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A B S T R A C T

Quantum dots (QDs), due inter alia to their colourtunable symmetry, narrow emission, broad absorption, sta-
bility, and solution processibility have received an upsurge of interest in the last decade as potential materials for
diverse applications. Doped QDs, in particular, have gained significant attention as a new class of luminescent
materials since dopants influence the optical behaviour of QDs. Therefore, doped ZnS QDs possess conspicuous
properties like longer dopant emission lifetime and lower toxicity. The dopant emission lifetimes of transition-
metal ions are longer than the energy-gap and defect-related luminescence of the host as well as the biological
background fluorescence to offer immense prospect for removal of background fluorescence for sensing appli-
cations. Probes based on phosphorescence or fluorescence enhancement of QDs is crucial for the development of
the detection capability. This current review highlights the optical property and various sensing strategies of Mn-
doped ZnS QDs that make them exceptional probes for applications in sensing. The review not only intends to
present an all-encompassing study of the well-documented usages of QDs, but is also rather addressing the
current promising improvements, concepts, and excellent applications in research of doped QDs for chemo- and
biosensing. Over 200 publications are overviewed and considered here in the perspective of leading applications
in sensing dealing with for instance, fluorescence, phosphorescence, chemiluminescence, electro-
chemiluminescence and biosensing features.

1. Introduction

Within a steadily increasing database, diverse nanomaterials and
nanodevices evoked fascination for promising applications due to their
properties and performances prominently different from their coun-
terparts based on bulk solids and molecules. In nanoscience and na-
notechnology, it is a substantial issue to understand the mechanism of
action of nanomaterials and their tunability to tailor properties as the
unique properties of nanoscale materials depend upon their shape, size,
and structure [1]. Semiconductor nanomaterials also called quantum
dots (QDs), as expected, occupy a unique place in the recent literature
with an outstanding track record with high potential, dramatic con-
sequences, and frequently controversial experimental evidence. QDs
have excellent properties as robust fluorescent materials, such as, broad
absorption spectra along with narrow and symmetric emission spectra
and good photo-stability [2–4]. The surface properties also have sub-
stantial influences due to high surface-to-volume ratios of these fluor-
escent QDs [5]. When the spatial dimensions are reduced in a nano-
metre range, a widening of band gap is caused [6]. QDs are fluorescent
nanoscale materials having a radius comparable to that of Bohr

excitonic radius of the material [7]. These small nanocrystals can cater
the requirements of modern applications, such as biolabels [8,9], sen-
sors [10,11], lasers [12,13], light-emitting diodes [14,15], and in
medicines [16]. Moreover, QDs are good components in optical gain
devices, regenerative solar cells, and electroluminescent devices [17].
Recently, they have found applications in photocatalysis [18], organic
dye removal [19], solar paints [20], cancer targeting and drug delivery
[21]. Semiconducting QDs are particles having their physical dimen-
sions between 1 and 10 nm and are composed of groups II–VI or III–V
atoms [22]. Furthermore the thermal and photo-stability of QDs can be
easily enhanced using various strategies, like organic ligand modifica-
tion strategies [23–25].

Zinc sulfide (ZnS), one of the significant II–VI semiconducting and
crystalline material in QD applications and research [26], with 3.68 eV
optical energy-gap for the zinc blende and 3.80 eV for the hexagonal
wurtzite phase in the bulk form and high refractive index [27,28]. It
also has large exciton binding energy (~40 meV) useful for applications
in solar cells, flat panel display, lasers, sensors, imaging, and photo-
catalytic dye degradation, etc. [29–32]. Preparation of ZnS QDs using
various capping agents has been reported, which revealed a strong
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confinement effect [33]. Compared to other II–VI compound semi-
conductors, ZnS is more stable, nontoxic, ecologically safe, and is an
excellent host for doping [34]. Therefore, it is potentially applied in
both biological detection [35] and waste water treatments [18,19].

Doping a suitable element is generally an effective means for tuning
the energy levels, surface states, as well as the magnetic, optical,
electrical along with the structural properties of the semiconductors
[36–38]. Dopants play critical role in semiconductor-based devices and
thus has motivated the research on the properties and applications of
semiconductor nanomaterials with the doping of intentional impurities
[39]. In fact, deliberate addition of dopants or impurities for controlling
the behaviours of materials works as the spirit for many technologies.
The influence of dopants on semiconductor nanocrystals, a few nano-
metres value in scale with exceptional and size-specific optical, mag-
netic, and electronic behaviour are therefore critical [40]. This works
by efficiently transferring the energy, from the absorbed photons to the
impurities, rapidly confining the excitation and suppressing the un-
wanted reaction at the nanomaterials surface [41]. ZnS doped with Mn
and Cu are the two largely studied doped QDs [42] and commonly
proposed as suitable fluorescent and phosphorescent probes [43].

QDs as sensors, for biological and chemical detections have drawn
significant interest over the past decade [44,45] due to the distinctive
properties displayed by various nanoscale materials in combination
with the molecular recognition moiety [46,47]. The QDs modification
with biomolecules [48] and metal ions [49,50] has been an intriguing
domain in sensor/biosensor applications [51,52], such as ions [53,54],
biomacromolecules [55,56], and small molecules [57,58]. As compared
to fluorescence, the phosphorescence of doped-QDs exhibit extended
average life, with a suitable time delay to avoid scattering of light and
fluorescence emission [59]. In addition, the large surfaces of QDs re-
main favourable for the attachment of various ligands. When the large-
surface QDs are introduced, some of the small molecules, ions, and
biomacromolecules go through physical or chemical reactions. This
causes a change in the composition or charges on the QDs shell to allow
exceptional control of few more properties [60]. Studies associated with
the interactions among the QDs and metal ions revealed that capping
agents at the surface intensely affects the luminescence reaction of QDs
to various metal cations [61,62]. The scheme of detections depending
on the interactions between QDs and metal ions is reported extensively.
However the sensing technique largely depends on the fact that metal
ions quench the phosphorescence or fluorescence emissions of the QDs
[63,64].

Fluorescence quenching-based probes generally encounter huge
background intrusions resulting in high detection limits, whereas probe
depending on the signal enhancement suffer small interferences. Thus,
probes on the basis of phosphorescence or fluorescence enhancement of
QDs are extremely important for the development of relating detection
capabilities [65].

Doped QDs remained the subject matter of quite a few exceptional
reviews and book chapters [66–68] largely focussing on the preparation
strategies and features of doped QDs. In this review, we aim at bringing
light to the photophysical characteristics of Mn-doped ZnS QDs that
make them exceptional probe due to their diverse approach in chemo or
biosensing and give emphasis on the current promising developments in
research for sensing applications.

2. Preparation of functionalized Mn-doped zinc sulphide quantum
dots

Mn-doped ZnS QDs have drawn considerable interest in recent
years, due to their remarkable physical, chemical, and optical proper-
ties [69]. Mn-doped ZnS QDs have been synthesized following various
methods [70,71] which include: metal organic vapour chemical de-
position, wet chemical methods, laser assisted thermal and catalytic
evaporation [72].

The II–VI semiconductor lattices possess lower photon energy (for

eg. ZnS) [73,74] and the energy gap of 4T1–6A1 is large. Thus, doping
allows the 4T1–6A1 transition with high efficiency as the Mn ions work
as recombination centre for the excited electron–hole pair resulting in
characteristic luminescence at higher wavelength regions. Due to Mn2+

doping on Zn, there occurs development of a characteristic emission
band at approximately 590 nm (Fig. 1), due to the prominent 4T1–6A1
d–d transition of Mn2+ ions on Zn2+ sites (where S2−ions coordinated
the Mn2+ones) [75–77]. When compared with the usual CdSe or ZnS
QDs, Mn-doped ZnS QDs exhibited, both extended luminescent life-
times (of the order of few ms) as well as longer Stokes shift between
excitation and emission wavelengths, properties characteristics to
phosphorescent emission [78]. Thus, it is likely to achieve time-re-
solved measurements with simple discrimination between the lumi-
nescence emission of Mn:ZnS QDs from the background fluorescence of
the sample (where luminescent lifetime is shorter).

Moreover, compared to the traditional CdSe or CdS QDs, the lack of
Cd2+ in Mn-doped ZnS QDs reduces the toxicity of these nanoscale
materials. Consequently, there has been a raised concern over the use of
toxic heavy-metal containing QDs in living cells, humans and animals
as the long-term impact is unknown [79]. Mn-doped ZnS QDs have
therefore, proved themselves to be highly developed luminescent na-
noscale materials and labelling agents for sensing and biological ima-
ging [80].

3. Design principles for construction of chemo-sensors based on
Mn-doped zinc sulphide quantum dots

In the field of chemical probes, the recognition and sensing of bio-
logically and environmentally important metal ions has emerged as an
important goal. Various analytical methods like fluorescence, phos-
phorescence, chemiluminescence, and electrochemiluminescence sen-
sing of inorganic ions, small molecules, and macromolecules, etc. using
Mn-doped ZnS QDs are highlighted here.

3.1. Mn-doped ZnS QDs as fluorescence-based chemo-sensors

The exploration of fluorescent sensors is a topic of considerable
interest. Optical sensors based on the changes of spectral absorbance or
fluorescence resulting from the interaction between metal ions and

Fig. 1. Luminescence emission spectra of undoped and Mn-doped ZnS QDs.
Reprinted with permission from ref. [73]. Copyright 2005 American Chemical
Society.
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indicators has been found to be a simple and quick approach.
Fluorescent probes own many appealing properties like high sensitivity,
less cost, easy detection, and remote control. Fluorescence-based probes
are mostly important because of their intrinsic sensitivity and se-
lectivity [81,82].

3.1.1. Detection of small molecules
3.1.1.1. Detection by turn-off mode. A novel fluorescence turn-off
nanosensor was designed by Moritz et al. for sensing of folic acid
using 3-mercaptopropionic acid (MPA)-capped Mn-doped ZnS QDs in
aqueous medium [58]. The QDs displayed high fluorescence sensitivity
owing to higher affinity of the carboxylate groups and nitrogen atoms
present in folic acid for the Zn on the surface of the QDs. A static
quenching mechanism was demonstrated through the formation of non-
specific QDs by Perrin model along with fluorescence luminescence
lifetime of the doped ZnS QDs. Tu et al. employed amine-capped Mn-
doped ZnS nanocrystals for fluorescence sensing of 2,4,6-trinitrotoluene
(TNT) through quenching of the Mn2+luminescence [83]. Due to
transfer of electrons from the ZnS conductive band to the TNTs
lowest unoccupied molecular orbital, the aminated layer bounded
anions of TNT quench the Mn2+luminescence. The ion-doped sensor
shows a high quantum yield and can distinguish various nitro
compounds.

Another turn-off sensor is designed by Abha et al. using L-cysteine
(L-cys)-modified ZnS QDs doped with Mn for bilirubin detection [84].
The luminescence quenching due to reductive photo-induced electron
transfer where bilirubin worked as electron donor while QDs acted as
electron acceptor was utilized for detection. To ascertain the practical
efficacy of the sensor, the validation was done by detection in real
samples like spiked human serum and urine with good recovery per-
centages. Jiao et al. designed a sensor on the basis of halobenzoqui-
nones (HBQs)-mediated assembly of doped ZnS QDs modified with
amino acids [85]. The QDs were functionalized with four different
amino acids, cysteine, threonine, tyrosine, and tryptophan and dis-
crimination of three various HBQs, i.e.,dichloro,dibromo and trichloro-
benzoquinone were done. A charge-transfer complex formed between
the aromatic rings and the amine groups of HBQs causing amassing of
QDs, thus led to declining fluorescence. The amino acid-functional QDs
displayed different assembly behavior with varying targets, which
could be utilized to distinguish HBQs.

3.1.1.2. Detection by turn-on mode. A dual-emission ratiometric
fluorescent sensor by Cu2+-Mn2+ codoped ZnS QDs for quantitative
detection of folic acid in bovine serum was designed by Wang et al. The
two separated dopant emission peaks (490 and 595 nm) observed were
utilized in the fluorescent sensing. By addition of folic acid, the Cu2+

dopant emission quenched while the Mn2+ dopant emission was
enhanced. The sensing scheme was based on the transfer of electrons
between folic acid and QDs [86]. Wei et al. synthesised the doped ZnS
QDs modified with mono-6-SH-β-cyclodextrin and developed a
ratiometric fluorescence method for detecting L-tryptophan [87]. A

highly selective ratiometric emission response (400/598 nm) was
observed for L-tryptophan as compared to other amino acids. The β-
cyclodextrin coated QDs, retained the ability of molecular recognition,
which helps identifying L-tryptophan.

An effective fluorescent probe made of dopamine-conjugated
CdS:Mn/ZnS core/shell QDs was developed by Banerjee et al. and used
for the sensing of glutathione (GSH) by controlling the electron transfer
path of the doped QDs [88]. By modifying the surface of QDs with
dopamine molecules, the fluorescence OFF condition of QDs was ob-
served which was restored by reducing GSH when disulfide bonds were
cleaved, freeing up QDs from dopamine. A novel, “turn-on” sensor for
enzymeless probing of creatinine in human serum and urine samples
employing thioglycolic acid-capped ZnS:Mn-doped ZnS QDs was de-
veloped by Wang et al. [89]. The emission spectrum showed a con-
siderable increase in intensity in the presence of creatinine due to
surface trap passivation of QDs through the binding of creatinine with
QDs surface, resulting in the development of new radiative electron–-
hole recombination centers. The detailed application of Mn-doped ZnS
QDs for fluorescence sensing of small molecules is summarised in
Table 1.

3.1.2. Detection of inorganic ions
3.1.2.1. Detection by turn-off mode. Rofouei et al. reported a new
fluorescence sensor for Ce3+-ions using the fluorescence quenching of
glycine dithiocarbamate (GDTC)-functional Mn-doped ZnS QDs [90].
The interaction between the QDs and the Ce3+-ions quenches the
fluorescence of QDs as per the Stern-Volmer equation and there exists a
collisional quenching process. Rajabi et al. designed a fluorescent
sensor for optical recognition of hazardous sulfide ion based on the
fluorescence quenching of doped ZnS QDs [91]. The sulfide ion was
detected with good sensitivity. Shang et al. synthesised N-acetyl-L-
cysteine functional Mn-doped ZnS QDs for determining Zn2+ ions [92].
Modification of sulfur suppresses the radiative recombination process
and the bright fluorescence was then quenched. The emission was
restored by adding Zn2+owing to the development of ZnS passivation
layer surrounding the QDs. Thus, a fluorescent assay for Zn2+ was
developed. Zhang et al. successfully prepared mercaptoacetic acid
(MAA)-capped Mn-doped ZnS QDs exhibiting strong fluorescence
peak at 590 nm [93]. The sulfide anion (S2−) caused the fluorescence
quenching and the intensity decrease was proportional to the
S2−concentration. When S2- ions got adsorbed over surface of QDs,
the S2- vacancy reduced, thus quenching of fluorescence was observed.

Zhang et al. prepared the doped ZnS QDs coated with ZnS shell and
created QDs-IDA (iminodiacetic acid) conjugate by modifying the sur-
face with IDA, which improved the water-solubility as well as the lu-
minescence quantum yield of QDs [94]. The conjugate in buffer solu-
tion selectively reacts to Ag (I) ion and quenches the fluorescence of
QDs-IDA due to formation of complex between the IDA and Ag (I) ion,
facilitating photoinduced electron transfer. Wang et al. developed a
novel and efficient 6-mercaptonicotinic acid-L-cys-Mn-doped ZnS
fluorometric assay for Cu2+ions detection [95]. The modification

Table 1
Use of Mn-doped ZnS QDs for Fluorescent Sensing of Small Molecules.

Analyte Capping agent Matrix Detection limit Wavelength of Detection Effect on Luminescence Ref.

Folic acid 3-Mercaptopropionic acid Water 1.1 × 10−7 mol L−1 596 nm Fluorescence quenching [58]
2,4,6-TNT Amine Water 1 × 10−9 mol L−1 420 nm,600nm Fluorescence quenching [83]
Bilirubin L-cysteine Urine, serum 1.8 × 10−6 mol L−1 410 nm,470 nm,590 nm Fluorescence quenching [84]
Halobenzoquinone Cysteine, threonine, tyrosine and

tryptophan
Real drinking water
samples

– 590nm Fluorescence quenching [85]

Folic acid 3- Mercaptopropionic acid bovine serum 6.0 × 10−9 mol L−1 490 nm,595nm Fluorescence enhancement (for
Mn dopant)

[86]

L-tryptophan Mono-6-SH-β- cyclodextrin Water 3.0 × 10−9 mol L−1 430 nm,598nm Fluorescence enhancement [87]
Glutathione Dopamine Deionised Water —- 592 nm Fluorescence enhancement [88]
Creatinine Thioglycolic acid human serum, urine

samples
7.25 × 10−9 mol L−1 582nm Fluorescence enhancement [89]
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endows the QDs with good fluorescence property accessing them for
Cu2+ions through Cu2+-S interactions. The fluorescence is quenched by
Cu2+owing to electron transfer-induced fluorescence quenching me-
chanism. On 325 nm excitation, strong red emissions at 593 nm along
with a blue one at 412 nm were observed. The red fluorescence is
strongly quenched as the concentration of Cu2+is increased, whereas
the blue one remains unaffected. Fu et al. synthesized a new composite
combining Mn-doped ZnS QDs and ZIF-8 (Zeolitic imidazolate based
metal-organic framework) [96]. ZIF-8 might possibly be used as a fra-
mework for QDs loading, which inturn endowed exceptional fluores-
cence property for the composite. The obtained composite could be
used as a probe for Co2+ and dichromate detection.

3.1.2.2. Detection by turn-on mode. A novel approach for Cd2+ ions
determination based on the fluorescence enhancement of core–shell
CdS:Mn/ZnS QDs was reported by Banerjee et al. [97]. The idea was to
alter the surface of QDs with a metal ion-selective ligand through zero
length coupling process. The sensing was based on electron transfer
scheme between the ligand and QDs and on exposure to Cd2+,
subsequent blocking of the electron transfer pathways occurred. The
strategy can also be used for detecting potentially harmful metal ions. A
new ratiometric probe for Cu2+detection was developed by He et al.
based on dually-emitting MPA-ZnS:Mn QD showing sharp peaks at 430
and 590 nm [98]. With the increase in Cu2+ ions concentration, the
ratio for dual emission intensity (I430/I590) of QDs steadily improved.
Based on this output, a highly sensitive probe was established for Cu2+

ions sensing, signifying its probable applications.
Jing et al. presented a fluorescence sensor array recognizing nine

different metal ions on the basis of amino acids-modulating QDs [99].
They synthesized two different QDs, 3-MPA and alpha-thioglycerol-
capped ZnS QDs doped with Mn embellished with two varying amino
acids (glutamine and arginine). Amino acids can bind QDs as well as
form complexes with metal ions with their amine, carboxyl, or hydroxyl
groups thus conveying differential detection of ions. Consequently, the
fluorescence signals for metal ions either enhance or decline. Moreover,
the six-receptor sensor assortment was applied to differentiate the
mixtures of metal ions with different oxidation states, the quantisation
of pure metal ions and nine metal ions spiked in tap water. Table 2
highlights the applications of Mn-doped ZnS QDs for fluorescent sen-
sing of inorganic ions.

Quenching mechanism is usually divided into static and dynamic
quenching. The static quenching initiates from the lightless complexes
of the quencher and fluorescent material in the ground state, whereas in
dynamic quenching, the quenching agent and fluorescent material in-
teract in excited state, resulting in the intensity decrease. The me-
chanism of dynamic quenching can be analyzed quantitatively by Stern-
Volmer's equation [90] (Eq. (1)).

= +F /F 1 K Cq0 SV (1)

where F0 and F are the fluorescence intensity of the ZnS QDs in absence
and presence of a quencher, Cq is the quencher concentration, and KSV
is the dynamic quenching constant or Stern-Volmer's constant. The
values of Stern-Volmer's constant for fluorescence quenching by various
analytes are given in Table 3.

3.1.3. Detection of macrobiomolecule
Nano-bio-systems play a vital role in improvement of the multi-

modal/multidimensional sensing devices to recognize novel function-
alities by considering the inner level molecular interactions. To study
the protein structure and dynamics, the intrinsic fluorescence (IF) of
proteins work as an efficient tool. The recognition of protein and dis-
crimination resolution was significantly improved by Li et al. exploring
the IF as the fourth channel optical input along with triple-channel
optical output of QDs (phosphorescence from Mn2+dopant, fluores-
cence from host ZnS and Rayleigh scattering from QDs) [100]. To re-
cover the IF difference and their interaction with ZnS QDs, plasma
modification of proteins was explored for multidimensional optosensing
device. Thus, a sensor device for specific and extremely discriminative
recognition of proteins in urine samples, human serum and cancer cells
was established.

3.1.3.1. Detection by turn-off mode. A fluorescent probe for tyrosinase
(TYR) determination was developed by Zhang et al. based on
dopamine-functionalized Mn-doped ZnS QDs [101]. TYR causes
oxidation of dopamine to dopaquinone and a photoinduced electron
transfer process occurs between the two resulting in fluorescence
quenching. It was applied for detection of TYR in serum samples of
chicken.

3.1.3.2. Detection by turn-on mode. Shao et al. presented an
antithrombin (AT) assay by fluorescence anisotropy (FA) in heparin
medium on the basis of polyethyleneimine-capped ZnS QDs [102]. The
QDs showed a low background for FA value supporting the assay of
large molecules. The FA value increased upon addition of AT molecules

Table 2
Use of Mn-doped ZnS QDs for Fluorescent Sensing of Inorganic Ions.

Analyte Capping agent Matrix Detection limit Wavelength of
Detection

Effect on
Luminescence

Ref.

Ce3+ Glycine Dithiocarbamate Water 2.29 × 10−7 mol L−1 415 nm,575 nm Fluorescence quenching [90]
S2− 2-Mercaptoethanol Water 1.2 × 10−6to 2.6 × 10−5 mol L−1 424 nm,594 nm Fluorescence quenching [91]
Zn2+ N-acetyl-L-Cysteine Tap Water 6.7 × 10−7 mol L−1 598 nm Fluorescence quenching [92]
S2− Mercaptoacetic acid Lake Water 1.5 × 10−7 mol L−1 590 nm Fluorescence quenching [93]
Ag+ Iminodiacetic acid Water 2.6 × 10−7 mol L−1 258 nm,285 nm Fluorescence quenching [94]
Cu2+ L-cysteine & 6-

mercaptonicotinic acid
Environmental water
samples

1.2 × 10−9 mol L−1 593 nm,412 nm Fluorescence quenching [95]

Co2+, Cr2O72− ZIF-8 Human serum albumin and
tap water

2.7 × 10−7 mol L−1and
2.2 × 10−7 mol L−1

592 nm Fluorescence quenching [96]

Cd2+ Azacrown ether Water —- 592 nm Fluorescence
enhancement

[97]

Cu2+ Mercaptopropionic acid Water 14 × 10−9 mol L−1 430 nm,590 nm Fluorescence
enhancement

[98]

Table 3
Fluorescence Quenching Constants of Mn-doped ZnS QDs by Various Analytes.

Analyte Ksv (M−1) Ref.

Folic acid 2.24 × 103 [58]
2,4,6-TNT 5.5 × 103 [83]
Ce3+ 9.2 × 104 [90]
S2− 4.5 × 104 [91]
Zn2+ 4.2 × 104 [92]
S2− 1.6 × 104 [93]
Ag+ 5.8 × 105 [94]
Cu2+ 1.9 × 106 [95]
Co2+, Cr2O72− 4.311 × 104, 2.742 × 104 [96]
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to the heparin-QDs system resulting various linear range of detection
for AT. Chang et al. developed a fluorescent biosensor on the basis of
mercaptophenylboronicacid (MBA)-capped doped ZnS QDs for the
glycoprotein-transferrin (TRF) determination [103]. TRF bounds to
MBA via boronate affinity. In the presence of TRF, there occurs efficient
fluorescence enhancement due to obstructed transfer of electrons from
QDs to boronic acid. The probe can detect TRF in serum and potentially
be employed for sensing trace glycoproteins in complex biomedical
samples. The same group designed another turn-on sensor based on 3-
acrylaminophenyl-boronic acid-capped ZnS QDs for glycoproteins
detection [104]. In the absence of glycoproteins, the fluorescent
emission was weak owing to the transfer of electron from QDs to
boron at the surface. When glycoprotein was added a noticeable
fluorescence enhancement was observed because of the inhibition of
electron transfer process as the boron moieties covalently bind the
glycans of the glycoprotein.

3.1.4. Detection by molecularly imprinted polymers
Molecular imprinting technology, one of the significant approaches

is widely studied and used for producing biomimetic receptors. By
applying techniques of molecular imprinting over surface functiona-
lized doped QDs, molecularly imprinted polymers (MIPs) having
binding sites at surface showing good optical properties became pos-
sible. The technology is based on a polymer matrix assembled over an
imprint, held by selected functional monomers [105–107]. The en-
gineered selectivity for binding to an analyte of interest is the key as-
pect of MIP [108]. The MIP-QDs complex work as a fluorescent probes,
which allows simple and cost-efficient selective probing of analyte in
biological samples [109].

3.1.4.1. Detection by turn-off mode. Zhao et al. prepared QDs based MIP
composite nanospheres by ultrasonication-assisted encapsulation
method depending on the interaction involving hydrophobic and van
der Waals forces [110]. These QDs-MIP nanospheres were efficiently
used for the fluorescent sensing of diazinon on the basis of
luminescence quenching by template analyte rebinding in the
polymer matrix into the recognition cavities. Thus, a novel strategy
was presented to fabricate inorganic organic MIP nanocomposites
desirable for applications in biomedical or chemical sensing. Tan
et al. developed a novel method and produced mixed
organic–inorganic imprinted doped QDs composite for detection of
bovine haemoglobin [111]. Amine-capped ZnS QDs were used as
support, while methacrylic acid and acryl amide worked as functional
monomer and γ-methacryloxypropyltrimethoxysilane as a grafting
agent. For surface graft imprinting at QDs surface, bovine
haemoglobin was used as the template. Vazquez et al. successfully
synthesised MIP-coated doped ZnS QDs by precipitation polymerization
method involving ultrasound irradiation [112]. MIP was prepared with
cocaine as template molecule, 2,2ʹ-azobisisobutyronitrile as initiator,
ethylenedimethacrylate as monomer while divinylbenzene as cross-
linking agent. The fluorescence of QDs was quenched by cocaine and its
metabolite for instance, benzoylecgonine and ecgonine methyl ester
which was not observed with other drugs of abuse such as cannabis
abuse or heroin. Thus, the probe recognizes only cocaine and
metabolites. Vazquez et al. also designed a second fluorescent probe
for cocaine determination in compound samples such as serum and oral
fluids. The matrix effect was found to be crucial dealing with QDs-based
sensor for complex samples. Specific approaches like solid phase
extraction and centrifugation methods and easy pre-treatments
methods have been explored as a substitute for complicated and
costly instrumentation of cocaine. The QDs material possibly served
as an interphase for the development of strategies for point-of-care
screening works [113].

A molecularly imprinted membranes (MIMs) for fluorescent re-
cognition of bisphenol A, was demonstrated by Zhang et al. [114]. To
fabricate QD-entrapped MIMs, acrylamide and N,N′-

methylenediacrylamide hydrogel membranes were incorporated over
mercaptopropyltriethoxysilane-capped QDs. After being activated by
electron transfer between the QDs and bisphenol A, the fluorescence of
entrapped QDs quenches. Thus, trace levels of bisphenol A can be de-
tected. Ren et al. [115] synthesised an acrylamide-based MIP-coated
QDs as sensor for detection of insecticide chlorpyrifos (CPF). CPF
loading over MIP causes the quenching of fluorescence. Hu et al. pre-
pared fluorescent magnetic molecularly imprinted polymers (FMMIPs)
with ZnS QDs as a luminescent core, N-nitrosodiphenylamine (NDPhA)
as a template, (3-aminopropyl)triethoxysilane (APTES) as a monomer
and tetraethylorthosilicate as cross-linking agent [116]. The fluores-
cence quenching with increasing concentration of NDPhA was further
used for its sensing and applied to tap water and seawater samples with
good recoveries. Hu et al. also developed a fluorescent MIP nanosensor
by a free-radical polymerization method, with QDs as a core, sulfa-
pyridine (SPD) as template, methacrylic acid as monomer and ethylene
glycol dimethacrylate as cross-linking agent [117]. These MIPs could
sense SPD through quenching of fluorescence. Liu et al. developed a
strategy to produce MIP-embellished doped ZnS QDs for sensing of
acrylamide in food sample [118]. The fluorescent graphene oxide-based
imprinted polymer with propionamide as template, ethylene glycol
dimethacrylate as cross-linking agent and methacrylic acid as the
monomer was synthesized with QDs as its fluorescence source. On
loading acrylamide, fluorescence quenching occurred.

Xu et al. developed a novel method for synthesizing MIPs-based QDs
with magnetic Fe3O4 nanopaticles for the sensing of dibutyl phthalate
[119]. The polymer holds specific molecular recognition properties of
MIPs, magnetic separation, as well as the fluorescence characteristics of
QDs. Chmangui et al. synthesized MIPs with 5,7-dimethoxycoumarin
(DMC) as template molecule and methacrylic acid as monomer, at-
tached over the surface of QDs and designed a fluorescent probe for
aflatoxins (AFs) determination in non-dairy beverages [120]. The probe
was selective for AFs (AFB1, AFB2, AFG1, and AFG2) with a detection
limit close to the maximum total AFs levels in foodstuffs permitted by
European authorities i.e., 0.1 to12 μg kg−1 for AFB1, and 4 to 15 μg
kg−1 for overall AFs (AFB1, AFB2, AFG1 and AFG2) in foodstuffs. Thus
the method could be applied for AFs assessment in several non-dairy
beverage samples.

Ren et al. prepared an MIP probe with acrylamide as monomer,
ethylene glycol dimethacrylate as cross linking agent for selective de-
tection of cyphenothrin [121]. On addition of cyphenothrin, there oc-
curs a charge transfer from QDs to cyphenothrin causing fluorescence
quenching. With similar mechanism, Ren et al. fabricated another
probe for nicosulfuron using MIP coated L-cys-modified Mn-doped ZnS
QDs [122]. The probe is synthesized by sol gel process with APTES as
monomer, and tetraethoxysilane as cross-linker working for fluores-
cence quenching mechanism. The reason behind quenching is the
charge transfer from QDs to the template nicosulfuron. Abbasifar et al.
proposed a new sensor for atropine detection utilizing the fluorescence
quenching effect of polydopamine (PDA)-coated molecularly imprinted
QDs [123]. The QDs were prepared using Na2S2O3 as precursor, L-cys as
capping agent and dopamine as monomer producing efficient recogni-
tion sites. The MIP shell shields the QDs from interferring molecules
thus a selectivity for target molecule was developed.

There are also sensor design made from a hybrid QD/mesoporous
silica/MIP (QD/MS/MIP). Zhang et al. prepared the novel composite
material using (3-isocyanatopropyl)triethoxysilane as monomer, tetra-
ethoxysilane as cross-linking agent, and applied it for sensing of tetra-
cycline (TC) [124]. A new complex formation take place between QD/
MS/MIP and TC due to transfer of energy from QDs to the complex
causing fluorescence quenching. Another hybrid probe was designed by
Wang et al. for recognition of serotonin (5‑hydroxy tryptamine, 5-HT)
based on Mn:ZnS QDs/SiO2/MIP [125]. Complex formation take place
between both amino groups of Mn:ZnS QDs/SiO2/MIP and hydroxyl
groups of 5-HT causing transfer of energy from QDs to complex re-
sulting in quenching of QDs fluorescence. Geng et al. demonstrated an
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alternative approach for synthesis and validation of doped ZnS QDs
embedded in molecularly imprinted mesoporous silica microspheres,
which could sense sparfloxacin [126]. A new functional monomer was
synthesized by the thiol-ene click chemistry reaction of 3-(methacry-
loyloxy) propyltrimethoxysilane and 3-mercaptopropionic acid. Spar-
floxacin was used as the template and QDs for signal transduction. The
method has rapid response time with good selectivity for structural
analogues and could be used for the recognition of target antibiotic in
various complex samples.

3.1.4.2. Detection by turn-on mode. Sadeghi et al. synthesised MIP-
coated ZnS QDs capped with the florfenicol (FF) MIP by sol–gel
surface imprinting approach [127]. The functional monomer was
APTES while tetraethoxysilane was used as the cross-linker. The
fluorescence intensity got improved with growing concentration of FF
as compared to the non-imprinted coated QDs. A fluorescent MIP for
selective recognition of α-fetoprotein, a tumor biomarker, was
demonstrated by Tan et al. [128]. They used amino-modified QDs as
support, γ-methacryloxypropyl trimethoxysilane as grafting agent and
4-vinylphenylboronic acid and methyl methacrylate as the monomers
and a graft imprint was created over QDs. The MIP QDs rapidly
detected α-fetoprotein and has a wide scope for various other
glycoproteins.

3.2. Mn-doped ZnS QDs as phosphorescence-based chemo-sensors

In ZnS QDs doped with Mn2+, the detection of transition
(4T1(4 G)−6A1(6S)) in room-temperature phosphorescence (RTP) has
become a hotspot and this has been extensively studied for develop-
ment of probes with great success [129,130]. The use of phosphorescent
QDs helps avoiding the interferences from the biological matrices since
the long-lived phosphorescence possess an appropriate delaytime
[131,132]. As phosphorescence is less frequent phenomena than
fluorescence, the selectivity is also enhanced [133]. Reportedly, the
QDs show a potential phosphorescence emission (~590 nm) [134], as a
result the transfer of energy from the ZnS to Mn2+and consecutive
transition to the ground state(6A1) from the triplet state (4T1) of Mn2+

involved in the ZnS host lattice [135]. It is merely the prime stage,
when phosphorescent QDs are employed in optical sensing, still proven
to be very probable [136,52]. For the biosensors, any intricate sample
pre-treatment is not essential [137,138].

3.2.1. Detection of small molecules
3.2.1.1. Detection by turn-off mode. Bian et al. successfully prepared
doped ZnS QD probes surface capped with L-cys and N-acetyl-L-cys
(NAC) [139]. The QDs have been effectively employed to trace the L-
Ascorbic Acid (AA) content in human urine samples as the RTP of the
QDs were efficiently quenched by AA (Fig. 3).This could perhaps be
used for RTP sensing of soluble analytes in biological samples and have
potential in biomedical or clinical analysis.

A RTP turn-off sensor for recognition of clenbuterol (CB) based on
melamine (MA)-enhanced RTP of MPA-capped QDs was explained by
Gong et al. [140]. As both MA and CB have good hydrogen-bonding
ability, hydrogen-bonding interaction might be present there [141].
The RTP intensity of QDs was increased by MA in acidic state, moreover
quenched by CB as a result of aggregation. Miao et al. synthesized MPA-
capped ZnS QDs/cetyltrimethylammonium bromide (CTAB) nanohy-
brids by electrostatic self-assembly, which augmented the RTP of the
QDs [142]. They further studied the RTP changes and their function for
rutin recognition. As both are negatively charged, due to the competi-
tion between rutin and the QDs, the rutin/CTAB hybrids are more
stable. With the increase of rutin concentration, CTAB escapes from the
QD surface, thus the RTP intensity of nanohybrids reduces. This im-
proves the detection ability of QDs for rutin and other flavonoids.

A system was developed by Zhang et al. for heparin detection in
aqueous solutions [143]. The system consisted of 3-MPA capped ZnS

QDs/polybrene (hexadimethrinebromide) hybrids as nanosensor in
which the RTP intensity was enhanced on adding polybrene due to
electrostatic self-assembly. With increasing heparin, RTP intensity got
reduced as heparin was actively bounded to polybrene facilitating it to
deprive from the surface of QD. A simple and rapid scheme for quer-
cetin recognition based on RTP of 3-MPA capped ZnS QDs was proposed
by Zhang et al. [65]. In the system, Al3+interacts with the carboxyl
groups of QDs causing aggregation and augmentation of phosphores-
cence signals. Quercetin addition led to the development of a stable
complex with Al3+causing dissociation of Al3+from QDs surface re-
sulting in a significant revival of RTP intensity of the QDs-Al3+system.
The change in the RTP was proportional with the amount of quercetin
added.

A simple route for the detection of 2,4,5-trichlorophenol (2,4,5-
TCP) by synthesizing MIP-capped ZnS QDs was reported by Wei et al.
[144]. RTP of QDs was quenched by 2,4,5-TCP in a concentration-de-
pendent manner explained by a Stern–Volmer equation. Another mul-
tifunctional molecularly imprinted phosphorescent probe for 2,4,6-TCP
determination was reported by Wei et al. made of a magnetite (Fe3O4)
core embellished with a MIP-QDs [145]. The composite material dis-
played strong phosphorescence due to the presence of QDs and good
magnetism. Moreover high selectivity was observed and could effec-
tively be applied for 2,4,6-TCP determination in spiked river water and
waste water. A possible mechanism about the acetone effect on RTP of
QDs was described by Gonzalez et al. by synthesizing L-cys capped ZnS
QDs showing a strong RTP in aqueous medium [138]. Further it was
useful for the analytical control of acetone in urine and water samples
measuring the quenching rate of QDs phosphorescence with high se-
lectivity.

Zou et al. synthesized magnetic Fe3O4 nanoparticles and QDs na-
nocomposites (MNPs/QD NCs) coalescing the chemosensory property
of QDs with the magnetic response of Fe3O4 nanoparticles [146]. It was
used for the RTP sensing and magnetic separation of captured ultratrace
2,4,6-trinitrotoluene (TNT). The nanocomposites exhibited a good re-
sponse for TNT detection through the quenching of 4T1–6A1 emission.
The proposed method is suitable for sensing ultratrace TNT and dif-
ferentiating various nitro compounds as well as in degradation of or-
ganics contaminated water. He et al. detected a type of quinolone,
enoxacin in biological fluids based on the RTP method of doped ZnS
QDs without using deoxidants or any inducers for the detection [131].
The method was applied to observe the concentration of enoxacin in
urine with time after the oral medication in healthy volunteer.

Wang et al. reported a novel MIP-based RTP optosensor by mole-
cular imprinting method by using the MIP layer over the QDs surface to
provide RTP source [52]. The new RTP sensing scheme was applied for
detection of trace pentachlorophenol in water where the RTP
quenching occurs due to a charge transfer from QDs to penta-
chlorophenol species. An ultrasound-assisted technique was proposed
by Ren et al. for the rapid synthesis of phosphorescent adenosine-
triphosphate (ATP)-capped ZnS QDs [147]. This allowed the sensing of
arginine and methylated arginine base on Mg2+–ATP–arginine ternary
arrangement together with QDs phosphorescence. Wu et al. reported a
novel RTP quenching scheme by doped ZnS QDs which was then ap-
plied for detecting raceanisodamine hydrochloride and atropine sulfate
in organic fluids attained by the quenching of the RTP intensity of QDs
[148]. The effect demonstrated a high selectivity for these drugs.

Zou et al. synthesized L-cys capped ZnS QDs modifying the prop-
erties of QDs by alteration of the functional groups and installing de-
tection receptors at the surface with that of phosphorescence [149]. It
was employed for RTP sensing and for Rayleigh scattering (RS) che-
modosimetry for ultratrace imaging of TNT in water. The interdots
amassed with TNT due to the development of Meisenheimer complexes
(MHCs) ascribed to the acid-base pairing relations between L-cys and
TNT, hydrogen bonding, and electrostatic interaction among L-cys in-
termolecules. Even though the MHCs could quench the fluorescence of
QDs, the light scattering was greatly affected by the aggregation of
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interdots. Thus, on excitation of QDs wavelength dominant RS en-
hancement was seen at defect-related luminescence, employed in che-
modosimetry for TNT imaging. The method could also be used for
distinguishing various nitro compounds. A simple protocol for RTP
determination of protease by cytochrome-C (Cyt C)-capped ZnS QDs
was proposed by Wu et al. [150]. The QDs were synthesized with Cyt C
as ligand, which is an electron transfer protein. The method removed
the postsynthetic conjugation of protein and analyte reactions in turn-
on form. Due to the enzymatic digestion of Cyt C and elimination of the
electron-transfer quencher element from the QDs, the primarily
“locked” RTP of QDs could be activated with protease. The probe could
also proficiently distinguishing active and inactive serine proteases.

A simple and precise RTP method was proposed by Demirhan et al.
using L-cys-capped ZnS QDs as a probe for sensing of melamine in dairy
products [151]. The method was based on the phosphorescence
quenching by different melamine concentrations in the range of
50–500 ng/mL. Ma et al. prepared N-acetyl-L-cysteine (NAC)-modified
ZnS QDs and proposed a novel RTP method for the determination of
hydrochlorothiazide (HCT), as the RTP was effectively quenched by
HCT [152]. The dynamic quenching mechanism was demonstrated by
both the Stern-Volmer model and phosphorescence lifetimes of QDs. A
RTP sensor for dopamine based on ZnS QDs was developed by Diestra
et al. [153]. Upon addition of dopamine, the orange emission band of
QDs is strongly quenched. The oxidized dopamine quinone works as
electron acceptor. The developed nanosensor displayed a high sensi-
tivity to determine dopamine in biological fluids at very low levels.
Zhang et al. presented an optical scheme based on MIPs-capped Mn-
doped ZnS QDs for determining a mycotoxin Patulin (PAT) in apple
juice [154]. Molecular imprinting sol–gel method was applied for the
synthesis using 6-hydroxynicotinic acid (6-HNA) as template. The
sensor permitted selective binding and recognizing of the target PAT
with various analogues (2-hydroxynicotinic acid, coumalic acid and 5-
hydroxymethyl-2- furaldehyde) and different mycotoxins (aflatoxin B1,
ochratoxin A and deoxynivalenol). Thus a phosphorescent method was
proposed for the detection of PAT.

3.2.1.2. Detection by turn-on mode. A simple scheme for urea-sensing
system was developed by Bi and co-workers, composed of
phosphorescent ZnS QDs doped with Mn and urease (Fig. 2). The QDs
worked for pH-induced biochemical reactions. The RTP of QDs steadily
increased with urea concentration. With the increasing urea
concentration, there occurred a decrease in the rate of change of pH

value; however the increased OH reduced the departing rate of ligands
from the QDs surface, lowering the non radiative transition, so continue
to enhance lightening [155].

A RTP turn-on probe for the determinationof tiopronin in biological
fluids was described by Gong et al. on the basis of homocysteine-capped
ZnS QDs [156]. The RTP intensity was firstly quenched by Cu2+, and
then quickly recovered by tiopronin. The sensor operates in a turn-on
form and provides high sensitivity. Jin et al. explored MPA-Mn-doped
ZnS QDs-KMnO4 hybrid system and devised a redox scheme based “off-
on” RTP control [157]. It was used for detecting glutathione (GSH) in
food, wine and other organic samples with detection limit of
9.7 × 10−8 mol L−1. KMnO4 quenches the RTP of QDs which was
revived by GSH. The probable scheme may be that KMnO4 oxidizes
SO42- on QDs surface which get reduced to S2−on adding GSH. A novel
ascorbic acid (AA)-induced phosphorescence enhancement of sodium
tripolyphosphate-capped Mn-doped ZnS QDs was reported by Wang
et al. and used for determination of AA in biological fluids [158]. The
chelating capacity permits AA to remove the Zn and Mn from the QD
surface producing holes, which were entrapped by Mn2+. At the same
time the reducing property allows AA to reduce Mn3+ to Mn2+, thus
increasing the excitation and orange emission of the QDs.

A RTP turn-on analysis of heparin was demonstrated by Yan et al. by
polyethyleneimine (PEI)-capped doped ZnS QDs [159]. The method
covered the complete therapeutic dosage concentration range in post-
operation, cardiovascular surgery and long-term therapy and was em-
ployed for the determination of heparin even in 100-fold diluted serum
sample. Both particle size and ligand loading quantities were greatly
affected by the chain length of PEI ultimately influencing the sensitivity
and detection window. Li et al. designed a poly(dialyldimethylammo-
nium chloride) (PDAD) ZnS QDs nanohybrid as RTP sensor for hya-
luronic acid (HA) detection [160]. Addition of HA causes rigorous
electrostatic interaction with PDAD-Mn-doped ZnS QDs, causing ag-
gregation between QDs and HA thus enhancing RTP proportionally
with HA concentrations. The method efficiently avoids the background
fluorescence interferences. Thus, it easily detects HA in biological
samples and can be used for HA detection in sodium hyaluronate eye
drops and human serum. The detailed applications of Mn-doped ZnS
QDs for phosphorescence sensing of small molecules are summarised in
Table 4.

3.2.2. Detection of inorganic ions
3.2.2.1. Detection by turn-off mode. A new mercury ions sensor was

Fig. 2. Mechanism for the working of Mn-doped ZnS QDs for phosphorescent sensing of Ascorbic Acid [139].
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designed by Xie et al. by synthesizing CTAB-capped Mn-doped ZnS QDs
and label-free thymine (T)-rich aptamers [161]. RTP of the QDs was
linearly quenched by the formed T–Hg2+–T dsDNA through electron
transfer and aggregation effect. Chen et al. successfully fabricated GSH-
capped ZnS QDs based novel RTP probe for Pb2+[162]. GSH as capping
agent improved the selectivity of sensor due to its exceptional binding
with Pb2+ [163]. The RTP of GSH-Mn-ZnS QDs was quenched by Pb2+,
thus developing a RTP sensor. Further, a rapid and sensitive probe was
also fabricated by Chen et al. for determination of selenite [164]. It
worked on the RTP quenching of QDs by addition of selenite in the
presence of glutathione, which was due to HSe− ions, the resulting
product of glutathione and selenite reaction. The method was used
successfully for selenite determination in sodium selenite pills and
vitamin E vaccines. Jin et al. developed 3-MPA capped Mn-doped ZnS
QDs-Fenton hybrid structure for sensing of Fe2+ in biological fluids and
environmental sample [165]. The hydroxyl radicals generated by the
Fenton reaction quenched the phosphorescence of QDs at low
concentration level. However, Fe2+ or H2O2 separately at same
concentration cannot quench the phosphorescence. Thus, based on
the Fenton reaction, Fe2+can be detected indirectly. The quenching
effect due to Fe2+ was because of the electron transfer from conduction
band of the QDs to the unoccupied band of hydroxyl radicals.

A time-resolved phosphorescence (TRP) method was developed by
Jing et al. for detection of Fe2+ ions, using cysteine-bridged MPA-
capped ZnS QDs [166]. Cysteine improved the phosphorescence of the
QDs as well as the quenching efficiency due to Fe2+ ions. The TRP
mode removed the interference due to short-lived fluorescent and
background scattering of the biological fluids. Employing TRP mode
increases the precision for the sensing of analyte in biological samples
and the recovery values of spiked Fe2+in biological fluids are also
higher than that with steady state phosphorescence mode. A phos-
phorescent sensor for Cr3+was developed by Zhao et al. It was found
that Cr3+ could selectively quench the RTP from denatured bovine
serum albumin (dBSA)-capped ZnS QDs [167]. The phosphorescence
quenching was attributed to the electron transfer from QDs to Cr3+.
Deng et al. synthesized L-cys-modified ZnS QDs doped with Mn by low
cost materials emitting intense phosphorescence even in deoxygenated
condition and used it for the detecting permanganate anions (MnO4−)
[168]. Due to the oxidation of L-cys and the enhanced surface defects of
QDs, the RTP of QDs get quenched strongly by MnO4−. Bian et al.
prepared N-acetyl-L-cys-capped ZnS QDs doped with Mn for detecting
Co2+ ion [169]. With the enhancing concentration of Co2+ ion, RTP
intensity dramatically quenched. The method can be applied for de-
tecting Co2+ in pond and tap water samples.

Zou et al. described a “two-step” method for alginate-capped ZnS
QDs with ultra-broad Stokes shift and extended lifetime [170]. The

Zn2+ and Mn2+-uncoordinated carboxy at the surface of QD probe
strongly quench the 4T1-6A1 emission of Mn2+by inner filter effect,
which is due to coordination and formation of a complex with Cu2+.
The method could be used for Cu2+detection from water treatment
plants, showing exceptional detection with good sensitivity. Thus, an
effective method with RTP as a signal output for Cu2+ sensing was
developed. Gan et al. proposed a rapid and selective method for RTP
detection of sulfide by MPA-capped Mn-doped ZnS QDs and Pb2+

sensing scheme [171]. The QDs exibited effective phosphorescence
quenching to Pb2+and phosphorescence recovery was observed on
adding sulfide to the system. Thus, a phosphorescence "off-on" sensor
was developed for rapid, on-line screening of sulfide in water. Gan et al.
also proposed a simple RTP method with MPA-capped QDs designed for
selective recognition of Pb2+ [172]. Pb2+effectively quenched the
phosphorescence of QDs. The mechanism behind quenching involves
both energy and charge transfers during interaction of QDs at excited-
state with Pb2+causing the QDs loose the excitation energy, thus dy-
namic quenching occurs. Qin et al. designed a simple RTP probe for
phosphate detection based on Ce3+ modulated MPA-capped QDs [173].
The sensor makes use of the phosphorescence emission of QDs and
lanthanides-phosphates affinity. Ce3+ interacts electrostatically with
carboxyl groups over QDs surface, causing aggregation of QDs, thus
altering the RTP signals. The added phosphates have high affinity for
Ce3+causing desorption of Ce3+ from QDs surface recovering the RTP
of the QDs.

3.2.2.2. Detection by turn-on mode. A silica-coated S2- enhanced Mn-
doped ZnS QDs was fabricated by Ren et al. with a silica shell over the
QDs surface for imaging of intracellular Zn2+ions [174]. The probe
showed negligible cytotoxicity, fine linearity for calibration plot against
Zn2+ions concentration as well as excellent selectivity for Zn2+ in a
turn-on form. By monitoring the growth of Mn-doped ZnS QDs in situ,
Wu et al. selectively detected H2S, an endogenously formed signalling
molecule [175]. Doping Mn2+ prevented the background fluorescence
of the biological surroundings whereas the host material ZnS
ascertained the selectivity as only sulfide is capable of precipitating
Mn2+ and Zn2+from any aqueous solution. A combination of enzyme
inhibition activity and phosphorescence property of QDs was utilized
for determination of paraoxon, an organophosphorus pesticide (OP) by
Ban et al. where Mn:ZnS QDs act as sensor for hydrogen peroxide
(H2O2) determination (Fig. 4) [176]. When paraoxon was present, the
serine hydroxyl group of the enzyme acetylcholinesterase (AChE) gets
phophorylated forming a stable complex thus inhibiting the enzyme
activity. This inturn causes a decrease in H2O2 production leading to
lesser phosphorescence quenching.

Pang et al. developed Eu3+-mediated on-off-on phosphorescent

Fig. 3. Mechanism of Mn-doped ZnS QDs for sensing of Urea [155].

J. Patel, et al. Microchemical Journal 155 (2020) 104755

8



Ta
bl
e
4

U
se
of
M
n-
do
pe
d
Zn
S
Q
D
s
fo
r
Ph
os
ph
or
es
ce
nc
e
Se
ns
in
g
of
Sm
al
lm

ol
ec
ul
es
.

A
na
ly
te

Ca
pp
in
g
ag
en
t

M
at
ri
x

D
et
ec
ti
on

lim
it

W
av
el
en
gt
h
of

D
et
ec
ti
on

Eff
ec
t
on

Lu
m
in
es
ce
nc
e

R
ef
.

L-
A
sc
or
bi
c
ac
id

N
-a
ce
ty
l-L
-c
ys
te
in
e,
L-
cy
st
ei
ne

U
ri
ne

7.
2
×
10

−
7
m
ol
L−

1 t
o
1.
3
×
10

−
6
m
ol

L−
1

58
3
nm
,5
80
nm

Ph
os
ph
or
es
ce
nc
e
qu
en
ch
in
g

[1
39
]

Cl
en
bu
te
ro
l

M
PA

Bi
ol
og
ic
al
flu
id
s

3.
2
ng
m
ol
L−

1
59
0n
m

Ph
os
ph
or
es
ce
nc
e
qu
en
ch
in
g

[1
40
]

Ru
tin

3-
M
PA

Bi
ol
og
ic
al
flu
id
s

0.
03
7
m
gL
−
1

59
0n
m

Ph
os
ph
or
es
ce
nc
e
qu
en
ch
in
g

[1
42
]

H
ep
ar
in

3-
M
PA

Bi
ol
og
ic
al
flu
id
s

1.
6
×
10

−
7
m
ol
L−

1
59
0n
m

Ph
os
ph
or
es
ce
nc
e
qu
en
ch
in
g

[1
43
]

Q
ue
rc
et
in

3-
M
PA

U
ri
ne
,S
er
um

0.
04
7
m
g
L−

1
59
0n
m

Ph
os
ph
or
es
ce
nc
e
qu
en
ch
in
g

[6
5]

2,
4,
5-
tr
ic
hl
or
o-
ph
en
ol

M
IP

W
at
er

–
59
6n
m

Ph
os
ph
or
es
ce
nc
e
qu
en
ch
in
g

[1
44
]

2,
4,
6-
tr
ic
hl
or
o-
ph
en
ol

M
IP

Ri
ve
r
w
at
er
,w
as
te
w
at
er

3.
5
×
10

−
10
m
ol
L−

1
59
4
nm

Ph
os
ph
or
es
ce
nc
e
qu
en
ch
in
g

[1
45
]

A
ce
to
ne

L-
cy
st
ei
ne

N
at
ur
al
w
at
er
,U
ri
ne

0.
2
m
gL
−
1

59
5n
m

Ph
os
ph
or
es
ce
nc
e
qu
en
ch
in
g

[1
38
]

TN
T

M
EA

W
at
er

1.
25

×
10

−
8
m
ol
L−

1
46
5
nm
,5
15
nm

Ph
os
ph
or
es
ce
nc
e
qu
en
ch
in
g

[1
46
]

En
ox
ac
in

L-
cy
st
ei
ne

Se
ru
m

5.
86

×
10

−
8
m
ol
L−

1
59
0n
m

Ph
os
ph
or
es
ce
nc
e
qu
en
ch
in
g

[1
31
]

Pe
nt
ac
hl
or
o-
ph
en
ol

M
IP

Ri
ve
r
w
at
er

8.
6
×
10

−
8
m
ol
L−

1
60
0n
m

Ph
os
ph
or
es
ce
nc
e
qu
en
ch
in
g

[5
2]

A
rg
in
in
e

A
TP

U
ri
ne

2.
3
×
10

−
7
m
ol
L−

1
59
5
nm

Ph
os
ph
or
es
ce
nc
e
qu
en
ch
in
g

[1
47
]

Ra
ce
an
is
id
am
in
e
hy
dr
oc
hl
or
id
e,
A
tr
op
in
e

Su
lp
ha
te

L-
cy
st
ei
ne

H
um
an
se
ru
m
,U
ri
ne

1.
1
×
10

−
7
m
ol
L−

1 ,
9.
0
×
10

−
8
m
ol
L−

1
59
0
nm

Ph
os
ph
or
es
ce
nc
e
qu
en
ch
in
g

[1
48
]

TN
T

L-
cy
st
ei
ne

Po
nd

w
at
er

8.
0
×
10

−
10
m
ol
L−

1
58
0n
m

Ph
os
ph
or
es
ce
nc
e
qu
en
ch
in
g

[1
49
]

Pr
ot
ea
se

Cy
to
ch
ro
m
e-
C

Tr
yp
si
n

2.
0
×
10

−
9
m
ol
L−

1
58
0n
m

Ph
os
ph
or
es
ce
nc
e
qu
en
ch
in
g

[1
50
]

M
el
am
in
e

L-
cy
st
ei
ne

D
ai
ry
pr
od
uc
ts

5.
95

ng
/m
L

59
0
nm

Ph
os
ph
or
es
ce
nc
e
qu
en
ch
in
g

[1
51
]

H
yd
ro
ch
lo
ro
-th
ia
zi
de

N
-a
ce
ty
l-L
-c
ys
te
in
e

—
1.
25

×
10

−
6
m
ol
L−

1
59
0n
m

Ph
os
ph
or
es
ce
nc
e
qu
en
ch
in
g

[1
52
]

D
op
am
in
e

L-
cy
st
ei
ne

U
ri
ne
sa
m
pl
es

7.
8
×
10

−
9
m
ol
L−

1
59
8n
m

Ph
os
ph
or
es
ce
nc
e
qu
en
ch
in
g

[1
53
]

Pa
tu
lin

3-
am
in
op
ro
py
ltr
ie
th
ox
ys
ila
ne

A
pp
le
ju
ic
e

3.
2
×
10

−
7
m
ol
L−

1
58
5
nm

Ph
os
ph
or
es
ce
nc
e
qu
en
ch
in
g

[1
54
]

U
re
a

M
PA

U
ri
ne

1.
4
×
10

−
5
m
ol
L−

1
59
0n
m

Ph
os
ph
or
es
ce
nc
e
En
ha
nc
em
en
t

[1
55
]

Ti
op
ro
ni
n

H
om
oc
ys
te
in
e

Bi
ol
og
ic
al
flu
id
s

0.
18

ng
m
ol
L−

1
59
0n
m

Ph
os
ph
or
es
ce
nc
e
En
ha
nc
em
en
t

[1
56
]

G
lu
ta
th
io
ne

3-
M
PA

Fo
od
,W

in
e,
bi
ol
og
ic
al
sa
m
pl
es

9.
7
×
10

−
8
m
ol
L−

1
58
8
nm

Ph
os
ph
or
es
ce
nc
e
en
ha
nc
em
en
t

[1
57
]

A
sc
or
bi
c
A
ci
d

So
di
um

Tr
ip
ol
yp
ho
sp
ha
te

U
ri
ne
,P
la
sm
a

9.
0
×
10

−
9
m
ol
L−

1
42
5
nm
,5
95
nm

Ph
os
ph
or
es
ce
nc
e
en
ha
nc
em
en
t

[1
58
]

H
ep
ar
in

Po
ly
et
hy
le
ne
im
in
e

H
um
an
se
ru
m

0.
6
×
10

−
7
m
ol
L−

1 t
o
1.
5
×
10

−
7
m
ol

L−
1

58
5n
m

Ph
os
ph
or
es
ce
nc
e
en
ha
nc
em
en
t

[1
59
]

H
ya
lu
ro
ni
c
ac
id

M
PA

So
di
um

hy
al
ur
on
at
e
ey
e
dr
op
s,
hu
m
an

se
ru
m

0.
03

m
g
m
L-
1

59
0
nm

Ph
os
ph
or
es
ce
nc
e
en
ha
nc
em
en
t

[1
60
]

J. Patel, et al. Microchemical Journal 155 (2020) 104755

9



sensor with extended decay lifetime for detecting pyrophosphate ions
(PPi) [177]. The Eu3+ induced electron transfer and aggregation of QDs
lead to phosphorescence quenching. On adding PPi, the QDs aggrega-
tion is redispersed and stronger interaction between Eu3+and PPi re-
moves Eu3+ from the QDs surface, causing phosphorescence enhance-
ment. The long-lived phosphorescence (1920 μs) of QDs removed
interferences due to short-lived fluorescence by time resolved mea-
surements in biological samples. Table 5 highlights the applications of
Mn2+-doped ZnS QDs for phosphorescence sensing of inorganic ions.

3.2.3. Detection of macrobiomolecules
The photoluminescence sensor array has highly sensitive response for

protein analytes. However, applying this technology for detection of pro-
teins, experiences interferences from autofluorescence emission and scat-
tering of light in real biological sample. To address this issue, Ching et al.
proposed a time-resolved phosphorescent (TRP) probe based on ZnS QDs
capped by different ligands for the analysis of proteins [178]. The sensing
platform assisted as a convenient approach for the detection of proteins in
complex samples. The work has also enhanced the discrimination efficiency
of the sensor arrays for complicated biological or diagnostic application.

3.2.3.1. Detection by turn-off mode. Enzyme attachment over the surface
of nanomaterials reduces the unfolding of proteins and disorderness
improving enzyme stability thus providing wide possibilities in biosensor
applications. Moreover, the multipoint attachment of enzyme over the
surface of nanoparticles efficiently improves the enzyme-substrate
interaction by evading the amassing of free enzymes improving their
activity [179–181]. Wu et al. reported the glucose oxidase (GOD)
conjugated ZnS QDs doped with Mn with 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC)/N-hydroxysuccinimide (NHS)
as coupling reagents for phosphorescent sensing of glucose [137]. It
worked on quenching of RTP due to H2O2 produced from GOD-catalyzed
glucose oxidation. The biosensor was assessed for thermal stability, enzyme
activity, and glucose sensing in real serum samples. QDs and GOD were
associated, to create sensors for glucose detection through coupling agent
[182], which depended on the fact that H2O2 can quench QDs. Utilizing the
RTP of QDs, a method was given by Miao et al. for rapid and sensitive
sensing of glucose without any complicated conjugation between QDs and
GOD [183]. The scheme depends on the quenching of H2O2 onMPA-capped
QDs known as photoinduced electron transfer. GOD decomposes glucose,
releasing H2O2 which inturn gets electrons from QDs through photoinduced

Fig. 4. Mechanism of the use of Mn-doped ZnS QDs for phosphorescent sensing of organophosphorus pesticide [176].

Table 5
Use of Mn2+-doped ZnS QDs for Phosphorescence Sensing of Inorganic ions.

Analyte Capping agent Matrix Detection limit Wavelength of
Detection

Effect on Luminescence Ref.

Hg+ CTAB Tap and river water samples 1.5 × 10−9 mol L−1 595nm Phosphorescence quenching [161]
Pb2+ Glutathione Real water samples 0.450 μgL−1 590nm Phosphorescence quenching [162]
Selenite – Sodium selenite tablets and

injections
8.5 × 10−8 mol L−1 – Phosphorescence quenching [164]

Fe2+ 3MPA Environmental samples and
biological fluids

3.0 × 10−9 mol L−1 588 nm Phosphorescence quenching [165]

Fe2+ Cysteine bridged, MPA
capped

Serum 1.9 × 10−10 mol L−1 602 nm Phosphorescence quenching [166]

Cr3+ Bovine serum albumin Water sample 3.0 × 10−9 mol L−1 585 nm Phosphorescence quenching [167]
MnO4− L-cysteine water 2.4 × 10−7 mol L−1 585 nm Phosphorescence quenching [168]
Co2+ N-acetyl-L-cysteine Real water samples 6.0 × 10−8 mol L−1 583nm Phosphorescence quenching [169]
Cu2+ Alginate Tail water 6.0 × 10−9 mol L−1 590 nm Phosphorescence quenching [170]
Pb2+ MPA water samples 6.89 × 10−8 mol L−1 580 nm Phosphorescence quenching [171]
Pb2+ MPA lake and tap-water 3.69 × 10−8 mol L−1 580nm Phosphorescence quenching [172]
PO43− MPA River and lake water 2.71 × 10−3 mol L−1 590 nm Phosphorescence quenching [173]
Zn2+ 3MPA Human hepatocellular liver

carcinoma cell line
8.0 × 10−10 mol L−1 595nm Phosphorescence enhancement [174]

H2S Bovine serum albumin Biological samples 3.0 × 10−4 mol L−1 585 nm Phosphorescence enhancement [175]
S2− MPA water samples 6.89 × 10−8 mol L−1 580 nm Phosphorescence enhancement [171]
Para-oxon Glutathione Vegetable samples 1 × 10−13 mol L−1 580 nm Phosphorescence enhancement [176]
P2O74− N-acetyl-L-cys-teine Urine samples 145 × 10−11 mol L−1 594 nm Phosphorescence enhancement

quenched by Eu3+
[177]
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electron transfer. A protein-templated preparation of ZnS QDs doped using
bovine serum albumin (BSA) was reported by Wu et al. [184]. A double-
channel sensing scheme was developed for proteins by combining the
phosphorescence emission and resonant light scattering (RLS) of the QDs
and BSA phosphorescent recognition of trypsin and RLS detection of
lysozyme. The proposed probe employs single type of QDs but can sense
two varied proteins. By taking advantage of the role of ligands on the
emission of QDs and the digestion of proteins by protease, the
phosphorescent channel was explored for trypsin biosensing through
phosphorescence quenching.

Deng et al. successfully synthesised 4-morpholineethanesulfonic
acid-modified ZnS QDs doped with Mn and used it for the recognition of
L-tyrosine (L-Tyr) in urine samples [185]. Due to the transfer of electron
from QDs to L-Tyr, even at low concentration levels L-Tyr efficiently
quenched the phosphorescence of QDs. The probe offers good se-
lectivity and can determine L-Tyr in urine samples. A novel strategy was
developed by Zheng et al. applying the phosphorescence of MPA-
capped ZnS QDs for detection of diprophyllin (DPP) [186]. With the
increase of diprophyllin, the phosphorescence intensity quenches be-
cause of electron transfer from photo-excited QDs to electron acceptor
DPP. Thus a label-free, sensitive and selective RTP method was given
for the detection of DPP in real samples. Kara et al. presented a simple
scheme with L-cys-capped ZnS QDs for the sensing of glutamic acid
(GLU), 2-aminopentanedioic acid or 2-aminoglutaric acid in foodstuffs
[187]. The process was based on the RTP quenching of QDs on inter-
action with GLU. The given technique is free from the interferences
from common cations or autofluorescence.

3.2.3.2. Detection by turn-on mode. A RTP sensor based on zirconium
(IV)-modulated MPA capped Mn-doped ZnS QDs for phosphopeptides
was developed by Gong et al. considering the advantages of the RTP
properties of doped QDs and Zr4+phosphopeptide affinity pair [188].
Zr4+effectively quenched the RTP of QDs. The higher affinity of
phosphopeptides towards Zr4+facilitated the dissociation of the ion
from the QDs surface, thus giving rise to a stable complex in the
solution with phosphopeptides recovering the RTP of QDs. The method
was significant clinically and could analyze protein-peptide
phosphorylation. A simple process for the RTP determination of
protamine was proposed by Zhang et al. [189]. A highly positive
cationic peptide, protamine forms MPA-capped ZnS QD/protamine
complex by electrostatic interaction with QDs, which causes the
aggregation and enhancement of the RTP of QDs. It was found that
the phosphorescence of the QDs enhanced apparently with the
increased concentration of protamine. When analytes were added to
QDs, the non radiative relaxation centres of surface became passivated
by binding with analyte. Thus, surface trap sites either were filled or
actively come near the band edges. Thus, a photoluminescence-
activation effect got induced that enhanced the RTP of QDs [190].

Bian et al. reported a turn-on phosphorescence probe with Co2+-
adsorbed N-acetyl-L-cys (NAC) capped ZnS QDs for histidine detection
[191]. The quenching of QDs by Co2+was due to the adsorption of
Co2+ on QDs surface and was recovered by binding of Co2+ with his-
tidine. Thus a phosphorescence turn on sensor for selective determi-
nation of histidine in biological samples was developed. An improved
MIP-based probe was constructed by Dan et al. combining RTP of QDs
with two fragment imprinting [192]. Polyethyleneimine-capped Mn-
doped ZnS was entrenched in MIPs, providing the binding sites causing
interaction with the carboxyl groups of templates. The analytes re-
binding with fragment cavities altered the aggregation of QDs in QDs-
MIPs resulting in phosphorescence enhancement. Thus, an enhanced
probe for domoic acid (DA) recognition was proposed. Zhang et al.
presented a phosphorescent sensor for thrombin that works through
thrombin-aptamer recognition [193]. A competent phosphorescence
energy transfer donor-acceptor pair was prepared with thrombin-
binding aptamers-labelled Mn-doped ZnS QDs (TBA QDs) as donor and
the carbon nanodots (CNDs) as acceptor. The π-π stacking action ofTa
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CNDs and aptamers causes the phosphorescence quenching of TBA QD
donors. With the addition of thrombin to the TBA-QDs-CNDs system,
quadruplex-thrombin complex forms, and the phosphorescence is
"turned on" releasing the energy acceptor CNDs from the energy donors.
Thus, the thrombin biosensor worked based on restored phosphores-
cence, Thus, a phosphorescence energy transfer based biosensor was
established combining the photophysical properties of QDs as well as
the superquenching ability of CNDs. Li et al. prepared a phosphores-
cence sensor for alkaline phosphatase (ALP) detection using adenosine
5′-monophosphate (AMP), a natural biomolecule as a substrate [194]. A
QDs/Eu3+nanocomposite was prepared which quenched the phos-
phorescence of Mn-doped ZnS QDs owing to photo-induced electron
transfer. On adding AMP to ALP, ALP hydrolyses AMP to adenosine and
phosphate ions. These phosphate ions have higher affinity for
Eu3+causing its desorption from QDs, thus restoring the RTP of QDs.
The detailed applications of Mn-doped ZnS QDs for phosphorescence
sensing of macrobiomolecules are summarised in Table 6.

The interaction between the quencher and excited state of the
phosphorescent material causes the declining in intensity as well as
lifetime of the phosphorescence molecule resulting in dynamic
quenching. Amazingly, the phosphorescence lifetime of remains un-
changed in static quenching condition. The dynamic quenching can also
be described by Stern-Volmer equation [166]

= +P /P 1 K Cq0 SV (2)

where P0 and P are the phosphorescence intensity of the Mn-ZnS QDs in
lack and presence of a quencher, Cq is the quencher concentration, and
KSV is the Stern-Volmer's constant. The values of Stern-Volmer's con-
stant for phosphorescence quenching by various analytes are given in
Table 7.

3.2.4. Detection of DNA
In diagnosis of genetic diseases, highly sensitive detection of DNA is

crucial. Common approaches are often based on arduous, semi-quan-
titative amplification of target DNA to get good detection sensitivity.
Besides, most detection systems entail separation of hybridized and
unhybridized DNA strands immobilized on a solid substrate, intricated
by solution–surface binding kinetics. The mechanism of working behind
these emissions tunable QD probes is the quenching of the phosphor-
escence intensity. In first step, quencher gets adsorbed over the QDs
surface, lowering the phosphorescence intensity. On introducing a re-
ceptor, quencher gets removed with recovery of the phosphorescence
intensity.

Ertas et al. synthesised L-cys-modified Mn-doped ZnS QDs/
Idarubicin(IDA) nanohybrids, useful for DNA detection to investigate
IDA/ds-DNA interaction [195]. For the phosphorescence signal of QDs,
IDA was a quencher there by forming QDs–IDA complexes. As the DNA
is added, IDA interacts with it, desorbs from surface of QDs and the RTP
gets enhanced due to released QDs. So, a novel sensitive method for ds-
DNA recognition was proposed. Bi et al. constructed an MPA-functional
Mn-doped ZnS QDs/ethidium bromide (EB) nanohybrid as successful
probe for DNA [196]. EB quenches the phosphorescence of QDs owing
to photo induced electron transfer, thereby development of nanohy-
brids stores RTP. In the interim, EB may possibly be inserted to DNA or
separate from the QDs surface thus releasing the phosphorescence.
Thus, RTP sensor for rapid and sensitive DNA detection was developed.

A nanohybrid was prepared by Li et al. using methylene blue (MB)
and 3-MPA-modified ZnS QDs doped with Mn, which could detect trace
DNA through electrostatic interaction [197]. The RTP of QDs was
quenched by MB through photoinduced electron transfer. On adding
DNA, MB binds with it by insertion, desorbs from the QDs surfaces thus
restoring the RTP. A feasible method for sensing of trace DNA in bio-
fluid was thereby set up. A self-assembly of nanohybrids for the DNA
detection using octa (3-aminopropyl) octasilsequioxane octahy-
drochloride (OA-POSS) and 3-MPA-modified ZnS QDs was reported by
He et al. [136]. The key advancement involved OA-POSS containing

eight quaternary ammonium groups at corners which acted as linking
agents for MPA-QDs by electrostatic self-assembly. These linkers aid
MPA-QDs to form QD/OA-POSS nanohybrids possessing 7.5 times
higher RTP intensity compared to MPA-QDs. DNA consists of negatively
charged phosphate groups, which compete with negatively charged
MPA-QDs forming a stable complex with OA-POSS [198]. This causes a
decrease in the phosphorescence signals, with the increasing DNA
concentration. This was the basis in the novel method for the de-
termination of DNA. Yu et al. proposed a novel RTP prober for DNA in
spiked urine samples using QDs/methyl violet (MV)nanohybrids [199].
MV as electron acceptor gets adsorb over QDs and quenches the RTP by
electron-transfer. DNA addition restores the phosphorescence signals
due to its binding with DNA and the exclusion of MV from QDs. Miao
et al. constructed MPA-modified ZnS QDs/doxorubicin (DXR) nanohy-
brids and used it as probe for DNA [200]. DXR quenches the RTP of QDs
by photoinduced electron transfer, moreover the nanohybrids restored
the RTP. On adding DNA, it was inserted in DXR. Consequently, DXR
gets desorbed from the QD surface releasing the phosphorescence of
QDs. Thus the method helps in detection of DNA in body fluid.

A riboflavin (RF)-modified MPA functionalized ZnS QDs doped with
Mn was developed by Gong et al. for DNA detection [201]. The RTP was
stored by RF via photo induced electron transfer forming a QDs/RF
nanohybrid through electrostatic attraction. RF binds with DNA by
electrostatic interaction and intercalation. RF gets separated from the
QD releasing the RTP of the QDs. Thus an RTP sensor was developed for
DNA detection in biological fluids. Kara et al. developed a new “turn
off-on” probe with L-cys-modified ZnS QDs for assessing the mechanism

Table 7
Phosphorescence Quenching Constants of Mn-doped ZnS QDs by Various
Analytes.

Analyte Ksv(M−1) Reference

L-Ascorbic acid by NAC-Mn/ZnS & Cys-
Mn/ ZnS

9.3 × 104 & 5.12 × 103 [139]

Clenbuterol 1.86 × 108 [140]
Rutin 6.18 × 104 [142]
Heparin 1.58 × 108 [143]
Quercetin 4.34 × 104 [65]
2,4,5-trichlorophenol by MIP & NIP 2.51 × 104 &

1.18 × 104
[144]

2,4,6-trichlorophenol by MIP & NIP 1.32 × 105&
1.49 × 104

[145]

TNT 8.27 × 108 [146]
Pentachlorophenol MIP & NIP 3.5 × 104 & 1.4 × 104 [52]
Arginine 1.71 × 108 [147]
Raceanisodamine Hydrochloride &

Atropine Sulfate
8.6 × 104 & 4.13 × 105 [148]

TNT 6.96 × 108 [149]
Protease 1.42 × 106 [150]
Melamine 1.5 × 105 [151]
Hydrochlorothiazide 7.8 × 103 [152]
Dopamine 1.1 × 108 [153]
Patulin by MIP & NIP 4.84 × 104 &

2.38 × 104
[154]

Pb2+ 1.2 × 104 [162]
Fe2+ 5.53 × 105 [165]
Fe2+ 1.88 × 106 [166]
Cr3+ 5.02 × 106 [167]
MnO4− 8.4 × 103 [168]
Co2+ 2.42 × 106 [169]
Cu2+ 3.68 × 105 [170]
S2− 1.12 × 106 [171]
Pb2+ 3.45 × 106 [172]
PO43− 7.84 × 107 [173]
Glucose 9.7 × 105 [137]
Glucose 4.2 × 105 [183]
Trypsin & Lysozyme 8.01 × 108 &

2.06 × 1010
[184]

L-Tyrosine 9.1 × 103 [185]
Diprophyllin 3.1 × 106 [186]
Glutamic Acid 1.9 × 105 [187]
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of acrylamide (ACR)-DNA interactions [202]. The RTP signal quenching
was due to photo induced electron transfer mechanism, as ACR was
absorbed over QDs surface by electrostatic interaction. On addition of
DNA, ACR get removed from the QDs surface causing the phosphores-
cence emission to “turn-on” mode. The absorbance value of DNA also
declined with ACR addition causing a slight red shift. The results
showed that ACR and DNA interacted by groove binding mode via
electrostatic forces and the information would also be helpful to re-
cognize the binding of DNA to other potential cancer molecules.

3.3. Mn-doped ZnS QDs as chemiluminescence-based chemo-sensors

Chemiluminescence (CL) has been a significant and powerful ana-
lytical tool in various fields [203,204]. It has intrigued a widespread
attention due to its broad linear range, relative high sensitivity, easy
instrumentation, and zero background interference [205]. Still, the
advancement of CL remained constrained to few reaction systems as the
intensities of many reactions are not strong sufficient for sensing
commands. With the introduction of nanoscale materials, the applica-
tion of the CL method was diversified [206]. Sensitized CL is a fast
approach to make use of the reactions having low quantum yields for
analytical functions. The energy produced is transmitted to a sensitizer,
generally an organic fluorophore having a high quantum effficiency,
which can intensify it. A species that could interact with fluorophore
either enhance or quench the CL emission. Concerning the semi-
conductor QDs sensitized CL, only a few reports are there [207,208].
Xiao et al. applied novel Mn-doped ZnS semiconductor QDs as sensiti-
zers in Hydrogen peroxide-periodate (H2O2eNaIO4) CL system [209],
for detecting phenols and established the mechanism of reaction [210].
Effects of the synthesised QDs on H2O2eNaIO4 system were studied,
analysing the factors influencing QDs behaviour. In fact, hydrogen
peroxide reacts with periodate directly producing •O2−radicals which
generate (O2)2* excited molecules, transferring energy to QDs having
higher efficiency fluorescence. QDs then emit a stronger light.

Zhou et al. prepared L-cys-modified ZnS@Si QDs as sensitizers en-
hancing the CL signals emitted from NaClOeH2O2 interaction. [211]
The CL enhancement was due to the sensitizers (QDs) catalyzing the
decomposition of H2O2, generating intermediates superoxide anion
(O2*−) and hydroxyl radical (*OH). The resulted *OH reacted to O2*−

forming 1O2 and (1O2)2* an oxygen excimer species, which quickly
returns to its lower state transferring its energy to sensitizer by an
electron-transfer. Thus, the sensitizer in the excited state returns to
lower state enhancing the CL-signals. MIP-coated ZnS QDs doped with
Mn were synthesized by Liu et al. for the detection of 4-nitrophenol (4-
NP) by fluorescence quenching, which is due to electron transfer be-
tween QDs and 4-NP [206]. Further, MIP-QDs were applied to the
system for improving the selectivity of the method and probable me-
chanism was given to describe the CL intensity quenching and reaction
process. The oxidation of sulfite in acidic medium by Ce(IV) or KMnO4
is a significant CL reaction, having fairly weak CL emission. Azizi et al.
reported that the oxidation of sulfite in acidic medium by Ce(IV) pro-
duces a strong CL signal in the presence of ZnS QDs doped with Mn as
sensitizers and atropine as enhancer allowing advancement of detection
systems [212]. Thus, a rapid, sensitive, and novel CL analysis system
was developed for atropine measurement in pharmaceutical formula-
tion.

3.4. Mn-doped ZnS QDs as electrochemiluminescence-based chemo-sensors

Electrogenerated chemiluminescence (ECL) is a type of light emis-
sion, produced as a result of the electron-transmission reactions invol-
ving electrogenerated species. ECL is drawing interests owing to its
wide linear range, higher sensitivity, uncomplicated instrumentation
and cost effectiveness [213]. As ECL reactions involve electrochemical
as well as chemical reactions, it is probable to find new co-reactants by
means of chemically modified electrode. High ECL efficient, low ECL

background and easy accessibility are desirable for immunoassay and
DNA analysis [214].

Due to convenient ECL merits and distinctive quantum size depen-
dent electrochemical properties, QD ECL has become highly intriguing
[215]. Relevance of QDs to ECL are mostly dependent on cathodic ECL,
with co-reactants being there [216,217]. Other features, like electro-
catalytic behaviour of QDs, however not concerned great attention.
Study of anodic ECL revealed that QD+• cation radical forms as a result
of the electro-oxidation of QDs directly [218,219]. Wang et al. syn-
thesized ZnS QDs with Mn doping and explored the ECL phenomena in
glassy carbon electrode tailored with a ZnS:Mn2+ QDs film in aqueous
solution having H2O2 as coreactant [220]. A novel ECL signal peak at
ca. −1.50 V vs.a saturated carbon electrode on the QDs-adapted glassy
carbon electrode at pH 9, was observed owing to the excited state of
Mn2+ at Zn2+site, which is not present in pure ZnS QDs having po-
tential of −2.0 V. The work would develop the ECL research of doped
QDs and support the application of semiconductors in biological and
environmental analysis.

4. Design principles for construction of bio-sensors based on Mn-
doped zinc sulphide quantum dots

QDs have come out as an attractive entrant for applications in
biomolecular sensing [221,222] and cellular imaging [223,224]. The
surface plasmon resonance (SPR)-based metal-enhanced fluorescence
(MEF) effect of metallic nanostructures has been found to be very sig-
nificant [225]. The SPR of metallic nanostructures, particularly the Ag
nanoparticles enhances the electromagnetic field of the surrounding
leading to the increase of photoluminescence and shortening in the
lifetime of nearby fluorophores [226,227]. A number of MEF materials
so far developed have been targeted for the enhancement of the
fluorescence from organic fluorophores [228,229]. Very few has been
developed for inorganic fluorescent species, like QDs [230,231], while
for biomolecular sensing it is still in the rudimentary stage.

Ag nanoparticle (AgNP) enhanced time-resolved fluorescence (TR-
FL) probe was developed by Zhu et al. [232]. It worked on the MEF
principle using the Mn-doped ZnS QDs bond with aptamers hybridized
with quencher BHQ-2 labelling strands, for the recognition of vascular
endothelial growth factor-165 (VEGF165), a biomarker of cancer in
cancer angiogenesis [233]. Aptamers may be small oligonucleotides
with single strand or peptides produced by SELEX method (systematic
evolution of ligands by exponential enrichment) [234] having high
affinity, stability, and specificity thus considered as alternative reagents
to antibodies [235]. Upon interaction with targets, aptamers transform
from long metastable structure to a distinctive stable folded structure
[236]. The aptamers modified with QDs and the BHQ-2 quencher-la-
belling strands are attached with streptavidin(SA)-modified AgNPs thus
forming a sensor, which showed lower fluorescence intensity in the
duplex state due to FRET between the QDs and quenchers. On addition
of VEGF165, the quencher-strands are displaced, disrupting the FRET.
Thus, the QDs signals within the immediacy of AgNPs got restored.

A novel approach for the nanofabrication of Mn-doped core/shell
ZnS/ZnS QDs was presented by Geszke et al. [237]. After the growth of
the shell, fluorescence emission enhanced considerably. The surface
MPA molecules support the conjugation of QDs with targeting folic acid
molecules. The capturing of QDs by FR+T47D breast cancer cells was
explained by two photon confocal microscopy. The stability and lesser
toxicity of the QDs are utilized here for biomedical applications. Cao
et al. prepared ZnS QDs doped with Mn inserted in SiO2 spheres by
reverse microemulsion method and used it as a fluorescent probe for
imaging HeLa cells [238]. The core/shell nanocomposites were homo-
geneous, identical sized and most of nanoparticles holding one QD in
the center of the sphere. With the increase of the hydrolysis time of
tetraethyl orthosilicate, the thickness of SiO2 shell increased from 7 to
18 nm. Even at higher concentrations, no significant cytotoxicity was
observed in the samples against the HeLa cells after 24 h incubation.
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The red fluorescence of the cytoplasm, establishes its relevance in
biolabelling.

The techniques of fluorescence imaging have been successfully ap-
plied to in vivo imaging of biological cells and tissues. For targeted
cancer imaging, Cd-free luminescent QDs with a cancer marked ligand
had proved to exhibit promising biocompatibility with very low cyto-
toxicity. A fluorescent, 3-MPA-stabilized ZnS QDs doped with Mn was
synthesized by Yu et al. by nucleation doping strategy showing strong
orange fluorescence and low-cytotoxicity to HeLa cells [239]. Both folic
acid and 2,2′-(ethylenedioxy)-bis-(ethylamine) are covalently bound
over the surface of Mn-doped ZnS nanoparticles probed by FTIR de-
tection. The in vitro cytotoxicity assessment use HeLa cell. The biodis-
tribution of fluorescent Mn-doped ZnS-folic acid probe in tumor mouse
was explored by determining the Zn concentration in the tissues. The
tumor cells targeting fluorescent probe in nude mouse tumor shows
orange fluorescence on exposure to a 365 nm lamp. Thus, fluorescent
probes reveal its promising application for in vivo imaging and marking
tumor. A nanoparticulate system with multifunctional properties like
specific targeting, imaging, and drug delivery was prepared by Bwa-
tanglang et al. [240]. In this case, ZnS QDs doped with Mn ions are
encapsulated using chitosan which act as a stabilizer and active binding
site for conjugation of other biomolecules. For specific targeting of the
nanocarrier, folic acid was used as targeting agent. Consequently, the
composite formed emits orange-red fluorescence around 600 nm. MTT
assay revealed that up to 500 µg/mL concentration, the composites do
not show any toxicity for (MCF-7 and MDA-MB-231) breast cancer cell
lines and the noncancer breast cell line MCF-10. Using Mn-doped ZnS
QDs as fluorescence markers, by confocal laser scanning microscopy the
cellular uptake of the nanocomposites were assessed, which showed
that the chitosan-shelled QDs with folic acid improved the binding af-
finity and the internalization of the nanocarrier toward folate receptor-
overexpressed cells. Thus owing to the nontoxic nature, the system
could successfully be used for theranostic applications.

A novel approach for the identification of glycoproteins was de-
scribed by Sang et al. [241]. A novel channel, fluorescence polarization
(FP) was introduced, into a "single probe with three signalling chan-
nels". FP, RTP and light scattering were the three signalling channels
and poly(acrylic acid)- Mn:ZnS QD conjugated with aminophe-
nylboronic-acid was the single probe. For the evaluation of dis-
criminating capability, ten different glycoproteins were involved. The
incorporation of the signalling prototype with various receptive prin-
ciples was established as a potential approach to improve the dis-
crimination capacity of the sensor array. Diaz-Diestra et al. explained
the adaptability of the doped QDs in production of reactive oxygen
species and for detecting cells [242]. By substitution of Mn-doped ZnS
in CdSe/ZnS system, it eliminated the Cd-based cores. It was also found
that for tyrosinase (Tyr) enzyme, Mn-doped ZnS QDs act as im-
mobilizing agents showing no deactivation which catalyses oxidation of
H2O2 and its reduction on biosensor surface. The observations were
explained by catalase-cycled kinetic mechanism. Quantum yield of
singlet oxygen were observed to be 0.62 and 0.54 in buffer and water
respectively, when QDs were employed as photosensitizer due to che-
mical trapping energy transfer mechanism. QDs were also well toler-
ated by HeLa Cells. Thus the QDs act as luminescent nanoprobes for
bioimaging.

Swift et al. used E. coli and studied the subcellular localization,
penetration requirements, stress responses induction as well as fate of
Mn-doped ZnS nanocrystals [243]. It was synthesised in "green" con-
ditions with very low ZnS-binding protein, incapable to pierce the sheet
of unmodified E. coli but translocated into the cells cytoplasm modified
by chemical treatment. The method depended on dose and showed
bacterial transformation. Cells with lower doses of nanocrystals did not
show any considerable activation of the unfolded protein but on high
doses, it showed oxidative stress. Finally, it was suggested that protein-
capped low cytotoxic inorganic core QDs implausibly caused any da-
mage to microbial ecosystem. A biocompatible L-cys capped ZnS QDs

doped with Mn was prepared by Pandey et al. by room temperature
nucleation strategy and the efficiency of the capping agent, L-cysteine
was studied for intracellular imaging [244]. The QDs were found non-
toxic even at 1500 µg/mL concentrations having extensive applications
in intracellular imaging. For the first time, Sung et al. demonstrated a
sensitive and selective phosphorescence probe for cancer-associated
human NAD(P)H:quinone oxidoreductase isozyme 1 (NQO1) based on
phosphorescence energy transfer [245]. With ZnS QDs doped with Mn
ions as donors and trimethylquinone propionic acids working as ac-
ceptors, a RTP NQO1 probe was developed. The phosphorescence is
quenched owing to transfer of energy from QDs to covalently bonded
quinines and was restored by the removal of the quinone quencher by
NQO1. The cytotoxicity assay showed a low cellular toxicity. Thus, it
could detect cancer cells expressing NQO1. Cortes et al. prepared di-
hydrolipoic acid-capped Mn-doped ZnS QDs possessing strong phos-
phorescent signal, which is now bioconjugated with anti-IgG antibody
and used for developing a phosphorescence immunoassay for Prostate
Specific Antigen (PSA) [246]. Elemental mass spectrometry coupled
with asymmetric flow field flow fractionation techniques facilitated the
exact determination of the bioconjugation reaction efficiency. The
assay was also applied to cellular media of prostate cancer cells for PSA
quantification. Zhang et al. developed a dopamine-functionalized ZnS
QDs probe doped with Mn for intracellular imaging of A549 cells [104].
The probe revealed low cytotoxic nature in MTT assay. Thus could be
applied for tracking of TYR related diseases and clinical diagnosis.

5. Future perspective

Despite the preface of new promising nanoparticles into the class of
QDs, attributing advanced property and reduced cytotoxicity,extended
dopant emission are likely to efficiently reduce background fluores-
cence and light scattering interference. Due to extended phosphores-
cence life times, ZnS QDs doped with Mn could successfully be used for
time resolved optical detection like FRETsensing. FRET-based bio-
sensors could be a key for point-of-care diagnostics, where FRET would
find a good place including tracking of the target molecules, studying of
changes in biochemical pathways and cell structures. Novel con-
structive attachment onto the surface of QDs, with proper fluorophores
or highly absorptive nanoscale materials such as carbon ribbons, carbon
nanotubes, graphene oxide, AuNPs and nanorods, magnetic nano-
particles, and other metal and metal-oxide nanoparticles, could produce
a new research dimension in a multidisciplinary science. Mn/ZnS QDs
require to be further engineered to acquire, for instance, any magnetic
property (thus MRI sensitivity), to allow real-time tracking diagnosis
using computer tomography (CT) scan and/or magnetic resonance
imaging (MRI) scan before performing the surgery, which is still at a
very early stage. Mn/ZnS QDs were renowned as a biological labeling
agent and were a potential candidate for the in vivo bioimaging appli-
cation. For in vivo bio-labelling function, along with luminescent
property, it is desired to integrate additional properties such as para-
magnetism and radio-opacity.

Taken together, these research achievements and economic trends
provide an overall strong and optimistic foundation for the future of
Mn-doped ZnS QDs which could open up new avenues of research in
semiconductor physics with exciting applications ranging from optoe-
lectronics to nanoseparation.

6. Conclusion and outlook

In this review, current progresses of the fundamental PL properties,
optimization of synthesis and the luminescence performance of Mn-
doped ZnS semiconductor nanocrystals were briefly reviewed. In sum-
mary, recent studies that focused on applications of Mn-doped QDs
demonstrate that the QDs have an outstanding potential for chemo/
biosensing and bioimaging. The QDs also possess an excellent potential
for medical research, diagnostics, and innovative methods. Various
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approaches in sensing as well as the benefits and/or shortcomings of
surface modifications of the QDs have been considered for fabricating
desirable QDs structures for specific applications. In principle, the at-
tachment of a suitable functional group or capping agent on a QD is
intended to improve the physical, chemical, and biological properties of
the resulting structure.
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