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ARTICLE INFO ABSTRACT

Keywords: In the last decades, enzyme mimics have been regarded as strong substitutes to natural enzymes. The con-
FeS, NPs struction of biosensors based on these enzyme mimics with competitive catalytic activity and substrate specificity
Peroxidase-like activity has attracted a lot of research interest. Herein, for the first time, we investigated the capability of nanoscale FeS,
I(\:/[;{Ei?;etric to serve as enzyme mimics. Then, a facile and effective biosensor is fabricated based on its intrinsic peroxidase-
Biosensor like catalytic activity. In the presence of Hy0,, FeS, nanoparticles (NPs) possess high peroxidase-like activity to

3,3,5,5'-tetramethylbenzidine (TMB) oxidation, which can be ascribed to the generation of hydroxyl radicals
(-OH) from the Hy02 decomposition catalyzed by FeS; NPs. As for TMB, the resulting Michaelis—Menten constant
(Kp) value of FeS; NPs is found to be about 12 times lower than that of natural horseradish peroxidase (HRP),
highlighting the superiority of FeS; NPs. Based on these intriguing observations, a reliable colorimetric method is
then developed for detection of Hy0, and glutathione (GSH) by a simple mix-and-detect strategy. The detection
limits of Hy0, and GSH are as low as 0.91 pM and 0.15 pM (3c/slope), respectively. Moreover, FeS, NPs can also
catalyse the photoluminescence (PL) substrate terephthalic acid (TA) under the assistance of HyO,. This work
remarkably extends the utilization of FeS; NPs in the construction of colorimetric and PL biosensors in the fields
of biosensing, environmental monitoring, and medical diagnosis.

1. Introduction

As a class of efficient biological catalysts involved in almost all re-
actions in vivo, natural enzymes with high catalytic activity and high
substrate specificity have been successfully employed in various fields
(Wolfenden and Snider, 2001; Filizola and Loew, 2000). However, the
high cost of preparation and rigorous storage conditions severely hinder
their further practical applications. These issues of natural enzymes
have triggered intensive research interest in the development of novel
enzyme mimics. Early in 2007, ferromagnetic nanoparticles (Fe3O4 NPs)
were proven to possess an intrinsic peroxidase-like activity by Yan’s
group (Gao et al., 2007). This observation indicated that Fe3O4 NPs
could catalyse the oxidation of some organic substrates in the presence
of Hy0y, just like horseradish peroxidase (HRP) or some other natural
peroxidases. Since then, novel nanomaterials have been considered as
competitive alternatives of nature enzymes, due to their numerous
merits, such as high stability and cost-effectiveness (Wu et al., 2019a;
Liu et al., 2019a,b; Liu and Liu, 2017; Lin et al. 2014a,b,c). Plenty of
nanomaterials, such as noble metals, metal oxides, carbon-based
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materials, and metal organic frameworks (MOFs), have been extensively
explored to serve as the enzyme mimics in the design of biosensors in
recent years (Li et al., 2019; Jin et al., 2019; Hu et al., 2017; Han et al.,
2017; Lin et al. 2014a,b,c; Zhang et al., 2019; Shi et al., 2011; Chen
et al., 2018a,b). However, the catalytic efficiency of these artificial en-
zymes is still far inferior to that of natural enzymes (Zhou et al., 2017).
Thus, the development of enzyme mimics with highly activity and
highly affinity to substrates is still urgent and vital.

Recently, several kinds of transition metal chalcogenides (TMCs) are
found to possess the intrinsic peroxidase-like catalytic activity. For
instance, the two-dimensional transition metal dichalcogenides (TMDs),
involving VS,, MoS,, and WS, nanosheets (NSs), can serve as enzyme
mimics in the sensing systems for the detection of H2O2 and glucose
(Huang et al., 2018; Xia et al., 2019; Lin et al. 2014a,b,c). Besides, the
hollow copper sulfide nanocubes (h-CuS NCs), prepared by Wang’s
group very recently, also show excellent peroxidase-like activity (Zhu
et al., 2019). The presence of copper endows the proposed h-CuS NCs
with the characteristics of Fenton’s reagents, resulting in better mimetic
performance. The remarkable catalysis characteristics of TMCs,

E-mail addresses: songchan@njtech.edu.cn (C. Song), yaocheng@njtech.edu.cn (C. Yao).

https://doi.org/10.1016/j.bios.2019.111983

Received 3 August 2019; Received in revised form 24 November 2019; Accepted 20 December 2019

Available online 23 December 2019
0956-5663/© 2019 Elsevier B.V. All rights reserved.


mailto:songchan@njtech.edu.cn
mailto:yaocheng@njtech.edu.cn
www.sciencedirect.com/science/journal/09565663
https://http://www.elsevier.com/locate/bios
https://doi.org/10.1016/j.bios.2019.111983
https://doi.org/10.1016/j.bios.2019.111983
https://doi.org/10.1016/j.bios.2019.111983
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2019.111983&domain=pdf

C. Song et al.

especially TMDs, can be mainly attributed to their excellent physico-
chemical properties (Sajedi-Moghaddam et al., 2017; Butler et al., 2013;
Chen et al., 2015; Zhou et al., 2012). Based on those observations, we
believe that the iron-based TMCs (FeSx) might also hold a great potential
to be the appropriate candidates for mimicking peroxidases.

As a representative of iron-based TMCs, FeS; has been widely
investigated in various fields due to its suitable band gap (Eg = 0.95 eV)
and extraordinary absorption coefficient (a > 10° em™! for hv >1.3 eV)
(Liu et al., 2017; Xu et al., 2018; Zhang et al., 2018a,b; Douglas et al.,
2015; Hu et al., 2018). However, the investigation of nanoscale FeS; as
enzyme mimics and the subsequent utilization in biosensing is still in its
infancy. Herein, FeSy; NPs are firstly synthesized via a facile one-step
sulfidation of Fe3O4 NPs with sulfur powder (Scheme 1a). These
as-prepared FeS; NPs are demonstrated to possess high peroxidase-like
enzyme activity, which is prerequisite for peroxidase mimics. Further-
more, a label-free colorimetric method is constructed to realize the vi-
sual detection of HyO, and glutathione (GSH) by one-pot biosensing
(Scheme 1b). Importantly, the FeS; NPs-based sensing system could be
also utilized in the assay of GSH in real samples. We believe that this
work would provide a new paradigm for broadening the application of
FeSy nanomaterials in the biosensing field.

2. Experimental section
2.1. Materials and methods

3,3/,5,5'-tetramethylbenzidine (TMB), 2,2'-azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid) (ABTS), bull serum albumin (BSA),
protamine, glucose oxidase (GOx), lysozyme, and glucose were provided
by Sangon Biotech. Co. Ltd. (Shanghai, China). GSH (reduced form) was
obtained from Aladdin (Shanghai, China). FeCl3-6H0, terephthalic acid
(TA), and H»0; were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). 5,5-dimethyl-1-pyrroline N-oxide (DMPO) and
human serum sample were provided by Energy Chemical Reagent Co.,
Ltd. (Shanghai, China) and Solarbio Science & Technology Co., Ltd.
(Beijing, China), respectively. Human serum experiments were per-
formed in compliance with the protocol approved by the Ethics Com-
mittee at Nanjing Tech University (No. 2019-1). All the chemicals were
obtained from commercial sources and used as received.

Powder X-ray diffraction spectra (PXRD) were formed on a Rigaku
D/Max-2500 diffractometer equipped with a Cu K, radiation source.
Transmission electron microscopy (TEM) images were obtained from
Talos L120C (FEIL, USA). Analysis of the X-ray photoelectron spectra
(XPS) was performed on a Thermo ESCALAB 250 spectrometer. The
C-potential was measured by a Nanosizer ZS90 (Malvern). Fluorescence
measurements were carried out by a F97XP spectrofluorimeter with the
excitation and emission slit widths of 10 nm. UV-vis absorption spectra
were acquired by a Persee TU-1900 double beam UV-vis

(a) ’ Sulfidation .
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Scheme 1. Schematic illustration of the formation of FeS, NPs (a) and color-
imetric detection of H,O, and GSH based on FeS, NPs as the sensing plat-
forms (b).
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spectrophotometer.

2.2. Synthesis of FeSz NPs

FeSy NPs were synthesized by the sulfidation of Fe3O4 NPs. Firstly,
Fe304 NPs were prepared according to previous literature (Wang et al.,
2018a,b). In a typical process, FeCl3-6H20 (2.432 g, 9 mmol) and tris-
dium citrate (0.774 g, 3 mmol) were dissolved in ethylene glycol (60
mL) by stirring for 1 h. After that, sodium acetate (3.6 g, 43.9 mmol) was
added to the mixture, which was continuously stirred for another 1 h.
After ultrasonication for 0.5 h, the solution was sealed in a 100 mL
Teflon-lined autoclave and heated at 200 °C for 10 h. After cooling to
room temperature, the black Fe304 NPs were obtained by centrifugation
(9000 rpm, 10 min) and washing with distilled water/ethanol (1:1, v/v)
for three times. Subsequently, the mixture containing Fe3O4 NPs and
excess sulfur powder was loaded in the quartz boat covered by
aluminum foil and heated at 400 °C for 5 h with a ramp of 2 °C min*
under the atmosphere of argon to get the final product of FeSy NPs.

2.3. Colorimetric detection of HO2 and GSH

Varied concentrations of H,O- or different amounts of GSH with
0.08 mM H,0, were mixed with 10 mM HAc-NaAc buffer solution (pH
4.0) containing 0.2 mM TMB and 0.3 mg L ! FeS, NPs. The total volume
of mixture was 100 pL and the amounts of above mentioned chemicals
were final concentrations. Then, the mixture was incubated at 45 °C for
1 h. Finally, the UV-vis spectra of the obtained samples were recorded
and the absorbance intensity at 652 nm was used for quantitative
detection of HyO, or GSH. All experiments were performed in triplicate.

2.4. Invitro cytotoxicity

HelLa cells were incubated in RPMI 1640 medium supplemented with
10% fetal bovine serum and 1% penicillin-streptomycin at 37 °C in a
humidified atmosphere of 5% CO,. To determine the cytotoxicity, HeLa
cells were seeded in 96-well plates for 24 h to allow cell attachment and
stabilization. Then, the cells were treated with different concentrations
of FeSy NPs ranged from O to 5 mg L~! (final concentration). After
incubating for 24 h, 150 pL MTT solution (5 g L™}) was added and
incubated for another 4 h. Subsequently, the medium was replaced with
150 pL DMSO. Finally, the absorbance at 570 nm of each well was
determined and cell viability was calculated by the formula of Cell
viability = Abs(sample)/Abs(control) x100%.

3. Results and discussion
3.1. Synthesis and characterization of FeSy NPs

The synthesis of FeSy NPs was accomplished by the straightforward
sulfidation of Fe3O4 NPs. The XRD pattern and transmission electron
microscopy (TEM) image confirm that FesO4 NPs with a diameter of
about 170 nm have been successfully prepared (Figs. 1a and S1). After
sulfidation, the precursor Fe3O4 NPs were completely converted into
FeSy NPs (JCPDS card No. 71-1680), confirmed by the XRD analysis
(Fig. 1a). TEM image shows that FeSy; NPs have successfully inherited
the uniform morphology of Fe304 NPs with diameters of about 200 nm
(Fig. 1b). The slight increased diameter compared to that of Fe304 NPs
can be ascribed to the injection of sulfur element. The chemical state and
composition shown in XPS survey spectrum further demonstrated the
successful synthesis of FeS; NPs (Fig. S2). In order to evaluate the
feasibility of employing FeSy NPs as enzyme mimics, the cytotoxicity of
FeS; NPs was evaluated by using HeLa cells. Fig. 1c shows that the
viability of HeLa cells could remain above 96.8% even with the presence
of 5 mg L™! FeS, NPs. The low cytotoxicity of FeSy NPs would pave the
way for their subsequent application in the field of biosensing.
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Fig. 1. (a) PXRD patterns of as-synthesized Fe304 NPs and FeS, NPs. (b) Typical TEM image of FeS, NPs. (c) The cell viability of Hela cells in the presence of different
amounts of FeS, NPs (0, 0.5, 1, 1.5 and 5 mg LY. (d) UV-vis absorption spectra of reaction system with different reagents: (1) FeS, NPs + TMB + H,0,, (2) FeS, NPs
+ TMB, (3) FeSy NPs + H,0,, (4) TMB + H50,, (5) FeS,; NPs + TMB + H,0, + GSH. Inset: ingredients and photographs of corresponding samples. The symbol ‘+’
indicates the presence of corresponding component, while symbol ‘-’ represents the absence. [FeS; NPs] = 0.3 mg L™}, [TMB] = 0.2 mM, [H;0,] = 0.08 mM, [GSH]

= 50 pM.
3.2. Peroxidase-like activity of FeSs NPs and H»0 sensing

The peroxidase-like activity of FeSy; NPs was first explored by the
catalytic oxidation of colorimetric substrate 3,3’,5,5'-tetramethylbenzi-
dine (TMB) in the presence of HyO,. With the addition of FeSy NPs, the
color for the mixture of TMB and H,0 (Fig. 1d, lane 4) turned deep-blue
(Fig. 1d, lane 1) and a maximum absorption peak at 652 nm was
observed (Fig. 1d, black curve), indicating the generation of the blue
product oxTMB. Meanwhile, no significant color and absorbance in-
tensity change of FeSy; NPs with TMB or HyO5 only could be found (lane
2 and red curve, lane 3 and blue curve). The UV-vis absorption spectra
shown in Fig. S3 demonstrated that FeS; NPs had no absorbance in the
wavelength range 400-800 nm. These results implied that the presence
of FeS; NPs could effectively promote the oxidation reaction. Similarly,
another typical colorimetric substrate, 2,2’-azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid) (ABTS) can also be catalyzed by FeSy
NPs in the presence of Hy0, (Fig. S4). Namely, the prominent intrinsic
peroxidase-like activity of FeS; NPs guarantees their utilization as
peroxidase enzyme mimics.

Fig. 2a showed the gradually deepened color of solution containing
TMB and H,0- along with the increased concentration of FeSy NPs. The
stronger absorbance signal was stemmed from the higher activity of FeS,
NPs. Thus, the intrinsic peroxidase-like activity of FeSy; NPs was the
catalyst dose-dependent. It is noteworthy that the dosage of 0.45 mg L™}
for FeSy; NPs could deliver the absorbance intensity ~1 a.u. for
TMB—H05 solution, demonstrating the high peroxidase-like activity of
FeSy; NPs. Subsequently, the optimal experimental conditions on the
activity of FeSy NPs were investigated. The acidity of reaction solution
and temperature had a great influence on the enzyme activity of FeS,
NPs. The reaction pH higher than 5.0 would accelerate the

decomposition of HyOo, resulting in the decrease of its oxidation activity
(Roy et al., 2012a). Not surprisingly, FeS; NPs also exhibited the highest
catalytic activity at pH 4.0 (Fig. 2b), just like many other previously
reported mimics (Wu et al., 2019b; Su et al., 2012). Similar to other
colorimetric substrates such as N,N-diethyl-p-phenylenediamine sulfate
(DPD), TMB could be slowly oxidized by H2O, at pH 4.0 (Yang et al.,
2019). As shown in Fig. 2¢, the oxidation reaction optimal temperature
of FeS,; NPs was about 45 °C like Fe3O4 NPs. This may be attributed to
similar bond strength between Fe and O or S, resulting in the generation
of a maximum amount of iron ions (Roy et al., 2012b). Besides, the
absorbance signal reached a plateau after 60 min (Fig. 2d). Further
experiment had been carried out to verify the excellent stability of FeS,
NPs, as the enzyme activity of FeSy NPs was still fully maintained even
after soaking in water for 40 days (Fig. S5). These remarkable features
endowed FeS,; NPs with great potential for the construction of novel
biosensors.

At the optimized conditions, the absorbance intensity of FeS; NPs-
based catalytic system at 652 nm increased remarkably with the addi-
tion of HoO3 in the low concentration range and achieved a plateau with
400 pM H30, (Fig. 2e). Fig. 2f showed that HyO2 concentration between
2 pM and 80 pM gave a good linear correlation with the enhancement of
absorbance signal (AA = 0.0082 + 0.0095 Cy202, R? = 0.9989, AA=A-
Ay, where A and A are the absorbance of FeS; NPs and TMB with and
without HyOg, respectively). The detection limit was as low as 0.91 pM
(30/slope). In addition, another excellent linear relationship was
observed in the H,O, concentration ranged from 80 pM to 200 pM (AA
= 0.4734 + 0.0036 C1202, R% = 0.9987) with the detection limit of 2.34
M (3o0/slope). This phenomenon was also noted in the previous works
(He et al., 2018; Zheng et al., 2018; Yao et al., 2019). The difference in
linear slope between the two HsO» concentration ranges may be
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Fig. 2. (a) UV-vis absorption spectra of TMB (0.2 mM) and H0, (0.08 mM) with different amounts of FeS, NPs (0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5,
and 0.55 mg L™1). Inset: photographs of corresponding samples. (b) pH-, (c) temperature- and (d) time-dependent activity of FeS, NPs (0.3 mg L™ 1) in the presence of
TMB (0.2 mM) and H;0, (0.08 mM). (e) UV-vis absorption curves of FeS; NPs (0.3 mg L) and TMB (0.2 mM) with different amounts of H,0, at pH 4.0. Inset: the
absorbance enhancement (AA=A-A,) with increasing concentration of H,O». A and Ag are the absorbance intensity of FeS; NPs and TMB with and without H,0,
respectively. (f) The linear calibration plots for the detection of HyO,. Inset: photographs of corresponding samples.

ascribed to the diverse reaction states of nanozymes with HoOy (Du
et al., 2019; Peng et al., 2019; Mi et al., 2018). Namely, at lower con-
centration, the added Hy05 could interact more effectively with FeSy
NPs. At the same time, the color variation of the reaction samples can be
obviously observed (Fig. 2f, inset), offering the visual assay of HoO5 by
naked eyes. Therefore, a facile colorimetric method for HyO, detection
could be developed on the basis of peroxidase-like property of FeS; NPs
by a simple mix-and-detect approach. Notably, the broader linear range
and lower detection limit of FeSy; NPs for the colorimetric detection of
H,0, were superior to some previously reported nanomaterial-based

sensing platforms (Table S1).

3.3. Catalytic mechanism of FeS; NPs

As shown in Fig. 2a and 2e, except for the enzyme activity of mimics,
the concentration of HyO also played an important role in the catalytic
oxidation of TMB by FeS; NPs. In order to investigate the catalytic
mechanism of FeSy NPs, the electron paramagnetic resonance (EPR)
spectroscopy was firstly employed to trap the presence of hydroxyl
radicals (-OH) with 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) (Wang
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et al., 2017; Jiao et al., 2019). In comparison with the sample including mg L1 FeS, NPs brought higher activity of mimics and dramatically
DMPO and H30,, the addition of 5 mg L~! FeS, NPs gave strong char- increased peak intensity.

acteristic peaks of the typical DMPO--OH adducts (Fig. 3a), indicating The catalytic mechanism of FeS,; NPs was further excavated by a
the generation of -OH in the reaction system (Zhang et al., 2018a,b). photoluminescence (PL) method, in which TA was employed as a PL
According to previous reports (Ai et al., 2013), the catalytic process of probe. As shown in Fig. 3b (black curve) and S6, both TA and FeS; NPs
FeS; NPs might be finished by two steps. First, -OH was released due to exhibited no PL intensity in the emission wavelength from 350 nm to
the interaction of FeSy; NPs with HyO,. Subsequently, TMB was oxidized 600 nm at pH 4.0. However, TA can react with -OH to generate a PL
by -OH, leading to the formation of oxTMB. Predictably, higher dosage product 2-hydroxy terephthalic acid (Chen et al., 2018a,b; Deng et al.,
of FeS, NPs would give rise to more -OH and stronger peak intensity. The 2019). Apparently, the PL intensity at 425 nm gradually increased with
red curve shown in Fig. 3a just validated this hypothesis, in which 20 the rising dosage of FeSy, NPs at pH 4.0 (Fig. 3b), implying the increased
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Fig. 3. (a) EPR spectra of different reaction samples with DMPO (100 mM) as the spin trap. [H205] = 100 mM. (b) Fluorescence spectra of TA (0.625 mM) and H;O0,
(50 mM) with different concentration of FeS, NPs (0, 2.5, 5, 10, 20, 30 and 40 mg LY under PH 4.0. The excitation wavelength was set to 314 nm. Steady-state
kinetic analysis by utilizing the Michaelis-Menten model (c and d) and Lineweaver-Burk double-reciprocal model (e and f) for FeS, NPs (0.3 mg LY at pH 4.0. (c)
Reaction velocity plots with a fixed TMB concentration (0.2 mM) and various H>O, amounts. (d) Reaction velocity plots with a fixed H,O, concentration (0.2 mM)
and various TMB amounts. (e) and (f) Double reciprocal plots of FeS, NPs with the concentration of one substrate (H,O, or TMB) varied.
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content of -OH. These phenomena demonstrated that the peroxidase-like
activity of FeSy NPs was originated from their catalytic decomposition of
H,0; to release -OH (Wang et al., 2018a,b). Besides, fluorescence sub-
strate TA could also be effectively catalyzed by FeS; NPs even under
neutral solution (Fig. S7), indicating the utilization of FeS; NPs as
sensing platform for fluorescence detection of biomolecules such as
H,0,, glucose and GSH.

Finally, the steady-state kinetic assay was studied by varying the
concentration of TMB or H,O5 in the FeSy NPs-based catalytic system. As
shown in Fig. 3c and 3d, the oxidation reaction catalyzed by FeSy NPs
exhibited the typical Michaelis—Menten curves for both substrates.
Additionally, double reciprocal Michaelis—Menten curves were fitted to
the Lineweaver—Burk equation 1/v = (Kn/Vimax)X(1/[S]1) + 1/Vmax
(Fig. 3e and 3f), in which v is initial velocity, K, is Michaelis—Menten
constant, Vi, is the maximum reaction velocity and [S] is the con-
centration of the substrate. The K, and V,ox were then calculated ac-
cording to the Lineweaver—Burk equation. As shown in Table S2, the K;,,
value of FeSy; NPs with H,O5 (0.30 mM) is much lower than that of HRP
(3.7 mM) and some previously reported nanomaterial-based peroxidase
mimics. The lower K, value indicates a higher affinity of mimics to the
substrates. Besides, when taking TMB as the substrate, FeSy NPs also
possess superior affinity to those reported ones except FeS NPs, whose
K, value with TMB was as low as 0.008 mM (Maji et al., 2012). Notably,
the K, value of FeSy NPs using TMB as the substrate is 0.17 mM, which is
much lower than that of HRP (0.43 mM). In order to further examine the
mechanism about the strong binding ability of FeS; NPs to TMB, the
zeta-potential measurement was carried out. As shown in Fig. S8, the
pristine FeSy NPs gave a strong negative charge (—4.88 mV) under pH
4.0. However, the addition of TMB significantly reduced the negative
charge (—0.10 mV). The more positive feature stemmed from TMB could
be assigned to the fact that the nonoxidized TMB (pK, ~4.2) could carry
partial positive charge in pH 4.0 because of the presence of two amino
groups. In other words, the strong affinity of FeSy; NPs to TMB may
derive from the strong electrostatic interaction between them at pH 4.0.

3.4. GSH detection based on FeSy NPs as the sensing platform

As the most abundant tripeptide thiol in eukaryotic cells, GSH plays
an important role in defensing against toxins and free radicals. The
abnormal of GSH levels can reflect the symptom of some diseases such as
caners, liver injury, and acquired immune deficiency syndrome (Meister
and Anderson, 1983; Perry et al., 1993; Fruehauf and Meyskens, 2007).
Thus, the exploration of simple and reliable technologies for GSH
detection has gained growing interest in disease diagnosis and

(a) 084 o
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biomedical methodologies. As an antioxidant, GSH can be used as a
reductant to facilitate the reduction of the oxTMB (Liu et al., 2019a,b;
Feng et al., 2017; Shamsipur et al., 2014). As shown in Fig. 1d, the
substrate TMB could be catalyzed by FeSy NPs with HoO,, producing a
blue-colored oxTMB with high absorbance signal at 652 nm (lane 1,
black curve). After the addition of GSH, a colorless solution was ob-
tained (Fig. 1d, lane 5) and no absorption could be detected (Fig. 1d,
green curve). Based on this inhibition effect of GSH toward the TMB
oxidation by FeSy NPs in the presence of Hy09, a facile colorimetric
method was then constructed for the detection of GSH by a facile
one-step approach (Scheme 1b).

Under the optimum reaction condition, the sensitivity of the pro-
posed GSH sensing system was investigated by introducing different
concentration of targets. With the increasing dosage of GSH, the
absorbance signal at 652 nm decreased gradually and the reduction of
corresponding absorbance intensity (AA=A(-A, where Ap and A are the
absorbance of the sensing system with and without GSH) increased
systematically (Fig. 4a). The absorbance value reached a plateau when
the GSH dose is up to 40 pM. Accordingly, as shown in Fig. 3b, the
change of absorbance exhibited a good linear relationship with the
concentration of GSH ranging from 0.2 uM to 35 pM (R? = 0.9967). The
detection limit for GSH assay could reach 0.15 pM (3c/slope), which is
much superior to some previous reports (Table S3). These results indi-
cated that the presented approach in this study was sensitive for GSH
evaluation. Moreover, the color variation of the corresponding samples
containing different amounts of GSH could be clearly discriminated on
visual observation (Fig. 4b, inset photos). Therefore, the FeSy NPs-based
sensing platform can offer a simple method for the visual assay of GSH
by naked eyes.

The specificity is equally vital to an excellent biosensor. Thus, the
selectivity of the GSH determination based on the peroxidase-like ac-
tivity of FeS,; NPs has been investigated by screening its response to
biological molecules and ions. First, the interference effect of amino
acids on this method was checked. As shown in Fig. 5, the presence of
histidine (His), arginine (Arg), lysine (Lys), methionine (Met), aspartate
(Asp), glutamine (Glu), and asparagine (Asp) cannot inhibit the oxida-
tion of TMB catalyzed by FeS; NPs with the aid of HyO», as reflecting by
the deep blue color of corresponding samples. As expected, the presence
of cysteine (Cys) delivered a colorless solution, just like the consequence
of GSH addition (Fig. 5, inset photos). As an effective component of GSH,
the Cys possessed a reasonable inhibition on the oxidation of TMB (Ma
et al., 2018). However, as the content of GSH in real biological system is
much higher than that of Cys, the selectivity of this proposed sensing
system to GSH was quite acceptable (Chi et al., 2018; Yao et al., 2017).

(b)
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Fig. 4. (a) UV-vis absorption curves of FeS, NPs (0.3 mg L 1) with TMB (0.2 mM) and H,0 (0.08 mM) in the presence of different concentration of GSH at pH 4.0.
Inset: the absorbance change (AA= Ay-A) with increasing concentration of GSH. A and Ay are the absorbance of reaction system with and without GSH, respectively.
(b) The linear calibration plot for GSH sensing. Inset: the photographs of corresponding samples.
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Fig. 5. The specificity and anti-interference analysis of the GSH detection.
Concentrations of GOx, BSA and protamine are 10 mg L~ and amounts of GSH
and other common interfering species are 50 pM. Inset: the photographs of
corresponding reaction samples. [FeS; NPs] = 0.3 mg L’l, [TMB] = 0.2 mM,
[H20,] = 0.08 mM.

Besides, no obvious change of absorbance intensity could be detected
before and after the addition of some biological molecules, including
bull serum albumin (BSA), protamine, glucose oxidase (GOx), lysozyme,
glucose and uric acid (UA). Meanwhile, common cations (e.g Pb2+,
Zn%t, Ba?t, K+, AI3T, cu?*, Mg?*, Nat) also have little effect on the
absorbance intensity. These phenomena validated the excellent speci-
ficity of FeSy NPs-based sensing platform.

Furthermore, the anti-interference of this method was tested by
adding the abovementioned substances to the samples containing target
GSH, respectively. Fig. 5 showed that the coexistence of GSH and in-
terferences also exhibited the strong inhibition ability to peroxidase-like
activity of FeSy NPs, obtaining the colorless solutions and low absor-
bance intensities. However, the presence of GSH would reasonably mask
the effect of Cys, since 50 pM GSH has significantly reduced the absor-
bance signal. These results demonstrated that this sensing system have a
high anti-interference ability to GSH detection.

The potential feasibility of this colorimetric method in real biological
environment was evaluated by adding three concentrations of GSH (5
pM, 15 pM, and 25 pM) to 1% and 3% human serum sample, respec-
tively. The absorbance value at 652 nm was recorded and the reduction
of absorbance intensity (AA) was then used to achieve the recoveries
from the calibration graph. As shown in Tables S4 and S5, the recovery
values were varied between 98.4% and 103.4%. These satisfactory re-
coveries demonstrated the potential employment of this proposed FeSs
NPs-based sensing system in the assay of GSH in the real samples.

4. Conclusion

In summary, uniform FeS; NPs with excellent peroxidase-like ac-
tivity were prepared by a facile approach. Further investigations have
demonstrated that the proposed FeS; NPs can effectively catalyze the
oxidation of colorimetric substrates such as TMB, ABTS, and TA in the
presence of HyO,. This fascinating feature of FeSy NPs is stemmed from
their capability to effective catalytic decomposition of HyO» into -OH. A
facile colorimetric method for HyO5 detection is then fabricated by
employing FeS; NPs-based enzyme mimics as the sensing platform.
Moreover, based on the inhibition effect of GSH on the peroxidase-like
activity of FeSy NPs, the GSH sensing system with high sensitivity and
specificity is also developed. This investigation provides an open op-
portunity for the construction of versatile nanomaterials-based
biosensor in the fields of biosensing, environmental monitoring, and
medical diagnosis.
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