detection of various biomolecules 
[15,16] and metal ions [17,18]. However, H2O2 easy to 
self-decomposition, is unfavorable to acquire highly stable emission [9, 
19,20]. To avoid the problems, ferrous disulfide nanoparticles (FeS2NPs) 
with oxidase activity were synthesized and FeS2NPs–Luminol-O2 
chemiluminescence system was established. The system has strong sta
bility and high luminescence intensity. 

Chemiluminescence resonance energy transfer (CRET) is a non- 
radiative dipole-dipole energy transfer process that transfers the 
excited state energy of the donor molecule generated by chemical re
action to the recipient molecule [21], which is a very attractive optical 
analysis method. These days, the introduction of quantum dots [22], 
graphene [23], amorphous carbon nanoparticles [24] and 2-D transition 
metal disulfide [21] compound nanosheets as energy receptors have 
made significant progress in CRET system. Most of the two-dimensional 
transition metal oxide nanomaterials (TMONs) have absorption 
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properties due to strong d-d transitions [25]. Therefore, it has been re
ported that MnO2NSs is commonly applied for fluorescence resonance 
energy transfer (FRET) detection [26–28], but rarely for CRET. 

In this work, a FeS2NPs-Luminol-MnO2NSs chemiluminescence 
resonance energy transfer (CRET) system has been successfully estab
lished, in which luminol was the chemiluminescence resonance energy 
donor and MnO2NSs was the receptor. Because of reaction with 
MnO2NSs, GSH can inhibit CRET between Luminol and MnO2NSs, and 
recover the luminescence intensity of FeS2NPs-Luminol. Consequently, 
we developed a GSH sensor based on chemiluminescence resonance 
energy transfer (CRET) platform. 

2. Experimental section 

2.1. Chemicals and materials 

2.1.1. Reagents 
Luminol was obtained from Sun Chemical Technology Co., Ltd. 3- 

morpholinopropanesulfonic acid (MOPS) was provided by Energy 
Chemical, KMnO4 by Sinopharm Chemical Reagent Co., Ltd. (China). 
MgCl2 was purchased from Tianjin Guangfu Technology Development 
Co., Ltd, and NaCl from Tianjin Tian tai Chemical Co., Ltd. Sodium 
Acetate, Anhydrous Ferric Chloride (FeCl3), CuSO4, NaOH, Glutathione 
(GSH), Cysteine (Cys), Glycine (Gly), Leucine (Leu), Serine (Ser), Valine 
(Val), Tryptophan (Try) and Threonine (Thr) were supplied by Beijing 
Chemical Works. All chemicals were of analytical grade and had not 
been further purification. 

A 10 mM stock solution of luminol was prepared by dissolving 
luminol in 0.1 M NaOH solution for a week in a dark room and stored at 
room temperature. 

2.1.2. Instruments 
The RFL-1 ultra-weak luminescence analyzer (Xi’an Remex Analysis 

Instrument Co., Ltd, China) was used to record the whole process of the 
experiment. Luminol’s emission wavelength was acquired on the F-2700 
spectrofluorometer (Hitachi, Japan) that turned off the Xe lamp. The 
absorption spectra of FeS2NPs and MnO2NSs were captured on the UV- 
3100 UV–VISNIR spectrofluorometer (Shimadzu, Japan). Morphologies 
of FeS2NPs and MnO2NSs were investigated by using a JEM2100F 
transmission electron microscopy (TEM, JEOL. Co., Ltd, Japan). Raman 
spectra were obtained with a Renishaw inVia Raman micro
spectrometer. Fourier transform infrared (FT-IR) spectra were obtained 
as KBr disks with the Avatar 360 (Nicolet, USA) spectrometer. X-ray 
diffraction (XRD) patterns were performed on a 6100 Lab diffractometer 
(Shimadzu) with a Cu Kα radiation. 

2.2. Synthesis of FeS2NPs and MnO2NSs 

FeS2NPs was synthesized by solvothermal method referring to the 
previous method [29]. Briefly, 0.49 g FeCl3 was dissolved in 40 mL 
ethylene glycol and vigorously stirred for 30 min at room temperature. 
After that, 3.6 g sodium acetate and 5 g cysteine were introduced to the 
mixture and stirring for another 30 min. The solution was put into a 20 
mL Teflon autoclave. After 4 h of reaction at 200 ◦C followed by cooling 
to room temperature, the target product was obtained by vacuum 
filtration and rinsed alternately with ethanol and deionized water. Dry 
the washed solids overnight in the drying oven. Solid samples were 
dispersed with deionized water for experimental use. 

MnO2NSs was prepared according to the previous method [30]. 
Firstly, 0.21 g 3-Moroline propionic acid (MOPS) and 0.0158 g KMnO4 
were mixed in 10 mL deionized water. Then the mixture was subjected 
to ultrasonic treatment at room temperature for 30 min. The dark brown 
flocculent was centrifuged at 10,000 rpm for another 10 min, and finally 
washed with water. The flocculent was dispersed in 10 mL deionized 
water for the following usage. The concentration MnO2NSs was 14.69 
mM, calculated with the molar extinction coefficient of 9.6×103 M− 1 

cm− 1 (380 nm) [30]. 

2.3. Analytical procedure 

For the CL determination of GSH, 100 μL MnO2NSs (2 mM) and 100 
μL GSH with different concentrations were, respectively, mixed for in
cubation in test tube. After 15 min, 100 μL FeS2NPs (2 mg/mL) was 
introduced to the mixture and diluted with deionized water to 500 μL. 
The prepared reagent was transferred to a 5 mL beaker and placed in the 
dark chamber of the detector. Finally, 500 μL Luminol (0.1 mM) was 
injected with an injection pump and the luminescence intensity of the 
system was recorded. 

2.4. Sensing detection of serum samples 

To verify the practicability of this sensing system, we used this sys
tem to detect GSH in serum. The GSH of the serum sample was tested 
using the above-depicted procedure, except that the 100 μL GSH solu
tion was replaced with 100 μL serum. 

3. Results and discussion 

3.1. Characterization of FeS2NPs and MnO2NSs 

The morphology of the FeS2NPs and MnO2NSs was observed by TEM. 
As shown in Fig. 1 (A and B), the FeS2NPs exhibit a morphology of 
spheres and a rough surface with the diameter of 1–2 μm, due to the 
oriented assembly of amounts of FeS2NPs. As shown in Fig. 1 (C and D), 
the prepared brown MnO2 suspension present obvious morphology of 
nanosheet with the diameter of 100–150 nm. 

XRD analysis demonstrate in Fig. 2 (A) that the diffraction peaks 
(black) of FeS2NPs can be well assigned to that of the FeS2 at 2θ = 28.5◦

(111), 33.1◦ (200), 37.1◦ (210), 40.8◦ (211), 47.4◦ (220) and 56.3◦

(311) and suggest that the FeS2 core was successfully synthesized. The 
significant XRD peaks (red) can be well assigned to the MnO2 with a 
hexagonal birnessite structure. The diffraction signals at 2θ = 12.3◦, 
18.7◦, 36.8◦, 54.9◦ and 65.7◦ can be attributed to the (002), (101), 
(006), (301) and (119), respectively. 

The FT-IR spectra in Fig. 2 (B) indicate that the synthesized FeS2NPs 
exhibit three characteristic absorption peaks at 418 cm− 1, 1058 cm− 1, 
and 1400 cm− 1, consistent with standard infrared spectrogram of FeS2 at 
407 cm− 1, 1065 cm− 1 and 1400 cm− 1418 cm− 1 and 1058 cm− 1 belong 
to stretching vibration of Fe2+-[S2]2− and S–S, respectively [31]. 
Because the prepared FeS2NPs are not pure FeS2, the peaks at 418 cm− 1 

and 1058 cm− 1 shift to higher wavenumber and lower wavenumber, 
respectively. Besides, the peaks 1633 cm− 1 and 3448 cm− 1 are caused by 
the deformation and stretching vibration of hydroxyl groups. According 
to the above analysis, it indicates that FeS2NPs have been successfully 
synthesized. It is worth noting that 613 cm− 1 should be attributed to the 
Fe–O bond in Fe3O4, showing that the prepared FeS2NPs have a small 
amount of Fe3O4 [29]. The prepared MnO2NSs exhibit FT-IR peaks at 
556 cm− 1, 1636 cm− 1, and 3431 cm− 1, which can be assigned corre
spondingly to the Mn–O stretching, O–H bending, and O–H stretching, 
consistent with reported results [32]. 

In addition, MnO2NSs have been characterized by UV–vis spectros
copy and Raman spectrum. MnO2NSs display an extensive absorption 
band within 300–800 nm, and the maximum absorption peak at around 
380 nm can be attributed to the d-d transition of Mn4+ ion (Fig. 2 (C)) 
[32]. The Raman shifts at 574.6 cm− 1 and 649.2 cm− 1 can be contrib
uted to the Mn–O vibration (Fig. 2 (D)), which is similar to that of 
previous report [33]. 

3.2. GSH detection principle 

When the emission spectrum of the chemiluminescence substrate 
(energy donor) and the absorption spectrum of the energy receptor 
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Fig. 1. Exhibits the TEM of the as-synthesized FeS2NPs (A and B) and MnO2NSs (C and D).  

Fig. 2. (A) The XRD of the as-synthesized FeS2NPs and MnO2NSs. (B) The FT-IR spectra of FeS2NPs and MnO2NSs. (C) UV–vis spectra of MnO2NSs and FeS2NPs, and 
chemiluminescence spectrum of luminol. (D) Raman spectrum of MnO2NSs. 
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effectively overlap, and the space distance between the energy donor 
and the energy receptor of the chemical reaction is relatively close, the 
chemiluminescence resonance energy transfer (CRET) can be generated. 
As can be seen from Fig. 2 (C), luminol has an emission band within 380 
nm–550 nm in this study, while MnO2NSs have an extensive absorption 
band in the wavelength range of 300 nm–800 nm. However, there was 
no obvious absorption signal of the FeS2NPs in the range of 300 nm–800 
nm, indicating that there was no possibility of CRET between FeS2NPs 
and luminol. In addition, FeS2NPs have strong adsorption [34,35], 
which can ensure that the distance between luminol and MnO2NSs is 
close enough. MnO2NSs and GSH can undergo REDOX reaction, as can 
be seen in Fig. 3 (C) that the absorbance of MnO2NSs decreased signif
icantly in the presence of GSH. MnO2NSs was reduced to Mn2+ (Fig. 3 
(D)) and CRET between Luminol and MnO2NSs was destroyed. There
fore, we designed a GSH sensor based on CRET between FeS2NPs-Lu
minol and MnO2NSs, and selective REDOX reactions between MnO2NSs 
and GSH (Scheme 1). 

Some experiments results are shown in Fig. 3 (A). When only 
FeS2NPs and Luminol presented in the system, Luminol was oxidized by 
dissolved oxygen under the catalysis of FeS2NPs and had a strong 
emission. When the system contained FeS2NPs, Luminol and MnO2NSs, 
the luminescent intensity of the system was visibly quenched due to the 
CRET interaction between FeS2NPs-Luminol and MnO2NSs. However, 
when GSH was introduced to the FeS2NPs-Luminol-MnO2NSs system, 
the luminescence intensity was recovered. That’s because the CRET 
between Luminol and MnO2NSs was destroyed by GSH. With the in
crease of GSH concentration, the luminescence intensity increased with 
linear. 

There were also more evidences to support this mechanism. As can 
be seen from the Fig. 2 (C), its emission wavelength was at 425 nm, 
which indicated that the 3-aminophthalate anions (3-APA*) was still 
luminescent. Meantime, it can be seen from the Fig. 3 (A) that FeS2NPs 
greatly enhanced the emission of Luminol. To verify the role of dissolved 
oxygen in the system, Fig. 3 (B) shows the luminescence intensity under 
different solution saturated with air, oxygen and nitrogen, respectively, 
containing FeS2NPs and Luminol. It can be seen that the intensity of the 
solution saturated with oxygen was higher than that of the saturated 
with air, while that of the solution saturated with nitrogen decreased 
significantly. Studies have shown that oxygen can be adsorbed on the 
surface of FeS2NPs [36,37]. Therefore, through this part of the work, not 
only had the role of oxygen been affirmed, but the oxidase properties of 
FeS2NPs had been verified. 

3.3. Optimization of the sensing conditions 

To obtain higher sensitivity, the parameters of the sensor were 
optimized for the detection of GSH. We first explored the influence of 
FeS2NPS concentration, as shown in Fig. 4 (A). As FeS2NPS concentration 
increased, the signal strength increased, then decreased, and finally a 
platform appeared. when the concentration of FeS2NPs in the system 
was 0.2 mg/mL, the chemiluminescence intensity of the system was the 
maximum. Fig. 4 (B) shows the influence of MnO2NSs concentration on 
luminous signal intensity. It can be concluded that the concentration of 
MnO2NSs was inversely proportional to the signal intensity. When its 
concentration reached 0.2 mM, the signal intensity changed slightly. 
Therefore, 0.2 mM MnO2NSs was selected in the experiment. As shown 

Fig. 3. (A) Effects of FeS2NPs, MnO2NSs and GSH on the system (0.01 mM luminol; 0.2 mg/mL FeS2NPs; 0.2 mM MnO2NSs; 50 μM GSH). (B) Effects of air, oxygen 
and nitrogen on the system (0.01 mM luminol; 0.2 mg/mL FeS2NPs). (C) Absorption spectra of MnO2 NSs in the absence and presence of GSH (0.1 mM MnO2 NSs; 50 
μM GSH). (D) Interaction between GSH and MnO2NSs (the concentration of GSH: 0, 0.1 μM, 0.5 μM, 1 μM, 5 μM, 10 μM, 20 μM, 30 μM, 40 μM, 50 μM, 60 μM, 70 μM, 
80 μM, 90 μM, 100 μM, 500 μM, 1000 μM; MnO2NSs: 0.1 mM). 
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in Fig. 4 (C), we found that the chemiluminescence intensity first 
increased and then decreased with the increase of incubation time. 
When the incubation time was 15 min, the signal value can reach the 
maximum. We also explored the influence of incubation temperature on 
the experiment. As shown in Fig. 4 (D), the chemiluminescence intensity 
was basically stable when incubation temperature was between 20◦C 
and 35 ◦C. When the temperature was higher than 35 ◦C, the lumines
cence intensity began to decrease, which might be because the reaction 
system was broken by high temperature. Therefore, incubation at room 
temperature is sufficient to meet experimental requirements. Finally, the 
effects of Britton-Robison (BR), Na2B4O7–NaOH, Na2HPO4–NaOH and 
Na2CO3–NaHCO3 buffer on the reaction systems in their respective 
buffer ranges were investigated. In Fig. 4 (E), the group with no buffer 
(red line) had a much larger signal than the group with buffer. The 
chemiluminescence intensity of BR buffer decreased with pH increase. 
Moreover, the BR buffer at pH = 6 was much smaller than the signal in 

the unbuffered group (pH = 6.12). We were curious about this phe
nomenon, so we added NaOH with different pH to this system. With the 
increase of pH, the signal increased first, and when pH = 10.5, the signal 
was comparable to that of the group without buffer. But when the pH 
was above 10.5, the signal dropped sharply. Therefore, we suspected 
that high concentration of ions inhibited chemiluminescence signals, 
and buffer solution was not used in subsequent experiments. 

3.4. Detection of GSH 

To demonstrate the applicability of the developed sensor for GSH 
detection, we tested the response of the assay to different concentrations 
of GSH under optimal conditions. As shown in Fig. 5 (A), the concen
tration of GSH was directly proportional to the signal intensity. More
over, it can be seen that a linear relationship was obtained in the range 
of 1–500 μM (Fig. 5 (B)) and the limit of detection (LOD) of GSH was 

Scheme 1. Principle of sensor of GSH based on CRET.  

Fig. 4. Influence of FeS2NPs concentration (A), MnO2NSs concentration (B), incubation times (C), incubation temperature (D) and buffer solution (BR, 
Na2B4O7–NaOH, Na2HPO4–NaOH, Na2CO3–NaHCO3 and NaOH) (E). 
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0.15 μM (LOD = 3σ/b; σ: standard deviation of blank value, σ = 0.58; b: 
slope of the standard curve, b = 11.96). The results show that the 
method has high sensitivity, low detection limit and wide linear range. 

3.5. Selectivity and anti-interference of this system 

To evaluate the selectivity of this assay, we investigated its response 
to some 5 mM electrolytes and amino acids, 75 μM (5 g/L) albumin as 
well as 50 μM cysteine and glutathione (GSH). As shown in Fig. 5 (C), the 
luminescence intensity of GSH added was significantly higher than that 
of others with relatively higher concentration and cysteine with same 
concentration. This result suggests that the method is more selective for 
GSH than other non-target samples. 

To estimate the anti-interference of this system, we explored its 
response to some electrolytes and amino acids. In this section, the 
concentration of Mg2+, Fe3+, Cu2+, Na+, cysteine and albumin were 100 
μM, 2.5 μM, 2.5 μM, 14 mM, 10 μM and 75 μM (the concentration of 
these near to the physiologic concentration), respectively, and the rest 
were as 50 μM (Fig. 5 (D), the luminescence intensity had no significant 
difference. This result suggests that this system has better anti- 
interference ability. 

3.6. Determination of GSH in serum 

To explore the feasibility of this method in the complex biological 
environment, this experiment was then applied to serum and we have 
made a labeled recovery experiment. Due to the high concentration of 
glutathione (GSH) in serum (mM level) [38] and the wide linear range of 
the system, the concentration of GSH in test system (1 mL) containing 
100 μl serum was in the linear range of this experiment. Meanwhile, 
30.0 μM, 50.0 μM and 80.0 μM GSH standard solution were added to the 
serum to perform the experiment. All data were based on three repeated 
measurements, as shown in Table 1. According to the standard curve 
(Fig. 5 (B)), the diluted concentration of GSH in serum was determined 
to be 46.0 μM corresponding serum original concentration is 0.460 mM 
which basically consistent with the content of GSH in serum [39]. The 
recoveries of GSH in serum were 95.0%, 98.5% and 96.6%, respectively 
(Table 1). In addition, the performance of the sensor for GSH detection 

was compared with previous analytical methods, and the results were 
summarized in Table 2. Compared with fluorescence and colorimetry, 
the detection limit of this work is close to or even lower, and the 
detection system designed by us has a wider linear range. 

4. Conclusion 

In conclusion, we have successfully developed a glutathione (GSH) 
sensor based on chemiluminescence resonance energy transfer (CRET). 
According to the selective REDOX reaction between GSH and MnO2NSs 
and the CRET between FeS2NPs-Luminol and MnO2NSs, a GSH turn-off- 
on sensor was established. In addition, the constructed sensor has good 
linearity in the range of 1–500 μM GSH, and good selectivity and 
sensitivity. The application of this system in the detection of GSH in 
serum is not only efficient, simple, but also has high specificity, which is 
expected to be applied to the detection of GSH in various environments. 

Fig. 5. (A) The value of the chemiluminescence signal varied with the GSH concentration from 1 to 500 μM. (B) Calibration curve of FeS2NPs-Luminol-MnO2NSs 
system for GSH detection. The selectivity (C) and anti-interference (D) of this assay. 

Table 1 
Analytical results by this system for in real serum samples (n = 3).  

Samples Found in 
sample (μM ±
SD) 

Added 
(μM) 

Total found 
(μM ± SD) 

Recovery 
rate (%) 

RSD 
(%) 

Serum 46.0 ± 3.5 30.0 74.5 ± 1.6 95.0 5.5 
50.0 95.3 ± 0.9 98.5 1.9 
80.0 123.2 ± 2.4 96.6 3.2  

Table 2 
Comparison with previously reported methods for GSH detection.  

Materials Materials Linear range 
(μM) 

LOD 
(μM) 

Reference 

Fluorescence S-dots/ 
Cu2ONP 

20–500 4 [6] 

Fluorescence ZnS QDs 2–104 0.9 [40] 
Colorimetry/ 

Photothermal analysis 
MnO2 

nanosheets 
0.1–100/ 
6.0–200 

0.1/2 [32] 

Colorimetry AA–Ag NPs 5–50 0.24 [7] 
Chemiluminescence FeS2NPs/ 

MnO2NSs 
1–500 0.15 This work  
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