
sensors

Review

Biosensors Based on Advanced
Sulfur-Containing Nanomaterials

Chunmei Li, Yihan Wang, Hui Jiang and Xuemei Wang *

State Key Laboratory of Bioelectronics, National Demonstration Center for Experimental Biomedical Engineering
Education, School of Biological Science and Medical Engineering, Southeast University, Nanjing 210096, China;
li_chunmei@foxmail.com (C.L.); yihanwangxynu@163.com (Y.W.); sungi@seu.edu.cn (H.J.)
* Correspondence: xuewang@seu.edu.cn

Received: 1 June 2020; Accepted: 17 June 2020; Published: 19 June 2020
����������
�������

Abstract: In recent years, sulfur-containing nanomaterials and their derivatives/composites have
attracted much attention because of their important role in the field of biosensor, biolabeling, drug
delivery and diagnostic imaging technology, which inspires us to compile this review. To focus
on the relationships between advanced biomaterials and biosensors, this review describes the
applications of various types of sulfur-containing nanomaterials in biosensors. We bring two types
of sulfur-containing nanomaterials including metallic sulfide nanomaterials and sulfur-containing
quantum dots, to discuss and summarize the possibility and application as biosensors based on the
sulfur-containing nanomaterials. Finally, future perspective and challenges of biosensors based on
sulfur-containing nanomaterials are briefly rendered.
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1. Introduction

As a by-product of oil refining and natural-gas purification, sulfur usually exists in the form
of sulfide, sulfate or elementary substance in nature and is one of most abundant elements [1–3].
Since the discovery of sulfur, research involving sulfur has always been at the center of scientific
research topics. Researchers have dedicated to exploiting the wide applications of sulfur. Until now,
sulfur has been important in our daily life with a wide variety of applications, such as vulcanization
of rubber, being cathode of rechargeable battery, raw material for fertilizer, insecticide, plastic and
gunpowder [1,4–6]. Under the right conditions, sulfur is also well-known to form compounds with
numerous other elements (e.g., lead, calcium or iron), and even form sulfur-containing nanomaterials.

A variety of sulfur-containing nanomaterials have been reported, such as metallic sulfide
nanomaterials, sulfur-containing quantum dots, sulfur-containing organosilicon compounds,
and lithium sulfide materials [7–10]. Sulfur-containing nanomaterials (e.g., metallic sulfide
nanomaterials and sulfur-containing quantum dots) exhibit excellent properties, such as nanometric
scale, water-dispersible, non-toxicity, excellent catalytic activity, conductivity, photoactivity and
fascinating optical properties, and they have proven useful in many biomedical applications
including imaging and sensing [7,8]. As known, metallic sulfide nanomaterials have been used
as photoactive materials which can generate photocurrent excited by light in biosensing systems. Some
sulfur-containing quantum dots can stably bind with biomolecules or other nanomaterials due to
their functional groups (e.g., amino, carboxyl and sulfhydryl groups) as common reaction sites within
biological systems. This allows their versatile roles as functional biomaterials in biosensor, biolabeling,
drug delivery and diagnostic imaging technology [7,11–13]. Moreover, some sulfur-containing
quantum dots (e.g., Ag2S quantum dots), exhibit high absorption in near-infrared (NIR) region,
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which enables their applications in bioimaging, biolabeling, deep tissue imaging, diagnostics and
photodynamic therapy [7]. In this review, we will summarize the most recent advances on the
applications of biosensors fabricated based on sulfur-containing nanomaterials and their composites
(Scheme 1). Since there are too many sulfur-containing nanomaterials, it is impossible to provide a
comprehensive overview of all sulfur-containing nanomaterials in a mini-review. Thus, we aim to
provide two categories of sulfur-containing nanomaterials, i.e., metallic sulfide nanomaterials and
sulfur-containing quantum dots. Concretely speaking, the metallic sulfide nanomaterials include
binary, ternary, quaternary and non-metallic/metallic hetero-sulfides. The sulfur-containing quantum
dots consist of sulfur, sulfide and sulfur-doped quantum dots. Firstly, we will briefly introduce
various kinds of metallic sulfide nanomaterials or sulfur-containing quantum dots and summarize
their synthetic approaches, respectively. Then, we will discuss the possibility as biosensors of the two
categories, respectively. We also summarize the applications of biosensors based on metallic sulfide
nanomaterials or sulfur-containing quantum dots, respectively. Lastly, the future perspectives and
challenges of biosensors based on metallic sulfide nanomaterials or sulfur-containing quantum dots
are briefly rendered.
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Metal sulfides contain chemical bonding of one or more sulfur atoms (S) to a metal (M) [7]. They can
be broken down into four main categories: binary, ternary, quaternary, and non-metallic/metallic
hetero-sulfides, which can be denoted by the chemical formulas of MxSn, MxM’ySn, MxM’yM”zSn and
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of “sulfur-containing quantum dots” below.

Binary sulfides. Binary sulfides (MxSn, e.g., MoS2, NiS, Cu2S, Bi2S3, CuS, SnS, In2S3 and
Ag2S) [14–18], containing one type of metal and S atom in their chemical formulas, have received
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substantial attention for their applications in fields of sensing [19,20], photothermal therapy [21],
antibacterial and antifungal activity [22], ablation therapy [23], optoelectronics [24], photovoltaic [25,26]
and magnetic device [27].

Among binary sulfides, transitional metal disulfides, such as ZnS, CuS, CdS, MoS2, WS2 and
NiS [19,28–32], have been widely studied during the past few years as new members of 2-dimensional
(2-D) family. The transitional metal disulfides are typical layered materials with sandwich-like
structures, where metal atoms sandwich between two layers of S atoms by strong chemical bonds and
two layers of S atoms are stacked together by weak van der Waals forces [25]. Similar to graphene,
graphene oxide and other 2-D materials, transitional metal disulfides are promising biosensing materials
due to their excellent properties, such as large active surface areas, and the suitable bandgaps. Large
active surface areas in their sandwich-like structure can provide abundant active sites to establish
particular bonds between layers and biological analytes, then target specific biomolecules, and finally
promote specific reactions on the surface of 2-D transitional metal disulfides. In addition, suitable
bandgaps endow transitional metal disulfides with advantageous optoelectronic properties, which
can improve sensitivity in electrochemical, electrochemiluminescence (ECL) and photoluminescence
(PL) biosensors.

Ternary sulfides. Ternary sulfides (MxM’ySn, e.g., Ni3In2S2, Ni3Tl2S2 and NiCo2S4 [33,34]) contain
two types of metals and S atoms in their chemical formulas. By changing the two types of metals, tuning
the atomic ratios of metal or S atoms, researchers have validated different properties of ternary metal
sulfides [35,36]. These ternary sulfides exhibit more flexible properties arising from their enhanced
chemical and structural freedoms. These increased freedoms endow ternary sulfides with more suitable
chemical and physical properties to satisfy a certain requirement, such as for more sophisticated
biosensors. The bandgaps of some ternary sulfides vary those of binary sulfides [37,38], and the
changed bandgaps make ternary sulfides more suitable for application in biosensors.

Quaternary sulfides. Quaternary sulfides contain three types of metal and S atoms in their
chemical formulas, which have common composition of MxM’yM”zSn where M, M’, M” = Zn, Cd, Mn,
Hg, Cu, Ge, Sn, Cd, Fe, Co or Ba [39–44].

Non-metallic/metallic hetero-sulfides. Non-metallic/metallic hetero-sulfides have attracted
considerable interests recently, which contain not only metal and S atoms but also other non-metallic
atoms in their chemical formulas. For example, phosphor-chalcogenides [45,46] (e.g., Pd3(PS4)2) are an
emerging class of non-metallic/metallic hetero-sulfides.

Literature [7,23,25,34,37,47–52] has reported that different morphologies of metallic sulfide
nanomaterials such as nanowires, nanoplates, hollow ellipsoid, nanotubes, hollow spheres,
nanorods, flowerlike structures, core-shell nanoparticles, nanoribbons and complex hierarchal
micro/nanostructures been synthesized. Different synthetic approaches, such as dip-coating, chemical
vapor deposition (CVD), aqueous one-step wet chemistry, hydrothermal, coprecipitation, exfoliation,
sputtering, solid-state reaction, ball-milling and biosynthetic methods, were used to synthesize metal
sulfide nanomaterials (shown in Table 1). Even same metal sulfide nanomaterials synthesized with
different methods may exhibit different properties and be applied in different areas [30]. Therefore, it is
necessary to find the suitable synthetic techniques for metallic sulfide nanomaterials. For convenience,
we can also buy metallic sulfides in the market for experimental research. After investigation, most
of binary sulfides (e.g., WS2 powders, Cu2S powders, ZnS powders and CuS powders) have been
available in the market, but ternary, quaternary, and non-metallic/metallic hetero-sulfides have not
been available in the market.
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Table 1. Synthetic methods and potential applications of metallic sulfide nanomaterials.

Metallic Sulfides Synthetic Methods Examples Potential Applications References

Binary sulfide

Dip-coating method WS2 nanoflakes Sensing [19]

Chemical vapor deposition method CdS nanoflakes Sensing [28]

Aqueous one-step wet chemistry
method

Ag2S nanoparticles Photothermal cancer treatment [21]

Hydrothermal approach CuS flower shaped
nanoparticles

Photothermal ablation cancer therapy [23]

Coprecipitation method Fe3S4 nanoparticles Glucose detection [53]

Exfoliation method ZnS quasi-spherical
nanoparticles

Antibacterial and antifungal activity [22]

Biosynthesis ZnS nanoparticles N/A * [54]

Ternary sulfide

Exfoliation method Ta2NiS5 nanosheets N/A [55]

Hydrothermal
approach

NiCo sulfide multistage
nanowire array

Glucose detection [56]

Lithium intercalation assisted
exfoliation

Cu2WS4 nanosheets Supercapacitors [57]

Electrochemical Li-intercalation and
exfoliation method

Ta2NiS5 nanosheets Photoacoustic therapy [58]

Quaternary sulfide

Sputtering method Cu2BaSnS4 nanosheets Solar energy storage [37]

Eco-friendly ball-milling method Cu2FeSnS4 powder Solar Cell Absorbers [59]

Solid-state reaction Li4HgGe2S7 diamond-like
nanoparticles

Femtosecond laser systems [60]

Non-metal/metal hetero-sulfide Exfoliation method Pd3(PS4)2 nanosheets Photocatalyst for water splitting [46]

* N/A: Not available.
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2.2. Applications in Biosensors

Metallic sulfide nanomaterials, as important and emerging materials, have arisen quickly in
the area of biosensing due to their specific properties, namely, nanometric scale, water-dispersibility,
large specific surface area, excellent catalytic activity, conductivity, biosafety, PL quenching abilities,
photoactivity, and fascinating optical properties [7,48,61].

Catalysis: The metallic sulfide nanomaterials had excellent catalytic activity due to their high
density of active sites, which can be used as modifiers in fabrication of novel biosensors [39,48].
Catalytic activities by the unsaturated sulfur commonly localize on the edge sites of metallic sulfide
nanomaterials, which leads to fast heterogeneous electron transfer rate at the edge sites and enhanced
catalytic activities [62].

Conductivity: The metallic sulfide nanomaterials had high electronic conductivity due to their low
bandgaps, which make them be used as electrode materials in fabricating biosensors via electrochemical
or ECL assays. For example, Chen et al. [20] have constructed a non-enzymatic glucose biosensor
based on the high electronic conductivity of NiS nanospheres.

Biosafety: Some metallic sulfide nanomaterials, such as silver, copper and iron sulfides, were
non-toxic [7]. These non-toxic metallic sulfide nanomaterials showed good biocompatibility in vitro,
thus they could be used to fabricate biosensors.

PL quenching effect: Quencher is one of important component in PL (especially, fluorescence)
sensing platforms for detection of biomolecules. In our previous work, we have demonstrated graphene
possesses unprecedented PL quenching abilities [63]. Just like graphene, some representative 2-D
metallic sulfide nanomaterials with 2-D layer structure also exhibited PL quenching abilities. These
metallic sulfide nanomaterials with PL quenching abilities were suitable for constructing PL biosensors
via PL quenching effect. Wang et al. [64] have used CuS nanoplates as quencher for fast, sensitive and
selective detection of DNA via fluorescence quenching effect.

Photoactivity: some metallic sulfide nanomaterials were photoactive materials which can
convert light illumination into electrical signals. When excited by light, electrons of metallic sulfide
nanomaterials transferred from valence band to conduction band, resulting in the separation of
photogenerated electrons and holes [65,66].

Fascinating optical properties: Some metallic sulfide nanomaterials, especially 0-D metal sulfide
nanomaterials (namely, sulfide quantum dots), emitted high fluorescence. In comparison with organic
fluorophores or alloy nanoclusters, metallic sulfide nanomaterials are superior as biomarkers due to
their water-dispersibility, long lifetimes, resistance to photobleaching and biosafety [67,68]. Moreover,
some metallic sulfide nanomaterials (e.g., Ag2S quantum dots), emitted tunable fluorescence in
near-infrared (NIR) region, which enabled their applications in bioimaging, biolabeling, deep tissue
imaging, diagnostics and photodynamic therapy [69]. Even some metallic sulfide nanomaterials
(e.g., EuS nanocrystals) have been used as ECL luminescent signal source, which endowed them with
possibility of fabricating ECL biosensors [70].

Based on these specific properties of metallic sulfides that can be used to prepare biosensors,
much research efforts have been devoted to developing biomolecule sensors for understanding
physiological or pathological functions of biomolecules in living body or cells. In recent years, metal
sulfide nanomaterials mainly have been applied to establish four types of biosensors, including
electrochemical, photoelectrochemical (PEC), ECL and PL biosensors, for probing various types
of biomolecules.

2.2.1. Electrochemical Biosensors

Metallic sulfide nanomaterials have been applied to establish electrochemical biosensors commonly
due to their properties of conductivity, catalysis and biosafety. For example, Guo et al. [34] have
developed a nonenzymatic glucose biosensor utilizing hierarchically porous NiCo2S4 nanowires due
to their novel catalytic properties (Figure 1A). In synthetic processes, using electrospum graphitic
nanofiber (EGF) as skeletons, NiCo2S4 nanowires were grown on the EGF toward different directions
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to decrease the agglomeration of NiCo2S4. In addition, the NiCo2S4 nanowires on EGF were core-shell
structures with rough surface and polycrystalline nature. When applied to glucose determination,
the skeletons of EGF and core-shell structures of NiCo2S4 enlarged effective surface to interact with
glucose in solution and suppled more electrochemical active sites for accelerating glucose oxidation.
Due to good sensing performances and biocompatibility toward glucose, an electrochemical biosensor
based on NiCo2S4/EGF system was proposed with fast response (reaching a stable state within 5 s),
a wide linear range (0.0005~3.571 mM, R2 = 0.995) and low detection limit (0.167 µM, S/N = 3) via
amperometric strategy.

Wang et al. [62] have also constructed a high-performance electrochemical platform for biosensing
glucose and lactate in sweat based on their catalytic properties and conductivity of MoS2 nanocrystals.
The MoS2 nanocrystals displayed enhanced catalytic activities and fast heterogeneous electron transfer
rate because of unsaturated sulfur on the edge sites and stronger quantum confinement. As shown in
Figure 1B, the biosensor for glucose detection was fabricated by sequentially growing MoS2 nanocrystals
and Cu submicron-buds on graphene paper (GP) via hydrothermal and electrodeposition method to
form GP-MoS2-Cu biosensor. Further coating of lactate oxidase (LOD) on the GP-MoS2-Cu electrode,
GP-MoS2-Cu-LOD biosensor for lactate detection was obtained. Due to the electron transport property
and high specific surface area of GP, enhanced catalytic activities, fast electron transfer rate and
biosafety of MoS2 nanocrystals, the electrochemical biosensor showed excellent sensing performances.
For glucose, the electrochemical biosensor had a linear range of 5~1775 µM with a detection limit of
500 nM (S/N = 3). For lactate, the electrochemical biosensor had a linear range of 0.01~18.4 mM with a
detection limit of 0.1 µM (S/N = 3).

In order to further enhance the catalytic performances of MoS2 nanocrystals, Zhang et al. [71]
have incorporated of a secondary metal sulfide (CoS2) into MoS2 nanocrystals to obtain binary metal
sulfide composites (CoS2-MoS2). Based on CoS2-MoS2, a non-enzymatic electrochemical biosensor
for determination of ascorbic acid, dopamine and nitrite have been proposed with linear ranges of
9.9~6582, 0.99~261.7 and 0.5~5160 µM, respectively. In addition, due to its good electrochemical
activity caused by synergistic effect between CoS2 and MoS2, low detection limits of the electrochemical
biosensor for determining ascorbic acid (3.0 µM), dopamine (0.25 µM) and nitrite (0.20 µM) have
obtained, respectively.
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2.2.2. PEC Biosensors

Due to their superior photoactivities and conductivity, metallic sulfide nanomaterials have been
used in various PEC biosensing systems to be photoactive materials or be one of other components
through combining with photoactive materials [72–77].
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Guo and Liu et al. [50] have fabricated a PEC biosensor for detecting a breast cancer biomarker
human epidermal growth factor receptor-2 (HER2) (Figure 2A) using WS2 nanowire on Ti mesh
(WS2 NW/TM) as photoactive material. Under visible light excitation, photo energy collected by
WS2 NW/TM electrode was higher than that of its bandgap. Accordingly, electron was transferred
from valence band (VB) to conduction band (CB), and then CB electron was transferred to the surface
of Ti mesh, finally the hole in VB was scavenged by H2O2. Based on the electron transfer process,
photocurrent was generated. Moreover, to obtain a dual signal PEC amplification strategy, AuNPs
modified with glucose oxidase (GOx) and HER2 specific peptide for signal amplification were utilized.
The localized surface plasmon resonance (LSPR) of AuNPs generated a collective oscillation of free
electrons when excited by visible light. The free electrons can transfer from Au to the CB of the WS2

NW/TM electrode, which enhanced the photoelectric transfer efficiency and then achieved dual signal
amplification. GOx modified in AuNPs catalyzed glucose to produce H2O2, which scavenged the hole
in VB of the WS2 NW/TM electrode.

For binding with HER2 molecules, HER2 aptamers were modified on the WS2 NW surface via
oxygen containing sulfur species of WS2 NW. The HER2 specific peptides modified on the surface of
AuNPs were also utilized to bind with HER2 molecules. When detected HER2 molecules, a sandwich
type dual signal PEC amplification biosensor was established with a wide linear range (0.5~10 ng/mL)
and low detection limit (0.36 ng/mL, S/N = 3).

Cui et al. [78] have also reported a PEC biosensor for determination of polynucleotide kinase
(PNK) based on Bi2S3 nanorods as the photoactive materials (Figure 2B). The Bi2S3 nanorods displayed
photoactive properties and generated a high photocurrent when excited by visible light. For fabricating
PNK biosensor, a hybrid film consists of Bi2S3 nanorod and AuNPs was used to modify ITO electrode
and to bind with capture probe (P1). Manganese based mimic enzymes (MnME) were modified with
AuNPs to obtain MnME@AuNPs composites, which could label signal probes (P2). The capture probe on
the modified electrode can specifically hybridize with the MnME@ AuNPs-labeled signal probe to form
a double-stranded DNA. In the absence of PNK, MnME can catalyze H2O2 with 3,3-diaminobenzidine
(DAB) as substrate, and generated MnME catalytic precipitations on the modified ITO electrode.
The MnME catalytic precipitations were insulating barriers and blocked the interfacial electron transfer
and eventually leaded to a low PEC signal. In the presence of PNK, the double-stranded DNA was
phosphorylated and subsequently cleaved by lambda exonuclease to release the MnME@AuNPs from
the modified electrode, leading to a high PEC signal. Based on the signal on-off PEC strategy, the PNK
biosensor was proposed and exhibited high sensitivity with a detection limit of 1.27 × 10−5 U/mL.

In addition to being photoactive materials, metallic sulfide nanomaterials also have been one
of other components through combining with photoactive materials in PEC biosensing systems.
For example, Zhao et al. [73] have also reported a PEC biosensor for determination of prostate specific
antigen (PSA) using CdTe/TiO2 sensitized structures as photoactive materials and CuS nanocrystal
as electronic extinguisher (Figure 2C). For fabricating the PSA biosensor, a peptide was fixed to
the CdTe/TiO2 electrode surface and used to immobilize a double-helix DNA (dsDNA). Then, CuS
nanocrystal was efficiently immobilized on the dsDNA via doxorubicin (Dox) inserting into the dsDNA.
In absence of PSA, electron donor and radiant light were consumed by CuS nanocrystals, and steric
hindrance effect of insulating substances (e.g., peptides and DNA) generated, leading to a low PEC
signal. In the presence of PSA, the PSA specifically cleaved the peptide, and DNA/Dox-CuS probes
were released from the electrode surface, resulting in a high PEC signal. Take advance of the signal
on-off PEC strategy, the PSA biosensor revealed good sensing performance with a linear range from
0.005 to 20 ng/mL and a low detection limit of 0.0015 ng/mL.
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Figure 2. (A) (a) The process to fabricate PEC biosensor based on WS2 nanowire array on Ti mesh
(TM) for breast cancer biomarker HER2 detection; (b) Schematic mechanism of the PEC system [50].
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response mechanism (b) of PEC biosensor based on CuS nanocrystals [73]. Reproduced with permission
Copyright 2019, Elsevier B.V.

2.2.3. ECL Biosensors

Due to their ECL properties, metallic sulfide nanomaterials have been used to establish ECL
biosensors. For example, Babamiri et al. [70] have prepared an ECL biosensor for determining human
immunodeficiency virus (HIV) DNA sequence utilizing EuS nanocrystals as ECL luminophore through
a molecularly imprinted polymer ECL (MIP-ECL) system (Figure 3A). In the MIP-ECL system, HIV
aptamer as template and o-phenylenediamine as the functional monomer were electropolymerized
directly on the surfaces of the ITO electrode. After removing HIV aptamer template, the MIP modified
electrode was obtained. The MIP modified electrode can bind with HIV-1 gene when immersed into
different concentrations of HIV-1 gene standard solution. Then, the HIV-1 gene on the MIP modified
electrode reacted with the HIV DNA strand functionalized on EuS nanocrystals by hybridization
reaction. Based on the hybridization reaction between HIV-1 gene and HIV DNA strand, the MIP-ECL
biosensor was proposed. Using K2S2O8 as co-reactant, the ECL signal of the MIP-ECL biosensor
significantly enhanced with increased concentrations of HIV-1 gene. Taking advantage of both MIP-ECL
assays and the ECL properties of EuS nanocrystals, the HIV gene biosensor was sensitive and selective
with a wide linear range (3.0 fM~0.3 nM) and low detection limit (3.0 fM).

Moreover, Zhu et al. [79] have also fabricated a sandwich-type ECL biosensor for detecting insulin
based on the ECL property of zinc-doping cadmium sulfide (Au-ZnCd14S) (Figure 3B). Au-ZnCd14S
combined nitrogen doping mesoporous carbons (Au-ZnCd14S/NH2-NMCs) acted as sensing platform
and Au-Cu alloy nanocrystals were employed as labels to quench the ECL of Au-ZnCd14S/NH2NMCs.
On the basis of the ECL quenching effects between ZnCd14S and Au-Cu alloy nanocrystals, a sensitive
ECL immunosensor for insulin detection was successfully constructed with a linear response range
from 0.1 pg/mL to 30 ng/mL and detection limit of 0.03 pg/mL (S/N = 3). Although some metallic
sulfide nanomaterials did not exhibit ECL properties, they have also been used to construct ECL
biosensors via being as electrode materials based on their superior conductivity and large specific
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surface area. For example, Wei et al. [80] have reported an ECL biosensor for detection of amlodipine
besylate (AML) based on reduced graphene oxide-copper sulfide (rGO-CuS) composite coupled
with capillary electrophoresis (CE) (Figure 3C). The rGO-CuS composite was synthesized based on
flowerlike CuS wrapped with rGO sheet and utilized to modify electrode. Due to the presence of
rGO-CuS composite, the electron transfer rate between the electroactive center of Ru (bpy)3

2+ and the
electrode was facilitated. At the present of AML, the ECL intensity of Ru (bpy)3

2+ increased which
induced the development of AML biosensor. Take advance of large specific surface area of rGO-CuS
composite and powerful CE separation technique, the ECL biosensor for the detection of AML was
successfully fabricated with a linear response range of 0.008 to 5.0 µg/mL and a detection limit of
2.8 ng/mL (S/N = 3).
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Figure 3. (A) Schematic diagram of the HIV gene biosensor using EuS nanocrystals as luminophore [70].
Reproduced with permission Copyright 2018, Elsevier B.V. (B) The fabrication of insulin biosensor
based on Au-ZnCd14S [79]. Reproduced with permission Copyright 2017, Elsevier B.V. (C) Schematic
fabrication process of ECL sensor and CE-ECL detection [80]. Reproduced with permission Copyright
2016, Elsevier B.V. (D) The fabrication of immunosensor based on hollow In2S3 nanotubes for
procalcitonin detection [52]. Reproduced with permission Copyright 2019, Elsevier B.V.

Moreover, Xue et al. [52] have also designed a procalcitonin (PCT) biosensor based on
dual-quenching ECL-RET strategy utilizing hollow Ru-In2S3 nanocomposite as ECL acceptor and
porous α-MoO3-Au structure as ECL donor (Figure 3D). Specifically, Ru-In2S3 nanocomposite was
prepared by hollow In2S3 nanotubes as substrate adsorbing Ru (bpy)3

2+. For fabricating PCT biosensor,
HWRGWVC heptapeptide (H7), which could provide -SH, was immobilized on the surface of
nanomaterials through amide bond (with Ru-In2S3 nanocomposite) and Au-S bond (with α-MoO3-Au
structures) and used to capture antibody (Ab1 and Ab2). In the presence of PCT, Ru-In2S3 nanocomposite
captured Ab1 andα-MoO3-Au structures captured Ab2 connected together, and ECL-RET from Ru-In2S3

to α-MoO3-Au occurred which was further confirmed by testing the overlap between ECL emission of
Ru-In2S3 and UV-vis spectra of α-MoO3-Au. Take advantage of huge specific surface area of Ru-In2S3
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or α-MoO3-Au and dual-quenching ECL-RET strategy, the ECL biosensor for detecting PCT was
obtained with sensitive response, linear range from 0.0001 to 50 ng/mL and low detection limit of
12.49 fg/mL (S/N = 3).

2.2.4. PL Biosensors

Metal sulfide nanomaterials also have been used to establish PL biosensors due to their fascinating
optical properties. However, to our best well know, metal sulfide nanomaterials used to fabricate PL
biosensors mainly were 0-D metal sulfide nanomaterials (namely, sulfide quantum dots). Thus, PL
biosensors based on metal sulfide nanomaterials will be illustrated in the section of “sulfur-containing
quantum dots” below.

As described above, biosensors based on metal sulfide nanomaterials have been used for detection
of various analytes, including glucose, dopamine, proteins, DNA, etc. Moreover, these biosensors
displayed good sensing performance toward analytes detection. In addition, these biosensors also
showed other outstanding advantages, including simple of preparation, low cost and good selectivity,
stability, and great promising practical applications in clinical diagnosis, as shown in Table 2.

Table 2. Properties of biosensors based on metal sulfide nanomaterials listed above.

Biosensors Analytes Linear Range with Detection
Limit (S/N = 3)

Practical Application References

Electrochemical
biosensor based
on NiCo2S4

glucose 0.0005~3.571 mM (R2 = 0.995)
with a detection limit 0.167 µM

glucose determination in
human blood serum
sample, recoveries
98.23~100.61% with
RSDs of 3.53~5.12%

[34]

Electrochemical
biosensor based
on MoS2

glucose 5~1775 µM (R2 = 0.998) with a
detection limit of 500 nM

glucose determination in
sweat, recoveries (N/A *)

[62]

lactate 0.01~18.4 mM (R2 = 0.996)
with a detection limit of
0.1 µM

lactate determination in
sweat, recoveries (N/A)

Electrochemical
biosensor
CoS2-MoS2

ascorbic acid (AA) 9.9~6582 µM (R2 = 0.997) with
a detection limit of 3.0 µM

AA determination in
urine sample, recoveries
96.5%~102.7% with RSD
within 3%

[71]

dopamine (DA) 0.99~261.7 µM (R2 = 0.996)
with a detection limit of
0.25 µM

DA determination in
urine sample, recoveries
96.5%~102.7% with RSD
within 3%

nitrite 0.5~5160 µM (R2 = 0.997) with
a detection limit of 0.20 µM

nitrite determination in
urine sample, recoveries
96.5%~102.7% with RSD
within 3%

PEC biosensor
based on WS2 NW

HER2 molecules 0.5~10 ng/mL (R2 = 0.998) with
a detection limit of 0.36 ng/mL

HER2 determination in
serum sample, recoveries
108.2%, 98.6% and
101.3% with RSD 1.5%,
2.3% and 3.2%

[50]

PEC biosensor
based on Bi2S3
nanorods

polynucleotide
kinase (PNK)

0.0005~10 U/mL (R2 = 0.995)
with a detection limit of
1.27 × 10−5 U/mL

PNK activity in
HEK293T cells,
intra-assay with a RSD of
6.27% and interassay
with a RSD of 5.52%

[78]

PEC biosensor
based on CuS
nanocrystal

prostate specific
antigen (PSA)

0.005~20 ng/mL (R2 = 0.991)
with a detection limit of
0.0015 ng/mL

PSA determination in
human serum sample,
recoveries (N/A)

[73]
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Table 2. Cont.

Biosensors Analytes Linear Range with Detection
Limit (S/N = 3)

Practical Application References

ECL biosensor
based on EuS
nanocrystals

HIV-1 gene 3.0 fM~0.3 nM (R2 = 0.996)
with a low detection limit of
3.0 fM

HIV-1 gene
determination in serum
samples, recoveries
95.00~101.2% with RSDs
of 1.78~4.2%

[70]

ECL biosensor
based on ZnCd14S

insulin 0.1 pg/mL~30 ng/mL
(R2 = 0.996) with a detection
limit of 0.03 pg/mL

insulin determination in
human serum samples,
recoveries 98.5~103.1%
with RSDs of 2.1%~3.7%

[79]

ECL biosensor
based on rGO-CuS
composite

amlodipine
besylate (AML)

0.008~5.0 µg/mL (R2 = 0.998)
with a detection limit of
2.8 ng/mL

AML determination in
plasma samples,
recoveries
95.42%~98.50% with
RSDs of 3.2% to 4.5%.

[80]

ECL biosensor
based on Ru-In2S3
nanocomposite

procalcitonin 0.0001~50 ng/mL (R2 = 0.996)
with a low detection limit of
12.49 fg/mL

procalcitonin
determiantion in human
serum, recoveries
95.2%~96.8% with RSD
under 3.6%

[52]

* N/A: Not available.

3. Sulfur-Containing Quantum Dots

3.1. Generalities

Sulfur-containing quantum dots are quantum dots containing central sulfur-containing nanodots
and surface functional groups (e.g., carboxyl groups or amino groups), and possess fascinating
photophysical properties, small size (typically below 10 nm), good biocompatibility, and chemical
inertness. They can be broken down into three main categories: sulfur quantum dots, sulfide quantum
dots and sulfur-doped quantum dots.

Sulfur quantum dots. Sulfur quantum dots are pure elemental quantum dots, mainly including S
central nanodots and surface functional groups [81,82].

As a new class of quantum dots, sulfur quantum dots were firstly synthesized by Li’s group
through phase interfacial reactions in 2014 [83]. Since then, researchers have eagerly pursued synthetic
approaches of sulfur quantum dots due to their excellent aqueous dispersibility, small size, excellent
photostability, low toxicity, narrow size distribution and ultrahigh photostability [84]. To date, sulfur
quantum dots have not been available in the market. Generally, sulfur quantum dots were synthesized
by hydrothermal methods based on “top-down” synthetic approaches. Literature has reported detailed
synthetic approaches including phase interfacial reaction [81,83], “assemble-fission” approach [82,85],
H2O2-assisted “top-down” approach [86] and oxygen accelerated scalable approach [84]. Synthetic
details for each approach are described as follows:

For phase interfacial reaction, CdS quantum dots or ZnS quantum dots were diluted by n-hexane
and then sonicated to form a homogeneous solution. HNO3 aqueous solution was mixed with CdS
quantum dots or ZnS quantum dots solution with a slowly stirring at room temperature. The resulting
white mixture was separated by a funnel, and sulfur quantum dots were synthesized as a white
suspension in hexane.

For “assemble-fission” approach, sulfur quantum dots were synthesized by simply treating
sublimated sulfur powders with alkali using polyethylene glycol-400 as passivation agents.

For H2O2-assisted “top-down” approach, sulfur quantum dots were synthesized by dissolved
bulk sulfur powder into small particles in an alkaline environment in the presence of polyethylene
glycol, followed by the H2O2-assisted etching of polysulfide species.
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For oxygen accelerated scalable approach, sulfur quantum dots were synthesized by dissolved
bulk sulfur powder into small particles in an alkaline environment in the presence of polyethylene
glycol to form polysulfide species (Sx

2−), followed by oxidation of Sx
2− to zero-valent sulfur under a

pure O2 atmosphere sulfide quantum dots. Sulfide quantum dots commonly included central sulfide
nanodots, especially metal sulfide, and surface functional groups. Much research efforts have been
devoted to synthesize sulfide quantum dots, such as ZnS, CdS, PbS, Ag2S, SnS2, In2S3 and AgInZnS
quantum dots [87–92].

Sulfide quantum dots were commonly synthesized by simple aqueous method and used various
stabilizing agents or sulfides to maintain metal atoms in order to assembly into nanodots. The stabilizing
agents or sulfides were surface ligands and S sources, and the stabilizing agents included cysteamine,
mercaptoacetic acid, l-cysteine, N-acetyl-l-cysteine, bovine serum albumin [67,69,87,93–95]. To date,
various of sulfide quantum dots, such as PbS quantum dots, Ag2S quantum dots and CdSeS/ZnS
quantum dots, have been available in the market.

Sulfur-doped quantum dots. Sulfur-doped quantum dots are obtained by doping S atoms into
other quantum dots, such as silicon, carbon, phosphorus and graphene quantum dots [82]. Among
sulfur-doped quantum dots, sulfur-doped carbon or graphene quantum dots were the most widely
studied in the recent years [96–101]. This review will focus on sulfur-doped carbon or graphene
quantum dots.

The approaches used to synthesize sulfur-doped carbon or graphene quantum dots can be divided
into two categories: “top-down” approaches and “bottom-up” approaches. The “top-down” approaches
included hydrothermal, solvothermal, ultrasound, chemical exfoliation, microwave-assisted exfoliation
methods, and so on [102–106]. Due to their superiority such as time-saving and easy to operation,
the “top-down” approaches have attracted much excitement for synthesizing sulfur-doped carbon
or graphene quantum dots. The “bottom-up” approaches used to synthesize sulfur-doped carbon
or graphene quantum dots can be controlled by “step-by-step” chemical reactions through various
precursors [107,108]. To date, carbon or graphene quantum dots have been available in the market, but
sulfur-doped carbon or graphene quantum dots haven’t been available in the market yet.

3.2. Applications in Biosensors

Sulfur-containing quantum dots are considered to be suitable alternative nanomaterials in
biosensing applications [67,109–112]. Their stable photoelectric properties made sulfur-containing
quantum dots be adapted as excellent probes in biosensors via various strategies, such as electrochemical,
PEC, PL and ECL strategy [113–115]. Soluble sulfur-containing quantum dots can react with
biomolecules, thus biosensors for detection biomolecules could be established through specific
physiochemical reactions between them [81,116,117]. Functionalization of sulfur-containing quantum
dots (especially, sulfide quantum dots) with different stabilizing agents to form surface groups can
enhance their hydrophilicity and interaction ability with other biomolecules [115,118–120]. The low
toxicity of sulfur-containing quantum dots made them suitable to be used for sensing in cells or living
bodies [83,121–123].

3.2.1. Biosensors Based on Sulfur Quantum Dots

As emerging quantum dots, sulfur quantum dots have been paid much attention due to their
possessions of inexpensive S atoms and unique physicochemical properties [82–84]. Literature has
demonstrated that sulfur quantum dots were applied in the field of sensor [81,85,124]. For example,
sulfur quantum dots have been used for sensing metal ions or detecting drug [81,125]. Very recently,
sulfur quantum dots also have gradually been applied to living cells imaging [124]. However,
applications of sulfur quantum dots in biosensing or bio-medical diagnosis field were still far from
satisfactory. To this end, there is an urgent need of efficient approaches to exploit biosensing applications
of sulfur quantum dots in the next few years.
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3.2.2. Biosensors Based on Sulfide Quantum Dots

Due to optical responses of sulfide quantum dots from the visible to the near infrared (NIR),
sulfide quantum dots have received extensive attention in the field of biosensing [8,126]. They have
been widely used as alternative probes for biomolecules via various strategies, such as electrochemical,
PEC, ECL and PL strategies [94,109,126,127].

Electrochemical Biosensors

Due to excellent electrochemical activities of sulfide quantum dots and inexpensive instruments
and simple operations of electrochemical methods, electrochemical biosensors based on sulfide
quantum dots have attracted increased attention. Zhang et al. [128] have reported an electrochemical
biosensor for detecting clenbuterol antibody based on ZnS quantum dots. Amor-Gutiérrez et al. [129]
have established an electrochemical biosensor for determination bacteria based on Ag2S quantum dots.

PEC Biosensors

PEC sensing, a branch of electrochemistry, is a newly developed technology and has attracted
great interest in biosensing fields. For fabricating PEC biosensor, photoactive materials are vital because
they can generate photocurrent excited by light. To our best well know, sulfide quantum dots not
only have directly been photoactive materials to establish PEC sensors [89,92,130–132], but also been
one of other components through combining with photoactive materials to indirectly establish PEC
sensors [87,133].

Wang et al. [130] have proposed a PEC biosensor for detection of H2S released from MCF-7
cells based on heterostructures formed by CdS quantum dots and branched TiO2 nanorods
(CdS-B-TiO2). Herein, CdS-B-TiO2 heterostructures in the PEC biosensors were directly as
photoactive materials. In addition, due to the formation of CdS-B-TiO2 heterostructures, a significant
enhancement in photocurrent was obtain, thus leading to sensitive PEC recording of the H2S level in
cellular environments.

Moreover, Deng et al. [133] have utilized CdS quantum dots as one of other components through
combining with photoactive materials to indirectly establish PEC biosensors for determination of PSA.
The PSA biosensor was utilized reduced graphene oxide-TiO2 (ERGO-TiO2) as reduced graphene
oxide-TiO2 (ERGO-TiO2) and CdS quantum dots as a PEC signal amplifier. For preparing the PSA
biosensor, ERGO-TiO2 was utilized to immobilize capture antibody (Ab1) for PSA detection, and
quinone-rich PDA nanospheres (PDANS) loaded with CdS quantum dots were used to load detection
antibody (Ab2) for PSA detection. In the presence of PSA, photo-generated electron transferred
between PDANS loaded with CdS quantum dots and ERGO-TiO2. Due to the good conductivity of
PDANS, ERGO and CdS quantum dots, a PSA biosensor has been proposed with a linear range from
0.02 pg/mL to 200 ng/mL with the detection limit of 6.8 fg/mL.

ECL Biosensors

Sulfide quantum dots have been widely used as alternative probes for biomolecules (e.g., dopamine,
thrombin, laminin or enzyme) via ECL strategies.

Liu et al. [134] have fabricated a dopamine (DA) biosensor based on water-dispersible CdS
quantum dots (CdS QDs) via ECL strategy. As shown in Figure 4A, they synthesized four sizes of CdS
QDs, namely 1.8, 2.7, 3.2 and 3.7 nm. Each size of CdS QDs had various ECL performance. Under the
optimized conditions, the ECL biosensor displayed excellent sensing properties with linear detection
range from 8 pM to 20 nM and detection limit of 3.6 pM (S/N = 3).

In addition, Wang et al. [135] have also proposed a thrombin (TB) biosensor based on lanthanum
ion-doped CdS quantum dots (CdS: La QDs) via ECL strategy (Figure 4B). The detection mechanism of
the ECL biosensor was based on a distance-dependent ECL intensity enhanced or quenched system
between CdS: La QDs and AuNPs. In the presence of Hg2+, ECL quenching (signal off) achieved lie in



Sensors 2020, 20, 3488 14 of 27

RET between the CdS: La QDs and AuNPs at a close distance. In the presence of TB, ECL enhance
(signal on) achieved lie in surface plasmon resonances (SPR) between the CdS: La QDs and AuNPs
at a separated distance. The “on-off-on” approach was used to detect TB, and the linear range were
1.00 × 10−16 to 1.00 × 10−6 mol/L with limit of detection (S/N = 3) of 3.00 × 10−17 mol/L.

Moreover, Wu et al. [136] have prepared a laminin (LN) biosensor based on Mn doped Ag2S
quantum dots (Ag2S: Mn QDs) as ECL materials (Figure 4C). The optical response of Ag2S: Mn QDs
was in IR window (i.e., about at 626 nm) obtained by ECL spectrum. Based on a sandwiched ECL
immunoassay, the biosensor displayed a wide linear range of 10 pg/mL to 100 ng/mL with a low
detection limit of 3.2 pg/mL for LN detection.

Furthermore, Zhou et al. [137] have proposed an enzyme (namely, DNA methyltransferase (MTase))
biosensor based on CdS quantum dots (CdS QDs) as ECL materials (Figure 4D). For fabricating the
MTase biosensor, double-stranded DNA containing 5′-CCGG-3′ sequence was bonded to a CdS
QDs modified glassy carbon electrode, then the modified electrode was incubated with M.SssI
CpG MTase which catalyzed the methylation of the specific CpG dinucleotides. Subsenquently, the
electrode was treated with a restriction endonuclease HpaII. The HpaII can recognize and cut off the
5′-CCGG-3′ sequence, but recoginition function was blocked when the CpG site in the 5′-CCGG3′ was
methylated. Double-stranded DNA having been methylated can immobilized AuNPs with glucose
oxidase mimicking activity. AuNPs immobilized on double-stranded DNA can catalyze the oxidation
of glucose to genetate H2O2 which served as coreactant of CdS QDs. Thus, the ECL intensity of CdS
QDs was linear correlation with the activity of M.SssI MTase.
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Figure 4. (A) ECL biosensors for dopamine based on CdS QDs [134]. Reproduced with permission
Copyright 2016, Elsevier B.V. (B) Fabrication of the ECL-RET aptasensor for thrombin based on CdS: La
quantum dots film and AuNPs [135]. Reproduced with permission Copyright 2019, Elsevier B.V. (C)
Schematic diagram to show (A) the ECL immunosensor fabrication process and (B) ECL mechanism
of Ag2S: Mn QDs [136]. Reproduced with permission Copyright 2017, Elsevier B.V. (D) Schematic
illustration of ECL biosensors bade on CdS QDs for detection of the MTase activity [137]. Reproduced
with permission Copyright 2016, American Chemical Society.

PL Biosensors

Sulfide quantum dots, as 0-D metal sulfide nanomaterials, have also attracted great attention to
establish PL biosensors due to their fascinating optical properties [138]. Until now, there have been
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various types of PL biosensors based on sulfide quantum dots, such as phosphorescence biosensors,
fluorescence biosensors.

Phosphorescence biosensors were proposed based on sulfide quantum dots with phosphorescence
emission. For example, Gong and Fan [139] have proposed a phosphorescence biosensor for detection
of DNA based on riboflavin-modulated Mn doped ZnS quantum dots. Due to the longer average life
of phosphorescence emitted by Mn doped ZnS quantum dots, the DNA biosensor allowed appropriate
delay time and avoided any scattering light.

Because most of sulfide quantum dots have fluorescent properties, fluorescence biosensors based
on sulfide quantum dots were the most common biosensors. For example, Liu et al. [140] have
prepared a fluorescence biosensor for detecting alkaline phosphatase based on l-cysteine-capped
CdS QDs. Moreover, Du et al. [67] have synthesized VS2 quantum dots, and constructed a
glutathione biosensor based on the efficient fluorescence RET from VS2 quantum dots to MnO2

nanosheets and fast redox reaction between MnO2 and glutathione. Adegoke et al. [141] have utilized
CdZnSeS/ZnSeS quantum dots to fabricate a fluorescence biosensor for determining influenza virus
RNA. Rong et al. [142] have synthesized novel Eu3+ ion-functionalized fluorescent MoS2 quantum
dots for biosensing Guanosine 3′-diphosphate-5′-diphophate (ppGpp) (Figure 5A). Literature has also
reported fluorescence biosensors for determining other biomolecules, such as thrombin, glutathione
S-transferase enzyme, bilirubin [91,94,143,144] via PL strategies.
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NIR fluorescence biosensors were emerging types of fluorescence biosensors and have also
attracted great attention. The NIR fluorescence biosensors were fabricated based on fluorescence
materials with emissions in NIR window (750 to 1000 nm) which can achieve higher imaging depth
without complications from tissue autofluorescence. Sulfide quantum dots, such as Ag2S quantum
dots, displayed fluorescence emission in NIR window, therefore they have been used to establish
biosensors. Moreover, Ding et al. [123] have fabricated a NIR biosensor for detecting F− in living cells
based on NIR emitting Ag2S quantum dots. The fluorescence intensity of Ag2S quantum dots enhanced
when various rare earth ions were added. In the presence of F−, F− coordinated with rare earth ions
leaded to fluorescence quenching of Ag2S quantum dots. Based on the on-off fluorescence findings,
a label-free NIR fluorescence biosensor for F− in living has been proposed. Moreover, Shu et al. [69]
have ameliorated Ag2S quantum dots by doping Pb ions to synthesized Pb-doped Ag2S quantum
dots. The Pb-doped Ag2S quantum dots emitted fluorescence in NIR-II window (950 to 1200 nm).
Based on the NIR-II emitting Pb-doped Ag2S quantum dots, a biosensor for H2O2 have been proposed
(Figure 5B).
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3.2.3. Biosensors Based on Sulfur-Doped Carbon or Graphene Quantum Dots

Carbon or graphene quantum dots have attracted intensive interest and have also been used
to determine biomolecules due to their fascinating properties [145–148]. Doping heteroatoms
(e.g., nitrogen, sulfur, phosphorus/or metal atoms) in carbon or graphene quantum dots is an effective
way to tune their properties [107,112,149,150]. As the third most abundant element in fossil fuels, S
and its derived material have attracted a lot of interest. Sulfur doped carbon or graphene quantum
dots, as one of derived sulfur-containing nanomaterials, have also attracted intense interest and been
widely used to established biosensors [151–154]. However, sulfur doped carbon or graphene quantum
dots still belonged to carbon or graphene quantum dots. Since too much literature has reported
biosensors based on carbon or graphene quantum dots [155–158], we won’t explore them in this
review. As described above, biosensors based on sulfur-containing quantum dots have been used
for detection of various analytes, including antibody, dopamine, proteins, DNA, RNA, glutathione,
bacteria, F− in living cells, etc. These biosensors displayed good sensing performance toward analytes
detection. In addition, these biosensors also showed other outstanding advantages, including simple
of preparation, low cost and good selectivity, stability, and great promising practical applications in
clinical diagnosis, as shown in Table 3.

Table 3. Properties of biosensors based on sulfur-containing quantum dots listed above.

Biosensors Analytes Linear Range with Detection
Limit (S/N = 3)

Practical Application References

Electrochemical
biosensor based on
ZnS quantum dots

clenbuterol
antibody

0.01~10 ng/mL (R2 = 0.991)
with a detection limit of
5.5 pg/mL

clenbuterol antibody in
pig urine, recoveries
96.39%~103% with RSDs
of 0.09%~0.27%

[128]

Electrochemical
biosensor based on
Ag2S quantum dots

bacteria 10−1~103 bacteria/mL
(R2 = 0.993) with a detection
limit of 1 bacteria/mL

bacterica in human
serumm, recoveries
(N/A*)

[129]

PEC biosensor
based on CdS
quantum dots

H2S 1.0 nM~5 mM (R2 = 0.991)
with a detection limit of
29 ng/mL

H2S released from
MCF-7 cells, recoveries
(N/A)

[130]

PEC biosensor
based on CdS
quantum dots

prostate specific
antigen (PAS)

0.02 pg/mL~200 ng/mL
(R2 = 0.997) with a detection
limit of 6.8 fg/mL.

PAS in human serum
samples, recoveries
96.2%~110.0% with
RSDs less than 9.7%

[133]

ECL biosensor
based on CdS
quantum dots

dopamine 8 pM~20 nM (R2 = 0.998) with
a detection limit of 3.6 pM

dopamine in human
urine and serum
samples, recoveries
95.4%~102.6% with
RSDs of 0.34%~5.14%

[134]

ECL biosensor
based on
lanthanum
ion-doped CdS
quantum dots

thrombin 1.00 ×10−16~1.00 ×10−6 mol/L
(R2 = 0.996) with limit of
detection of 3.00 ×10−17 mol/L

thrombin in human
serum, recoveries
98.0%~100.1%

[135]

ECL biosensor
based on Mn
doped Ag2S
quantum dots

laminin 10 pg/mL~100 ng/mL
(R2 = 0.993) with a low
detection limit of 3.2 pg/mL

laminin in human serum,
recoveries
96.08%~105.56%

[136]

PL biosensor based
on Mn doped ZnS
quantum dots

DNA 15 µg/L~40 mg/L (R2 = 0.998)
with a detection limit of 15
µg/mL

DNA in urine samples,
recoveries 97%~103%

[139]

PL biosensor based
on
l-cysteine-capped
CdS quantum dots

alkaline
phosphatase (ALP)

1~10 nM (R2 = 0.999) with a
detection limit of 96 pM

ALP in human serums,
recoveries
98.58%~106.60% with
RSDs of 1.59%~9.50%

[140]
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Table 3. Cont.

Biosensors Analytes Linear Range with Detection
Limit (S/N = 3)

Practical Application References

PL biosensor based
on VS2
quantum dots

glutathione 0~500 µM (R2 = 0.996) with a
detection limit of 0.31 µM

glutathione detection in
human serum samples,
recoveries
101.0%~109.0% with
RSDs of 0.7%~2.7%

[67]

PL biosensor based
on CdZnSeS/ZnSeS
quantum dots

influenza virus
RNA

detection limit of 5.2
copies/mL

N/A [141]

PL biosensor based
on MoS2
quantum dots

ppGpp 25~250 µM (R2 = 0.997) with a
detection limit of 23.8 µM

ppGpp in plants,
recoveries
100.0%~138.0% with
RSDs below 1.4%

[142]

PL biosensor based
on NIR emitting
Ag2S quantum dots

F− 5~260 µM (R2 = 0.9978) with a
detection limit of 1.5 µM

F− in living cells [123]

PL biosensor based
on the NIR-II
emitting Pb-doped
Ag2S quantum dots

H2O2 40~800 µM with a detection
limit of 5 µM

H2O2 analysis in
disinfectant

[69]

* N/A: Not available.

4. Brief Comparison between Biosensors Based on Sulfur-Containing Nanomaterials and Others

All in all, biosensors based on sulfur-containing nanomaterials have been used for detection
of various biomolecules in the last five years, including glucose, dopamine, proteins, DNA, RNA,
etc. The biosensors based on sulfur-containing nanomaterials displayed enhanced selectivity, lower
sensitivity, faster response time, and low detection limit in comparison to biosensors based on other
nanomaterials. Taking glucose as analytes, Table 4 displays brief comparison between biosensors
based on sulfur-containing nanomaterials and other biosensors. Data listed in Table 4 illustrates that
sulfur-containing nanomaterials are promising materials to established biosensors and can be widely
used in biomedical field.

Table 4. Brief comparison between biosensors based on sulfur-containing nanomaterials and others.

Biosensors Linear Range Limit of Detection
(LOD) (S/N = 3)

References

biosensor based on morphous
CoxSy nanosheets

0.2~1380 µM 0.079 µM [159]

biosensor based on VS2 nanoparticles 0.5 µM~3.0 mM, 0.224 µM [160]

biosensor based on flowerlike NiCo2S4 0.5 µM~6 mM 50 nM [51]

biosensor based on Ag2S quantum dots 0.1 mM~12.2 mM 0.324 µM [161]

biosensor based on ZnS:Ni/ZnS Quantums Dots 0.1~100 µM 35 nM [162]

biosensor based on TiO2-SnS2 nanocomposite 0.008~1.13 mM;
1.13~5.53 mM

1.8 µM [163]

biosensor based on bienzyme and carbon
nanotubes incorporated into an Os-complex
thin film

0.05~1.5 mM 3 µM [164]

biosensor based on Fe3O4/PPy@ZIF-8
nanocomposite

1 µM~2 mM 0.333 µM [165]

biosensor based on silver nanowires and
chitosan-glucose oxidase film

10 µM~0.8 mM 2.83 µM [166]
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5. Conclusions and Outlooks

In summary, this paper provides a brief overview of recent researches on the applications
of sulfur-containing nanomaterials, including metallic sulfide nanomaterials and sulfur-containing
quantum dots in biosensors. The sulfur-containing nanomaterials have excellent properties, such as
nanometric scale, water-dispersibility, excellent catalytic activity, conductivity, biosafety, photoactivity,
and fascinating optical properties, and have been proven useful in various biosensing applications
via electrochemical, PEC, ECL and PL strategies. Though many achievements have been obtained for
biosensors based on sulfur-containing nanomaterials, there are still significant challenges that need to
be solved.

(1) As an emerging quantum dots, sulfur quantum dots possess excellent optical properties
and biocompatibility which make them possible to prepare biosensors. However, researches on
biosensing applications of sulfur quantum dots are still inadequate. Therefore, it is urgent to further
exploit the biosensing applications of sulfur quantum dots in the next few days. Taking advantage
of optical properties of sulfur quantum dots and PL-based technologies (e.g., fluorescence detection
technologies), PL probes for detecting various biomolecules based on sulfur quantum dots can be
established. (2) Real-time biosensing in vivo or intracellular based on sulfur-containing nanomaterials
remains a challenge because typical analytical measurements only capture a single-time-point in
samples. Biosensing in vivo or intracellular are a new class of detecting technologies that can be
established by means of a number of sophisticated analysis platforms providing an in vivo read-out of
the spatial, temporal, and quantitative information of biomolecules. Therefore, the vast majority of
analytes detected by biosensors based on sulfur-containing nanomaterials are limited to exist in vitro
or extracellular. In order to fabricate vivo or intracellular biosensors based on sulfur-containing
nanomaterials, sophisticated analysis platforms providing real-time information of biomolecules
should be tried to fabricate by utilizing various of technologies and methods (such as, confocal
fluorescence microscopic techniques and Raman spectroscopy methods).

(3) With the development of materials science and nanotechnology, wide variety of nanomaterials
have emerged in our life. Some nanomaterials, such as metal organic frameworks and gold nanoclusters,
are easy to synthesize without complicated operations. Considering time cost and experimental safety,
more and more researchers have dedicated to exploiting these nanomaterials. In view of the abundant
storage and the pressure on the environment of S elements, more and more sulfur-containing
nanomaterials should be synthesized and used to construct biosensors. Therefore, green synthetic
methods (e.g., coprecipitation and hydrothermal methods) should be exploited and utilized to
synthesize sulfur-containing nanomaterials.
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Semi-industrial green mechanochemical syntheses of solar cell absorbers based on quaternary sulfides. ACS
Sustain. Chem. Eng. 2018, 6, 2132–2141. [CrossRef]

60. Wu, K.; Yang, Z.; Pan, S. The first quaternary Diamond-Like semiconductor with 10-Membered LiS4 rings
exhibiting excellent nonlinear optical performances. Chem. Commun. 2017, 53, 3010–3013. [CrossRef]

61. Kubendhiran, S.; Thirumalraj, B.; Chen, S.M.; Karuppiah, C. Electrochemical Co-Preparation of cobalt
sulfide/reduced graphene oxide composite for electrocatalytic activity and determination of H2O2 in
biological samples. J. Colloid Interface Sci. 2018, 509, 153–162. [CrossRef]

62. Wang, Z.; Dong, S.; Gui, M.; Asif, M.; Wang, W.; Wang, F.; Liu, H. Graphene paper supported MoS2

nanocrystals monolayer with Cu Submicron-Buds: High-Performance flexible platform for sensing in sweat.
Anal. Biochem. 2018, 543, 82–89. [CrossRef] [PubMed]

63. Li, C.; Zhang, J.; Jiang, H.; Wang, X.; Liu, J. orthogonal adsorption of carbon dots and DNA on nanoceria.
Langmuir 2020, 36, 2474–2481. [CrossRef] [PubMed]

64. Wang, D.; Li, Q.; Xing, Z.; Yang, X. Copper sulfide nanoplates as nanosensors for fast, sensitive and selective
detection of DNA. Talanta 2018, 178, 905–909. [CrossRef] [PubMed]

65. Okoth, O.K.; Yan, K.; Liu, Y.; Zhang, J. Graphene-Doped Bi2S3 nanorods as Visible-Light photoelectrochemical
aptasensing platform for sulfadimethoxine detection. Biosens. Bioelectron. 2016, 86, 636–642. [CrossRef]
[PubMed]

http://dx.doi.org/10.1039/C7QI00651A
http://dx.doi.org/10.1039/C7DT00355B
http://dx.doi.org/10.1016/j.snb.2016.04.056
http://dx.doi.org/10.1016/j.bios.2019.05.017
http://dx.doi.org/10.1021/acssuschemeng.8b04340
http://dx.doi.org/10.1016/j.bios.2019.111524
http://www.ncbi.nlm.nih.gov/pubmed/31351417
http://dx.doi.org/10.1039/C6RA09362K
http://dx.doi.org/10.1016/j.scitotenv.2016.04.019
http://dx.doi.org/10.1002/adma.201701392
http://dx.doi.org/10.1016/j.apsusc.2019.144636
http://dx.doi.org/10.1002/anie.201600029
http://dx.doi.org/10.1002/smll.201604139
http://dx.doi.org/10.1021/acssuschemeng.7b03563
http://dx.doi.org/10.1039/C6CC09565H
http://dx.doi.org/10.1016/j.jcis.2017.08.087
http://dx.doi.org/10.1016/j.ab.2017.12.010
http://www.ncbi.nlm.nih.gov/pubmed/29233679
http://dx.doi.org/10.1021/acs.langmuir.9b03960
http://www.ncbi.nlm.nih.gov/pubmed/32069412
http://dx.doi.org/10.1016/j.talanta.2017.10.039
http://www.ncbi.nlm.nih.gov/pubmed/29136914
http://dx.doi.org/10.1016/j.bios.2016.07.037
http://www.ncbi.nlm.nih.gov/pubmed/27471154


Sensors 2020, 20, 3488 22 of 27

66. Foo, C.Y.; Lim, H.N.; Pandikumar, A.; Huang, N.M.; Ng, Y.H. Utilization of reduced graphene oxide/cadmium
Sulfide-Modified carbon cloth for Visible-Light-Prompt Photoelectrochemical Sensor For copper (II) ions.
J. Hazard. Mater. 2016, 304, 400–408. [CrossRef] [PubMed]

67. Du, C.; Shang, A.; Shang, M.; Ma, X.; Song, W. Water-Soluble VS2 quantum dots with unusual fluorescence
for biosensing. Sens. Actuators B Chem. 2018, 255, 926–934. [CrossRef]

68. Zheng, Y.; Jiang, H.; Wang, X. Multiple strategies for controlled synthesis of atomically precise alloy
nanoclusters. Acta Phys. Chim. Sin. 2018, 34, 740–754. [CrossRef]

69. Shu, Y.; Yan, J.; Lu, Q.; Ji, Z.; Jin, D.; Xu, Q.; Hu, X. Pb Ions Enhanced Fluorescence of Ag2S QDs with Tunable
Emission in the NIR-II Window: Facile One Pot Synthesis and Their Application in NIR-II Fluorescent
Biosensing. Sens. Actuators B Chem. 2020, 307, 127593. [CrossRef]

70. Babamiri, B.; Salimi, A.; Hallaj, R. A Molecularly imprinted electrochemiluminescence sensor for ultrasensitive
HIV-1 gene detection using eus nanocrystals as luminophore. Biosens. Bioelectron. 2018, 117, 332–339.
[CrossRef]

71. Zhang, Y.; Wen, F.; Huang, Z.; Tan, J.; Zhou, Z.; Yuan, K.; Wang, H. Nitrogen doped lignocellulose/binary
metal sulfide modified electrode: Preparation and application for Non-Enzymatic ascorbic acid, dopamine
and nitrite sensing. J. Electroanal. Chem. 2017, 806, 150–157. [CrossRef]

72. Huang, D.; Wang, L.; Zhan, Y.; Zou, L.; Ye, B. Photoelectrochemical biosensor for CEA detection based on
SnS2-GR with multiple quenching effects of Au@CuS-GR. Biosens. Bioelectron. 2019, 140, 111358. [CrossRef]
[PubMed]

73. Zhao, J.; Wang, S.; Zhang, S.; Zhao, P.; Wang, J.; Yan, M.; Ge, S.; Yu, J. Peptide Cleavage-Mediated
photoelectrochemical signal on-off via CuS electronic extinguisher for PSA detection. Biosens. Bioelectron.
2020, 150, 111958. [CrossRef] [PubMed]

74. Shang, M.; Qi, H.; Du, C.; Huang, H.; Wu, S.; Zhang, J.; Song, W. One-Step electrodeposition of High-Quality
amorphous molybdenum Sulfide/RGO photoanode for Visible-Light sensitive photoelectrochemical
biosensing. Sens. Actuators B Chem. 2018, 266, 71–79. [CrossRef]

75. Zhang, K.; Lv, S.; Zhou, Q.; Tang, D. CoOOH Nanosheets-Coated g-C3N4/CuInS2 nanohybrids for
photoelectrochemical biosensor of carcinoembryonic antigen coupling hybridization chain reaction with
etching reaction. Sens. Actuators B Chem. 2020, 307, 127631. [CrossRef]

76. Wang, J.; Long, J.; Liu, Z.; Wu, W.; Hu, C. Label-Free and High-Throughput biosensing of multiple tumor
markers on a single Light-Addressable photoelectrochemical sensor. Biosens. Bioelectron. 2017, 91, 53–59.
[CrossRef] [PubMed]

77. Wang, B.; Cao, J.T.; Dong, Y.X.; Liu, F.R.; Fu, X.L.; Ren, S.W.; Ma, S.H.; Liu, Y.M. An in situ electron donor
consumption strategy for photoelectrochemical biosensing of proteins based on ternary Bi2S3/Ag2S/TiO2 NT
arrays. Chem. Commun. 2018, 54, 806–809. [CrossRef] [PubMed]

78. Cui, L.; Hu, J.; Wang, M.; Diao, X.K.; Li, C.C.; Zhang, C.Y. Mimic Peroxidase- and Bi2S3 Nanorod-Based
photoelectrochemical biosensor for Signal-On detection of polynucleotide kinase. Anal. Chem. 2018, 90,
11478–11485. [CrossRef]

79. Zhu, W.; Wang, C.; Li, X.; Khan, M.S.; Sun, X.; Ma, H.; Fan, D.; Wei, Q. Zinc-Doping enhanced cadmium sulfide
electrochemiluminescence behavior based on Au-Cu alloy nanocrystals quenching for insulin detection.
Biosens. Bioelectron. 2017, 97, 115–121. [CrossRef]

80. Wei, Y.; Wang, H.; Sun, S.; Tang, L.; Cao, Y.; Deng, B. An Ultrasensitive electrochemiluminescence sensor
based on reduced graphene Oxide-Copper sulfide composite coupled with capillary electrophoresis for
determination of amlodipine besylate in Mice Plasma. Biosens. Bioelectron. 2016, 86, 714–719. [CrossRef]

81. Chen, D.; Li, S.; Zheng, F. Water Soluble Sulphur Quantum Dots for Selective Ag+ Sensing based on the Ion
Aggregation-Induced Photoluminescence Enhancement. Anal. Methods 2016, 8, 632–636. [CrossRef]

82. Shen, L.; Wang, H.; Liu, S.; Bai, Z.; Zhang, S.; Zhang, X.; Zhang, C. Assembling of sulfur quantum dots in
fission of sublimed sulfur. J. Am. Chem. Soc. 2018, 140, 7878–7884. [CrossRef] [PubMed]

83. Li, S.; Chen, D.; Zheng, F.; Zhou, H.; Jiang, S.; Wu, Y. Water-Soluble and lowly toxic sulphur quantum dots.
Adv. Funct. Mater. 2014, 24, 7133–7138. [CrossRef]

84. Song, Y.; Tan, J.; Wang, G.; Gao, P.; Lei, J.; Zhou, L. Oxygen accelerated scalable synthesis of highly fluorescent
sulfur quantum dots. Chem. Sci. 2020, 11, 772–777. [CrossRef]

85. Wang, S.; Bao, X.; Gao, B.; Li, M. A novel sulfur quantum dot for the detection of cobalt ions and norfloxacin
as a fluorescent “switch”. Dalton Trans. 2019, 48, 8288–8296. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jhazmat.2015.11.004
http://www.ncbi.nlm.nih.gov/pubmed/26595899
http://dx.doi.org/10.1016/j.snb.2017.08.070
http://dx.doi.org/10.3866/PKU.WHXB201712111
http://dx.doi.org/10.1016/j.snb.2019.127593
http://dx.doi.org/10.1016/j.bios.2018.06.003
http://dx.doi.org/10.1016/j.jelechem.2017.10.066
http://dx.doi.org/10.1016/j.bios.2019.111358
http://www.ncbi.nlm.nih.gov/pubmed/31170655
http://dx.doi.org/10.1016/j.bios.2019.111958
http://www.ncbi.nlm.nih.gov/pubmed/31929089
http://dx.doi.org/10.1016/j.snb.2018.03.117
http://dx.doi.org/10.1016/j.snb.2019.127631
http://dx.doi.org/10.1016/j.bios.2016.12.029
http://www.ncbi.nlm.nih.gov/pubmed/27988479
http://dx.doi.org/10.1039/C7CC08132D
http://www.ncbi.nlm.nih.gov/pubmed/29313046
http://dx.doi.org/10.1021/acs.analchem.8b02673
http://dx.doi.org/10.1016/j.bios.2017.05.046
http://dx.doi.org/10.1016/j.bios.2016.07.068
http://dx.doi.org/10.1039/C5AY02451J
http://dx.doi.org/10.1021/jacs.8b02792
http://www.ncbi.nlm.nih.gov/pubmed/29863865
http://dx.doi.org/10.1002/adfm.201402087
http://dx.doi.org/10.1039/C9SC05019A
http://dx.doi.org/10.1039/C9DT01186B
http://www.ncbi.nlm.nih.gov/pubmed/31099810


Sensors 2020, 20, 3488 23 of 27

86. Wang, H.; Wang, Z.; Xiong, Y.; Kershaw, S.V.; Li, T.; Wang, Y.; Zhai, Y.; Rogach, A.L. Hydrogen peroxide
assisted synthesis of highly luminescent sulfur quantum dots. Angew. Chem. Int. Ed. 2019, 58, 7040–7044.
[CrossRef]

87. Wang, Y.; Wang, P.; Wu, Y.; Di, J. A cathodic “Signal-On” photoelectrochemical sensor for Hg2+ detection
based on Ion-Exchange with ZnS quantum dots. Sens. Actuators B Chem. 2018, 254, 910–915. [CrossRef]

88. Saleviter, S.; Fen, Y.W.; Omar, N.A.S.; Daniyal, W.M.E.M.M.; Abdullah, J.; Zaid, M.H.M. Structural and
optical studies of cadmium sulfide quantum Dot-Graphene Oxide-Chitosan nanocomposite thin film as a
novel SPR spectroscopy active layer. J. Nanomater. 2018, 2018, 4324072. [CrossRef]

89. Wang, P.; Cao, L.; Wu, Y.; Di, J. A cathodic photoelectrochemical sensor for chromium(VI) based on the use of
PbS quantum dot semiconductors on an ito electrode. Microchim. Acta 2018, 185, 356. [CrossRef]

90. Li, Y.; Tang, L.; Li, R.; Xiang, J.; Teng, K.S.; Lau, S.P. SnS2 quantum dots: Facile synthesis, properties, and
applications in ultraviolet photodetector. Chin. Phys. B 2019, 28, 037801. [CrossRef]

91. Aydemir, D.; Hashemkhani, M.; Acar, H.Y.; Ulusu, N.N. In vitro interaction of glutathione S-Transferase-pi
enzyme with Glutathione-Coated silver sulfide quantum dots: A novel method for biodetection of glutathione
S-Transferase enzyme. Chem. Biol. Drug Des. 2019, 94, 2094–2102. [CrossRef] [PubMed]

92. Liu, Y.; Du, L.; Gu, K.; Zhang, M. Effect of Tm dopant on luminescence, photoelectric properties and electronic
structure of in2s3 quantum dots. J. Lumin. 2020, 217, 116775. [CrossRef]

93. Kang, D.; Bharath Kumar, M.; Son, C.; Park, H.; Park, J. Simple synthesis method and characterizations of
Aggregation-Free cysteamine capped PbS quantum dot. Appl. Sci. 2019, 9, 4661. [CrossRef]

94. Abha, K.; Nebu, J.; Anjali Devi, J.S.; Aparna, R.S.; Anjana, R.R.; Aswathy, A.O.; George, S. Photoluminescence
sensing of bilirubin in human serum using L-cysteine tailored manganese doped zinc sulphide quantum
dots. Sens. Actuators B Chem. 2019, 282, 300–308. [CrossRef]

95. Na, W.; Liu, X.; Hu, T.; Su, X. Highly sensitive fluorescent determination of sulfide using BSA-Capped CdS
quantum dots. New J. Chem. 2016, 40, 1872–1877. [CrossRef]

96. Liu, Z.; Xiao, J.; Wu, X.; Lin, L.; Weng, S.; Chen, M.; Cai, X.; Lin, X. Switch-On fluorescent strategy based on
N and S co-Doped graphene quantum dots (N-S/GQDs) for monitoring pyrophosphate ions in synovial fluid
of arthritis patients. Sens. Actuators B Chem. 2016, 229, 217–224. [CrossRef]

97. Chen, C.; Zhao, D.; Hu, T.; Sun, J.; Yang, X. Highly fluorescent nitrogen and sulfur co-Doped graphene
quantum dots for an inner filter Effect-based cyanide sensor. Sens. Actuators B Chem. 2017, 241, 779–788.
[CrossRef]

98. Yao, D.; Liang, A.; Jiang, Z. A fluorometric clenbuterol immunoassay using sulfur and nitrogen doped carbon
quantum dots. Microchim. Acta 2019, 186, 323. [CrossRef]

99. Guo, Z.; Luo, J.; Zhu, Z.; Sun, Z.; Zhang, X.; Wu, Z.-c.; Mo, F.; Guan, A. A facile synthesis of High-Efficient
N,S co-Doped carbon dots for temperature sensing application. Dyes Pigment. 2020, 173, 107952. [CrossRef]

100. Sharma, V.; Kaur, N.; Tiwari, P.; Saini, A.K.; Mobin, S.M. Multifunctional fluorescent “Off-On-Off” nanosensor
for Au3+ and S2− employing N-S co-Doped Carbon-Dots. Carbon 2018, 139, 393–403. [CrossRef]

101. Peng, J.; Zhao, Z.; Zheng, M.; Su, B.; Chen, X.; Chen, X. Electrochemical synthesis of phosphorus and sulfur
co-Doped graphene quantum dots as efficient electrochemiluminescent immunomarkers for monitoring
okadaic acid. Sens. Actuators B Chem. 2020, 304, 127383. [CrossRef]

102. Bian, S.; Shen, C.; Qian, Y.; Liu, J.; Xi, F.; Dong, X. Facile synthesis of Sulfur-Doped graphene quantum dots
as fluorescent sensing probes for Ag+ ions detection. Sens. Actuators B Chem. 2017, 242, 231–237. [CrossRef]

103. Fan, T.; Zhang, G.; Jian, L.; Murtaza, I.; Meng, H.; Liu, Y.; Min, Y. Facile synthesis of Defect-Rich nitrogen and
Sulfur co-doped graphene quantum dots as Metal-Free electrocatalyst for the oxygen reduction reaction.
J. Alloys Compd. 2019, 792, 844–850. [CrossRef]

104. Xu, Q.; Pu, P.; Zhao, J.; Dong, C.; Gao, C.; Chen, Y.; Chen, J.; Liu, Y.; Zhou, H. Preparation of highly
photoluminescent Sulfur-Doped carbon dots for Fe(iii) detection. J. Mater. Chem. A 2015, 3, 542–546.
[CrossRef]

105. Amjadi, M.; Manzoori, J.L.; Hallaj, T.; Azizi, N. Sulfur and Nitrogen co-Doped carbon quantum dots as the
chemiluminescence probe for detection of Cu2+ Ions. J. Lumin. 2017, 182, 246–251. [CrossRef]

106. Haque, E.; Kim, J.; Malgras, V.; Reddy, K.R.; Ward, A.C.; You, J.; Bando, Y.; Hossain, M.S.A.; Yamauchi, Y.
Recent advances in graphene quantum dots: Synthesis, properties, and applications. Small Methods 2018,
2, 1800050. [CrossRef]

http://dx.doi.org/10.1002/anie.201902344
http://dx.doi.org/10.1016/j.snb.2017.07.149
http://dx.doi.org/10.1155/2018/4324072
http://dx.doi.org/10.1007/s00604-018-2883-6
http://dx.doi.org/10.1088/1674-1056/28/3/037801
http://dx.doi.org/10.1111/cbdd.13614
http://www.ncbi.nlm.nih.gov/pubmed/31452310
http://dx.doi.org/10.1016/j.jlumin.2019.116775
http://dx.doi.org/10.3390/app9214661
http://dx.doi.org/10.1016/j.snb.2018.11.063
http://dx.doi.org/10.1039/C5NJ03117F
http://dx.doi.org/10.1016/j.snb.2016.01.127
http://dx.doi.org/10.1016/j.snb.2016.11.010
http://dx.doi.org/10.1007/s00604-019-3431-8
http://dx.doi.org/10.1016/j.dyepig.2019.107952
http://dx.doi.org/10.1016/j.carbon.2018.07.004
http://dx.doi.org/10.1016/j.snb.2019.127383
http://dx.doi.org/10.1016/j.snb.2016.11.044
http://dx.doi.org/10.1016/j.jallcom.2019.04.097
http://dx.doi.org/10.1039/C4TA05483K
http://dx.doi.org/10.1016/j.jlumin.2016.10.021
http://dx.doi.org/10.1002/smtd.201800050


Sensors 2020, 20, 3488 24 of 27

107. Wang, W.; Xu, S.; Li, N.; Huang, Z.; Su, B.; Chen, X. Sulfur and phosphorus co-Doped graphene quantum
dots for fluorescent monitoring of nitrite in pickles. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2019,
221, 117211. [CrossRef]

108. Zhu, S.; Zhao, X.; Song, Y.; Lu, S.; Yang, B. Beyond Bottom-up carbon nanodots: Citric-Acid derived organic
molecules. Nano Today 2016, 11, 128–132. [CrossRef]

109. Ganiga, M.; Cyriac, J. An ascorbic acid sensor based on cadmium sulphide quantum dots. Anal. Bioanal.
Chem. 2016, 408, 3699–3706. [CrossRef]

110. Kulchat, S.; Boonta, W.; Todee, A.; Sianglam, P.; Ngeontae, W. A fluorescent sensor based on thioglycolic acid
capped cadmium sulfide quantum dots for the determination of dopamine. Spectrochim. Acta Part A Mol.
Biomol. Spectrosc. 2018, 196, 7–15. [CrossRef]

111. Ngamdee, K.; Kulchat, S.; Tuntulani, T.; Ngeontae, W. Fluorescence sensor based on d-Penicillamine capped
cadmium sulfide quantum dots for the detection of cysteamine. J. Lumin. 2017, 187, 260–268. [CrossRef]

112. Miao, X.; Yan, X.; Qu, D.; Li, D.; Tao, F.F.; Sun, Z. Red emissive sulfur, nitrogen codoped carbon dots and their
application in ion detection and theraonostics. ACS Appl. Mater. Interfaces 2017, 9, 18549–18556. [CrossRef]

113. Omar, N.A.S.; Fen, Y.W.; Abdullah, J.; Zaid, M.H.M.; Daniyal, W.M.E.M.M.; Mahdi, M.A. Sensitive surface
plasmon resonance performance of cadmium sulfide quantum Dots-Amine functionalized graphene oxide
based thin film towards dengue virus E-protein. Opt. Laser Technol. 2019, 114, 204–208. [CrossRef]

114. Omar, N.A.S.; Fen, Y.W.; Abdullah, J.; Anas, N.A.A.; Ramdzan, N.S.M.; Mahdi, M.A. Optical and structural
properties of cadmium sulphide quantum dots based thin films as potential sensing material for dengue
Virus E-protein. Results Phys. 2018, 11, 734–739. [CrossRef]

115. Han, X.-L.; Li, Q.; Hao, H.; Liu, C.; Li, R.; Yu, F.; Lei, J.; Jiang, Q.; Liu, Y.; Hu, J. Facile One-Step synthesis of
quaternary aginzns quantum dots and their applications for causing bioeffects and detecting Cu2+. RSC Adv.
2020, 10, 9172–9181. [CrossRef]

116. Haldar, D.; Dinda, D.; Saha, S.K. High selectivity in water soluble MoS2 quantum dots for sensing nitro
explosives. J. Mater. Chem. C 2016, 4, 6321–6326. [CrossRef]

117. Grinyte, R.; Barroso, J.; Saa, L.; Pavlov, V. Modulating the growth of Cysteine-Capped cadmium sulfide
quantum dots with enzymatically produced hydrogen peroxide. Nano Res. 2017, 10, 1932–1941. [CrossRef]

118. Malik, R.; Pinnaka, A.K.; Kaur, M.; Kumar, V.; Tikoo, K.; Singh, S.; Kaushik, A.; Singhal, S. Water-Soluble
Glutathione-CdS QDs with exceptional antimicrobial properties synthesized via green route for fluorescence
sensing of fluoroquinolones. J. Chem. Technol. Biotechnol. 2019, 94, 1082–1090. [CrossRef]

119. Bhardwaj, H.; Singh, C.; Pandey, M.k.; Sumana, G. Star shaped zinc sulphide quantum dots Self-Assembled
monolayers: Preparation and applications in food toxin detection. Sens. Actuators B Chem. 2016, 231, 624–633.
[CrossRef]

120. Ngamdee, K.; Ngeontae, W. Circular dichroism glucose biosensor based on chiral cadmium sulfide quantum
dots. Sens. Actuators B Chem. 2018, 274, 402–411. [CrossRef]

121. Jacob, J.M.; Rajan, R.; Tom, T.C.; Kumar, V.S.; Kurup, G.G.; Shanmuganathan, R.; Pugazhendhi, A. Biogenic
design of ZnS quantum dots—insights into their In-Vitro cytotoxicity, photocatalysis and biosensing
properties. Ceram. Int. 2019, 45, 24193–24201. [CrossRef]

122. Nathiya, D.; Gurunathan, K.; Wilson, J. Size controllable, pH triggered reduction of bovine serum albumin and
its adsorption behavior with SnO2/SnS2 quantum dots for biosensing application. Talanta 2020, 210, 120671.
[CrossRef] [PubMed]

123. Ding, C.; Cao, X.; Zhang, C.; He, T.; Hua, N.; Xian, Y. Rare earth ions enhanced near infrared fluorescence
of Ag2S quantum dots for the detection of fluoride ions in living cells. Nanoscale 2017, 9, 14031–14038.
[CrossRef] [PubMed]

124. Qiao, G.; Liu, L.; Hao, X.; Zheng, J.; Liu, W.; Gao, J.; Zhang, C.C.; Wang, Q. Signal transduction from
small particles: Sulfur nanodots featuring mercury sensing, cell entry mechanism and in vitro tracking
performance. Chem. Eng. J. 2020, 382, 122907. [CrossRef]

125. Zhao, J.; Fan, Z. Using Zinc Ion-Enhanced fluorescence of sulfur quantum dots to improve the detection of
the Zinc(II)-Binding antifungal drug clioquinol. Microchim. Acta 2019, 187, 3. [CrossRef]

126. Bansal, A.K.; Antolini, F.; Zhang, S.; Stroea, L.; Ortolani, L.; Lanzi, M.; Serra, E.; Allard, S.;
Scherf, U.; Samuel, I.D.W. Highly luminescent colloidal CdS quantum dots with efficient Near-Infrared
electroluminescence in Light-Emitting diodes. J. Phys. Chem. C 2016, 120, 1871–1880. [CrossRef]

http://dx.doi.org/10.1016/j.saa.2019.117211
http://dx.doi.org/10.1016/j.nantod.2015.09.002
http://dx.doi.org/10.1007/s00216-016-9454-7
http://dx.doi.org/10.1016/j.saa.2018.01.062
http://dx.doi.org/10.1016/j.jlumin.2017.03.016
http://dx.doi.org/10.1021/acsami.7b04514
http://dx.doi.org/10.1016/j.optlastec.2019.01.038
http://dx.doi.org/10.1016/j.rinp.2018.10.032
http://dx.doi.org/10.1039/C9RA09840B
http://dx.doi.org/10.1039/C6TC01811D
http://dx.doi.org/10.1007/s12274-016-1378-1
http://dx.doi.org/10.1002/jctb.5855
http://dx.doi.org/10.1016/j.snb.2016.03.064
http://dx.doi.org/10.1016/j.snb.2018.08.005
http://dx.doi.org/10.1016/j.ceramint.2019.08.128
http://dx.doi.org/10.1016/j.talanta.2019.120671
http://www.ncbi.nlm.nih.gov/pubmed/31987184
http://dx.doi.org/10.1039/C7NR04436D
http://www.ncbi.nlm.nih.gov/pubmed/28894868
http://dx.doi.org/10.1016/j.cej.2019.122907
http://dx.doi.org/10.1007/s00604-019-4020-6
http://dx.doi.org/10.1021/acs.jpcc.5b09109


Sensors 2020, 20, 3488 25 of 27

127. Elakkiya, V.; Menon, M.P.; Nataraj, D.; Biji, P.; Selvakumar, R. Optical detection of CA 15.3 breast cancer
antigen using CdS quantum dot. IET Nanobiotechnol. 2017, 11, 268–276. [CrossRef]

128. Zhang, Z.; Duan, F.; He, L.; Peng, D.; Yan, F.; Wang, M.; Zong, W.; Jia, C. electrochemical clenbuterol
immunosensor based on a gold electrode modified with zinc sulfide quantum dots and polyaniline.
Microchim. Acta 2016, 183, 1089–1097. [CrossRef]

129. Amor-Gutierrez, O.; Iglesias-Mayor, A.; Llano-Suarez, P.; Costa-Fernandez, J.M.; Soldado, A.; Podadera, A.;
Parra, F.; Costa-Garcia, A.; de la Escosura-Muniz, A. Electrochemical quantification of Ag2S quantum dots:
Evaluation of different surface coating ligands for bacteria determination. Microchim. Acta 2020, 187, 169.
[CrossRef]

130. Wang, Y.; Ge, S.; Zhang, L.; Yu, J.; Yan, M.; Huang, J. Visible photoelectrochemical sensing platform by in situ
generated cds quantum dots decorated Branched-TiO2 nanorods equipped with prussian blue electrochromic
display. Biosens. Bioelectron. 2017, 89, 859–865. [CrossRef]

131. Raevskaya, A.; Rozovik, O.; Novikova, A.; Selyshchev, O.; Stroyuk, O.; Dzhagan, V.; Goryacheva, I.;
Gaponik, N.; Zahn, D.R.T.; Eychmüller, A. Luminescence and photoelectrochemical properties of Size-Selected
aqueous Copper-Doped Ag-In-S quantum dots. RSC Adv. 2018, 8, 7550–7557. [CrossRef]

132. Mo, F.; Han, Q.; Song, J.; Wu, J.; Ran, P.; Fu, Y. An ultrasensitive “On-Off-On” photoelectrochemical
thrombin aptasensor based on perylene tetracarboxylic acid/gold nanoparticles/cadmium sulfide quantum
dots amplified matrix. J. Electrochem. Soc. 2018, 165, B679–B685. [CrossRef]

133. Deng, K.; Wang, H.; Xiao, J.; Li, C.; Zhang, S.; Huang, H. Polydopamine nanospheres loaded with
L-cysteine-coated cadmium sulfide quantum dots as photoelectrochemical signal amplifier for PSA detection.
Anal. Chim. Acta 2019, 1090, 143–150. [CrossRef] [PubMed]

134. Liu, J.-X.; Ding, S.-N. Multicolor electrochemiluminescence of cadmium sulfide quantum dots to detect
dopamine. J. Electroanal. Chem. 2016, 781, 395–400. [CrossRef]

135. Wang, C.; Chen, M.; Wu, J.; Mo, F.; Fu, Y. Multi-functional electrochemiluminescence aptasensor based on
resonance energy transfer between Au nanoparticles and lanthanum Ion-doped cadmium sulfide quantum
dots. Anal. Chim. Acta 2019, 1086, 66–74. [CrossRef]

136. Wu, F.-F.; Zhou, Y.; Wang, J.-X.; Zhuo, Y.; Yuan, R.; Chai, Y.-Q. A novel electrochemiluminescence
immunosensor based on Mn doped Ag2S quantum dots probe for laminin detection. Sens. Actuators
B Chem. 2017, 243, 1067–1074. [CrossRef]

137. Zhou, H.; Han, T.; Wei, Q.; Zhang, S. Efficient enhancement of electrochemiluminescence from cadmium
sulfide quantum dots by glucose oxidase mimicking gold nanoparticles for highly sensitive assay of
methyltransferase activity. Anal. Chem. 2016, 88, 2976–2983. [CrossRef]

138. Mishra, H.; Umrao, S.; Singh, J.; Srivastava, R.K.; Ali, R.; Misra, A.; Srivastava, A. pH dependent optical
switching and fluorescence modulation of molybdenum sulfide quantum dots. Adv. Opt. Mater. 2017,
5, 1601021. [CrossRef]

139. Gong, Y.; Fan, Z. Room-Temperature phosphorescence Turn-on detection of DNA based on
Riboflavin-Modulated manganese doped Zinc sulfide quantum dots. J. Fluoresc. 2016, 26, 385–393.
[CrossRef]

140. Liu, Y.; Dong, P.; Jiang, Q.; Wang, F.; Pang, D.-W.; Liu, X. Assembly-Enhanced fluorescence from metal
nanoclusters and quantum dots for highly sensitive biosensing. Sens. Actuators B Chem. 2019, 279, 334–341.
[CrossRef]

141. Adegoke, O.; Seo, M.W.; Kato, T.; Kawahito, S.; Park, E.Y. Gradient band gap engineered alloyed
quaternary/ternary CdZnSeS/ZnSeS quantum dots: An ultrasensitive fluorescence reporter in a conjugated
molecular beacon system for the biosensing of influenza virus RNA. J. Mater. Chem. B 2016, 4, 1489–1498.
[CrossRef] [PubMed]

142. Rong, M.; Ye, J.; Chen, B.; Wen, Y.; Deng, X.; Liu, Z.-Q. Ratiometric fluorescence detection of stringent ppGpp
using Eu-MoS2 QDs test paper. Sens. Actuators B Chem. 2020, 309, 127807. [CrossRef]

143. Saa, L.; Diez-Buitrago, B.; Briz, N.; Pavlov, V. CdS quantum dots generated In-Situ for fluorometric
determination of thrombin activity. Microchim. Acta 2019, 186, 657. [CrossRef] [PubMed]

144. Chowdhury, A.D.; Takemura, K.; Khorish, I.M.; Nasrin, F.; Ngwe Tun, M.M.; Morita, K.; Park, E.Y.
The detection and identification of dengue virus serotypes with quantum dot and AuNP regulated localized
surface plasmon resonance. Nanoscale Adv. 2020, 2, 699–709. [CrossRef]

http://dx.doi.org/10.1049/iet-nbt.2016.0012
http://dx.doi.org/10.1007/s00604-015-1730-2
http://dx.doi.org/10.1007/s00604-020-4140-z
http://dx.doi.org/10.1016/j.bios.2016.09.106
http://dx.doi.org/10.1039/C8RA00257F
http://dx.doi.org/10.1149/2.0411814jes
http://dx.doi.org/10.1016/j.aca.2019.09.016
http://www.ncbi.nlm.nih.gov/pubmed/31655639
http://dx.doi.org/10.1016/j.jelechem.2016.08.027
http://dx.doi.org/10.1016/j.aca.2019.08.012
http://dx.doi.org/10.1016/j.snb.2016.12.087
http://dx.doi.org/10.1021/acs.analchem.6b00450
http://dx.doi.org/10.1002/adom.201601021
http://dx.doi.org/10.1007/s10895-015-1699-6
http://dx.doi.org/10.1016/j.snb.2018.10.016
http://dx.doi.org/10.1039/C5TB02449H
http://www.ncbi.nlm.nih.gov/pubmed/32263115
http://dx.doi.org/10.1016/j.snb.2020.127807
http://dx.doi.org/10.1007/s00604-019-3765-2
http://www.ncbi.nlm.nih.gov/pubmed/31468185
http://dx.doi.org/10.1039/C9NA00763F


Sensors 2020, 20, 3488 26 of 27

145. Liu, M.L.; Chen, B.B.; Li, C.M.; Huang, C.Z. Carbon dots: Synthesis, formation mechanism, fluorescence
origin and sensing applications. Green Chem. 2019, 21, 449–471. [CrossRef]

146. Yan, Y.; Gong, J.; Chen, J.; Zeng, Z.; Huang, W.; Pu, K.; Liu, J.; Chen, P. Recent advances on graphene quantum
dots: From chemistry and physics to applications. Adv. Mater. 2019, 31, e1808283. [CrossRef]

147. Li, C.; Wang, Y.; Jiang, H.; Wang, X. Review-Intracellular sensors based on carbonaceous nanomaterials:
A review. J. Electrochem. Soc. 2020, 167, 037540. [CrossRef]

148. Hui, B.; Zhang, K.; Xia, Y.; Zhou, C. Natural Multi-Channeled wood frameworks for electrocatalytic hydrogen
evolution. Electrochim. Acta 2020, 330, 135274. [CrossRef]

149. Li, C.; Zheng, Y.; Ding, H.; Jiang, H.; Wang, X. Chromium(III)-Doped carbon dots: Fluorometric detection of
p-Nitrophenol via inner filter effect quenching. Microchim. Acta 2019, 186, 384. [CrossRef]

150. Li, C.; Qin, Z.; Wang, M.; Liu, W.; Jiang, H.; Wang, X. Manganese oxide doped carbon dots for
Temperature-Responsive biosensing and target bioimaging. Anal. Chim. Acta 2020, 1104, 125–131. [CrossRef]

151. Tran, H.L.; Doong, R.-a. Sustainable fabrication of green luminescent Sulfur-Doped graphene quantum dots
for rapid visual detection of hemoglobin. Anal. Methods 2019, 11, 4421–4430. [CrossRef]

152. Luo, X.; Zhang, W.; Han, Y.; Chen, X.; Zhu, L.; Tang, W.; Wang, J.; Yue, T.; Li, Z. N,S co-Doped carbon dots
based fluorescent "On-Off-On" sensor for determination of ascorbic acid in common fruits. Food Chem. 2018,
258, 214–221. [CrossRef] [PubMed]

153. Zhang, Q.; Liu, Y.; Nie, Y.; Liu, Y.; Ma, Q. Wavelength-Dependent surface plasmon coupling
electrochemiluminescence biosensor based on Sulfur-Doped carbon nitride quantum dots for K-RAS
gene detection. Anal. Chem. 2019, 91, 13780–13786. [CrossRef] [PubMed]

154. Fan, D.; Bao, C.; Khan, M.S.; Wang, C.; Zhang, Y.; Liu, Q.; Zhang, X.; Wei, Q. A novel Label-Free
photoelectrochemical sensor based on N,S-GQDs and CdS co-Sensitized hierarchical Zn2SnO4 cube for
detection of cardiac troponin I. Biosens. Bioelectron. 2018, 106, 14–20. [CrossRef]

155. Feng, H.; Qian, Z.S. Functional carbon quantum dots: A versatile platform for chemosensing and biosensing.
Chem. Rec. 2018, 18, 491–505. [CrossRef] [PubMed]

156. Campuzano, S.; Yanez-Sedeno, P.; Pingarron, J.M. Carbon dots and graphene quantum dots in electrochemical
biosensing. Nanomaterials 2019, 9, 634. [CrossRef]

157. Suvarnaphaet, P.; Pechprasarn, S. Graphene-Based materials for biosensors: A review. Sensors 2017, 17, 2161.
[CrossRef]

158. Karimzadeh, A.; Hasanzadeh, M.; Shadjou, N.; de la Guardia, M. Optical bio(sensing) using nitrogen doped
graphene quantum dots: Recent advances and future challenges. Trac Trends Anal. Chem. 2018, 108, 110–121.
[CrossRef]

159. Meng, A.L.; Sheng, L.Y.; Zhao, K.; Li, Z.J. A controllable Honeycomb-like amorphous cobalt sulfide
architecture directly grown on the reduced graphene Oxide-poly(3,4-ethylenedioxythiophene) composite
through electrodeposition for Non-enzyme glucose sensing. J. Mat. Chem. B 2017, 5, 8934–8943. [CrossRef]

160. Sarkar, A.; Ghosh, A.B.; Saha, N.; Bhadu, G.R.; Adhikary, B. Newly designed amperometric biosensor for
hydrogen peroxide and glucose based on vanadium sulfide nanoparticles. ACS Appl. Nano Mater. 2018, 1,
1339–1347. [CrossRef]

161. Zhang, X.R.; Liu, M.S.; Liu, H.X.; Zhang, S.S. Low-Toxic Ag2S quantum dots for photoelectrochemical
detection glucose and cancer cells. Biosens. Bioelectron. 2014, 56, 307–312. [CrossRef] [PubMed]

162. Wang, Y.; Qu, J.H.; Li, S.F.; Qu, J.Y. Catechol biosensor based on ZnS:Ni/ZnS quantums dots and laccase
modified glassy carbon electrode. J. Nanosci. Nanotechnol. 2016, 16, 8302–8307. [CrossRef]

163. Yao, P.; Yu, S.H.; Shen, H.F.; Yang, J.; Min, L.F.; Yang, Z.J.; Zhu, X.S. A TiO2-SnS2 nanocomposite as a novel
matrix for the development of an enzymatic electrochemical glucose biosensor. New J. Chem. 2019, 43,
16748–16752. [CrossRef]

164. Liu, J.; Sun, S.H.; Shang, H.; Lai, J.H.; Zhang, L.L. Electrochemical biosensor based on bienzyme and carbon
nanotubes incorporated into an os-complex thin film for continuous glucose detection in Human Saliva.
Electroanalysis 2016, 28, 2016–2021. [CrossRef]

http://dx.doi.org/10.1039/C8GC02736F
http://dx.doi.org/10.1002/adma.201808283
http://dx.doi.org/10.1149/1945-7111/ab67a3
http://dx.doi.org/10.1016/j.electacta.2019.135274
http://dx.doi.org/10.1007/s00604-019-3444-3
http://dx.doi.org/10.1016/j.aca.2020.01.001
http://dx.doi.org/10.1039/C9AY01138B
http://dx.doi.org/10.1016/j.foodchem.2018.03.032
http://www.ncbi.nlm.nih.gov/pubmed/29655725
http://dx.doi.org/10.1021/acs.analchem.9b03212
http://www.ncbi.nlm.nih.gov/pubmed/31590487
http://dx.doi.org/10.1016/j.bios.2018.01.050
http://dx.doi.org/10.1002/tcr.201700055
http://www.ncbi.nlm.nih.gov/pubmed/29171708
http://dx.doi.org/10.3390/nano9040634
http://dx.doi.org/10.3390/s17102161
http://dx.doi.org/10.1016/j.trac.2018.08.012
http://dx.doi.org/10.1039/C7TB02482G
http://dx.doi.org/10.1021/acsanm.8b00076
http://dx.doi.org/10.1016/j.bios.2014.01.033
http://www.ncbi.nlm.nih.gov/pubmed/24525014
http://dx.doi.org/10.1166/jnn.2016.11649
http://dx.doi.org/10.1039/c9nj04629a
http://dx.doi.org/10.1002/elan.201501179


Sensors 2020, 20, 3488 27 of 27

165. Hou, C.; Zhao, D.Y.; Wang, Y.; Zhang, S.F.; Li, S.Y. Preparation of magnetic Fe3O4/PPy@ZIF-8 nanocomposite
for glucose oxidase immobilization and used as glucose electrochemical biosensor. J. Electroanal. Chem. 2018,
822, 50–56. [CrossRef]

166. Wang, L.S.; Gao, X.; Jin, L.Y.; Wu, Q.; Chen, Z.C.; Lin, X.F. amperometric glucose biosensor based on silver
nanowires and glucose oxidase. Sens. Actuators B Chem. 2013, 176, 9–14. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jelechem.2018.04.067
http://dx.doi.org/10.1016/j.snb.2012.08.077
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Metallic Sulfide Nanomaterials 
	Generalities 
	Applications in Biosensors 
	Electrochemical Biosensors 
	PEC Biosensors 
	ECL Biosensors 
	PL Biosensors 


	Sulfur-Containing Quantum Dots 
	Generalities 
	Applications in Biosensors 
	Biosensors Based on Sulfur Quantum Dots 
	Biosensors Based on Sulfide Quantum Dots 
	Biosensors Based on Sulfur-Doped Carbon or Graphene Quantum Dots 


	Brief Comparison between Biosensors Based on Sulfur-Containing Nanomaterials and Others 
	Conclusions and Outlooks 
	References

