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Abstract: Fundamentals of quantum dots (QDs) sensing phenomena show the predominance of these
fluorophores over standard organic dyes, mainly because of their unique optical properties such as
sharp and tunable emission spectra, high emission quantum yield and broad absorption. Moreover,
they also indicate no photo bleaching and can be also grown as no blinking emitters. Due to these
properties, QDs may be used e.g., for multiplex testing of the analyte by simultaneously detecting
multiple or very weak signals. Physico-chemical mechanisms used for analyte detection, like analyte
stimulated QDs aggregation, nonradiative Forster resonance energy transfer (FRET) exhibit a number
of QDs, which can be applied in sensors. Quantum dots-based sensors find use in the detection of
ions, organic compounds (e.g., proteins, sugars, volatile substances) as well as bacteria and viruses.
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1. Introduction

Among the most interesting and promising nanomaterials are colloidal semiconducting quantum
dots (QDs). These nanostructures have found already several commercial applications in displays [1],
light concentrators [2], photovoltaics [3] and as optical probes in various bio-applications [4,5].
The main reasons for their still growing success are: broad absorption band (several hundreds of nm),
narrow emission band (below 40 nm), high quantum yield (up to 95%), possibility of emission band
tuning over a wide range of wavelengths (350-2000 nm) and high resistivity of optical properties
on external physico-chemical conditions, e.g., pH, temperature or power of the excitation beam [6].
QDs have a high surface to volume ratio, which can be controlled by QDs size but also by the
nanostructures shape. This high surface area equips them with much more functional groups compared
to organic compounds [7]. This makes QDs much more reactive and thus more effective in biological
sensing [8].

The high quality QDs are typically grown as hydrophobic structures. In consequence, to make
them useful for biological or medical application, additional post growth treatment is usually needed.
This treatment includes QDs functionalization and in many cases bioconjugation (see Figure 1).
One serious reason why QDs still do not dominate over organic markers (i.e., Green Fluorescent
Protein, Rhodamine) lies in the absence of widely tested and already accepted protocols for QDs
functionalization and bioconjugation [9]. There is also another reason to not use the QDs in biological
sensing, especially in case of in vivo imaging, namely their toxicity. The QDs toxicity is a subject widely
discussed recently in the literature [10]. The main reason affecting QDs toxicity is an aggregation
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of nanostructures in cells, organs, tissue etc. [11]. This is an even more serious problem than the
chemical toxicity, due to dissociation of Cd atoms from CdSe/CdS QDs, and this is true for any types
of nanostructures: semiconducting, dielectric or metallic nanostructures. Nevertheless, fortunately the
QDs toxicity becomes a much less serious problem when the QDs are used for external sensing or for
some in vitro applications when we can use their potential without barriers.

Concluding the above discussion, it can be seen that real benefits coming from extraordinary
properties of QDs must be always compared to drawbacks of using inorganic probes in biological
systems. In other words, for some specific applications QDs are an excellent choice, or very bad
idea [12-14]. Among the applications where incontestably the advantages of QDs are utilized are
sensing systems.

In this review, we present the main physical and chemical mechanisms used for detection of
various species (bacteria, cells, nucleic acids, molecules, ions, etc.) with utilizing of QDs. We present the
most successful examples of QDs applications in biology and medicine as optical and electrochemical
sensors. Finally, we focus on the perspectives for further development in this field.
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Figure 1. (a) TEM image of hydrophilic CdSe quantum dots. Schematic structure of selected
quantum dot after synthesis (al), after surface functionalization (with examples of most typical
functional groups) (a2) and after bioconjugation (with examples of most common biomolecules used
for detection/targeting) (a3). (b,c) Digital images of CdSe quantum dots dispersed in water with and
without laser excitation.

2. Comparison between Optical Properties of Organic Dyes and QDs

In comparison to organic dyes, QDs have the spectral position of absorption and emission
dependent on their size (so-called Quantum Size Effect) [15]. During synthesis, this effect enables
continuous tuning of the emission peak position in a wide range of wavelengths (Figure 2a). Moreover,
the broad absorption of QDs allows free selection of the excitation wavelength and thus straightforward
separation of the excitation and emission signal (Figure 2b,c) [16]. The fluorescence lifetimes of organic
dyes are commonly too short for efficient temporal discrimination of short-lived autofluorescence of
biological objects. In the case of QDs, the emission decay time can be tuned or selected with a proper
choice of QDs composition (giving times up to several microseconds). This enables straightforward
temporal discrimination of the signal from cellular autofluorescence and scattered excitation light by
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time-gated measurements, thereby enhancing detection sensitivity [17]. In contrast to conventional
dyes, QDs emitting different colors (and functionalized with different groups) can be simultaneously
excited by a single excitation wavelength. This makes QDs suitable for multiplex testing by
simultaneously detecting multiple signals [18]. Moreover, QDs characterize with extremely high
chemical stability and photostability (stability against chemical reactions induced by the incoming
radiation). In addition, QDs are free from photobleaching [19] (Figure 2d) what is one of their most
important advantages.
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Figure 2. (a) Emission spectra from CdS QDs (left side) and PbS QDs (right side) with different size and
chemical composition; (b) absorbance and emission spectra of CdSe/CdS quantum dots; (c) emission
and absorption spectra of Rhodamine; (d) emission intensity vs illumination time for CdSe/CdS QDs
and Rhodamine.

3. Fundamentals of QDs Sensing Phenomena

The unique optical properties of QDs make them attractive fluorophores that can be used both
in vitro and in vivo in various biological studies, where traditional fluorescent labels based on organic
molecules do not provide long-term stability, high enough intensity or where simultaneous detection
of many signals is needed [7]. In sensors, the signal detection bases on a registration of the change in
one of the physical properties (optical, thermal, mechanical, magnetic, electrical) of sensing material
induced by the interaction with the analyte. Changing in optical properties of QDs like emission
color, intensity, polarization or emission kinetics can be used as the principle in optical sensors system
(Figure 3). In addition, obtained changes can be recorded directly by human senses or indirectly
via the signal transformation, amplification, and visualization. All these factors determine sensors
construction and their mechanism of action in the detection of various substances [20,21].
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Figure 3. Signal processing characteristics for living organisms and sensor machines.
4. Basic Strategies for Analyte Detection

The use of QDs for sensors construction requires adjusting their optical properties adequately
to the needs that arise their shape, size, the color of emission, position of the absorption band.
Moreover, to get specificity of QDs in their sensing action, the surface modification—called
functionalization—must be applied first [22,23]. Functionalization is the process of attaching,
exchanging already attached chemical molecules present on the surface of quantum dots. Chemical and
physical methods used for this purpose, include processes such as exchange of ligands, silanisation,
the creation of additional coatings or dendrimeric structures [24]. The presence of ligands at the QDs
surfaces affect their size, shape and physico-chemical properties, e.g., surface charge and chemical
reactivity. Surface modifications allow the control of colloidal stability of QDs and their dispersion
in non-polar environments (organic solvents in which they are most commonly synthesized) and
polar (e.g., water, in which solubility is necessary for biological and medical applications). Moreover,
the surface attached ligands determine the possibility of QDs conjugation to biological molecules
(bioconjugation) or to determine their potential in applications where QDs must be embedded within
the matrix [25,26].

In order to achieve high selectivity of QDs sensor, QDs are coupled to various vectors specific for
an analyte. Wales et al. constructed a sensor for the selective detection of dicofol, a substance used to
kill mites. For this purpose, they used CdS QDs with glutathione on their surface, whose both amino-
and carboxyl- functional groups interact with chloride groups in the dicofol structure, thus leading to
an increase in fluorescence intensity, which was directly proportional to the dicofol concentration in
the studied sample [27,28].

The QDs-based sensors can be designed in several ways, depending on demands regarding their
sensitivity, types of detected analytes, costs or complexity of their preparation. Figure 4 shows the
examples of preparation protocols used in QDs-based optical sensors.

In all cases, the protocol starts with the appropriate modification of QDs surface selectivity. As a
result, QDs are targeted to determine a particular analyte. An important aspect is also the preparation
of substrates which can take an active part in the detection protocol. Strategies (a) and (b) differ in
Stages III and IV, which occur in reverse order. While in Strategy (a) Step IlII is the deposition of
QDs, in Strategy (b) it is Step IV. This stage can be made using methods such as layer-by-layer [29],
sol-gel [30] or electrochemical method [31]. Stage IV in Strategy (a) and III in Strategy (b) are a
conjugation of the analyte, which may be possible thanks to the previously prepared and targeted
substrate. Jie et al. proposed the coupling of the analyte with the previously prepared substrate, based
on CdSe nanocomposites, using antibodies selective for an antigen called human IgG [32].

The final step in all strategies is QDs stimulation, which is used to detect the analyte. As a result,
both the qualitative and quantitative assessment of the presence of the designated substance is possible.
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It is also possible to combine the first two strategies, resulting in Strategy (c), which uses the Forster
resonance energy transfer between optical centers (QDs + QDs or dye).
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Figure 4. Three examples of the strategy of QDs-based optical sensors (strategy a—modification of
substrate with QDs directed to detection of analyte, strategy b—modification of substrate for detection
of analyte-QDs complex, strategy c—using the analyte labeled with appropriate fluorophore).

The presented strategies differ in the number of steps that complicate detection and require a lot
of user experience.

5. Physico-Chemical Mechanisms Used for Analyte Detection

One of the most popular mechanisms used for detection of analyte relies on emission quenching
from QDs. In this mechanism, due to the interaction of the QDs surface with the analyte, the QDs
emission intensity decreases (Figure 5a) [33]. Another mechanism relies on an increase of QDs emission
due to passivation of QDs surface by analyte (Figure 5b), e.g., addition of bovine serum albumin or
nucleic acids resulted in increasing emission from CdS dots coated with mercaptoacetic acid [34].

The third mechanism, which can be used for analyte detection, is stimulated aggregation
(Figure 5c¢). In this mechanism, due to an interaction of the analyte with the QDs surface, the surface
ligands are detached and QDs aggregate. The aggregation can be also induced by analyte stimulated
bonds formation between functionalized QDs [35].

There is also a very rarely used mechanism of analyte detection based on modification of the
nanostructures’ growth process by introduction of the analyte during the nanostructures’ growth.
Due to this perturbation, the nanostructures can have different emission or other properties which can
be detected (Figure 5d). There is also the fifth mechanism commonly used for analyte detection based
on changes in QDs optical properties. The changes come from excitation energy transfer from QDs to
other optical center (QDs or dye). In consequences, the color of emission changes or emission decay
time of donor is reduced (Figure 5e) [36,37].
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Figure 5. Examples of physico-chemical mechanisms used for analyte optical detection—emission
bleaching (a), increase of emission (b), emission localization (c), nanostructures growth’s modification
(d), emission change (e).

5.1. Emission Bleaching

One of the basic mechanisms of an analyte detection is emission bleaching (Figure 5a).
This mechanism can be induced by different physical phenomena schematically shown in Figure 6.
In the first example, the absorption band of the analyte overlaps with the emission band of QDs.
In such a case, the emission from QDs is absorbed by an analyte, which results in bleaching QDs
emission. (Figure 6a). Another mechanism (Figure 6b) bases on a charge transfer from an analyte
to QDs. When the additional electron or hole appears in an excited QDs the Auger processes
lead to QDs ionization or charging. In both cases, the dot became non-emissive (dark). The third
mechanism, which is responsible for QDs emission quenching under the interaction with the analyte is
analyte-induced degradation of the QDs surface providing to emission decrease. As an example, thiol
coated ZnS QDs in the presence of peptides showed a significant emission quenching [38].
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Figure 6. Examples of physico-chemical mechanisms responsible for quantum dots emission
quenching—energy transfer from QD to analyte (a), charge transfer from analyte to QD (b), degradation
of QD surface (c).

5.2. Emission Change—Nonradiative Forster Resonance Energy Transfer (FRET)

When two optically active centers (donor and acceptor) are in close proximity to each other,
(typically 1-10 nm) and an absorption spectrum of the acceptor overlaps an emission spectrum of
the donor, the non-radiative transfer of the excitation energy from the donor to acceptor appears.
This phenomenon is called FRET (Forster Resonance Energy Transfer). For the experiments using
the FRET approach, photostable emitters must be used, characterized by a quantum efficiency
greater than 0.1 and a high brightness (one in which the absorbance coefficient ¢ is greater
than 50.000 M~!-.cm~!) [39]. All these conditions are perfectly fulfilled by the quantum dots.
The effectiveness of FRET is inversely proportional to the distance between the donor and acceptor

and defined as: .

G
1+(§)
where: Krrpr—FRET efficiency; R—distance between donor and acceptor; Ry—distance at which the
FRET efficiency is equal to 0.5 [40].

The highest sensitivity of FRET signal is for a distance between the donor and acceptor in the
range from 0.5R to 1.5Ry [40]. For years researchers have been using the FRET mechanism to monitor
intracellular interactions, due to its sensitivity to molecular rearrangements in the 1-10 nm range (this
is the scale correlating with the size of biological macromolecules and the possibility of creating bonds
between them) [41].

The universality of FRET method allows its use in nanosystems as well [42]. FRET yield is
typically measured by observing one of the three parameters of the fluorescent donor: fluorescence
intensity, spectral response or average fluorescence lifetime. Moreover, FRET has found application in
many sensing systems giving the possibility of applying it to three analyte detection strategies. Figure 7

)

Krrer =

shows different processes which can be detected with use of FRET. The first mechanism uses analyte as
optically active acceptor. In this case, the analyte attachment as well analyte removal can be observed
as a change in the optical signal. The other strategy uses the analyte as the emission quencher and was
also discussed in the previous paragraph [43]. The third strategy is more complex and uses a multistep
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energy-transfer phenomenon. Detection using FRET between the QDs, as donors, directed to a linker
with an acceptor, associated, e.g., with a receptor protein, is widely used to study the receptor-ligand
interactions and changes in protein conformation after binding to the target analyte [44]. Thanks to this,
in analytics consisting of several acceptors, QDs can interact with only one of them, which significantly
improves the efficiency and sensitivity of the FRET method [45].
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Figure 7. Different detection possibilities with use of nonradiative energy-transfer phenomena.

5.3. Analyte Stimulated QDs Aggregation

The colloidal QDs solution is sensitive to the presence of additional charges either on QDs surface
or in the solvent, which may result in QDs aggregation. The charges may be introduced or induced
by an analyte, which ultimately is manifested by QDs aggregation [46—48]. In the absence of analyte,
a fluorescence comes from the whole volume of the QDs solution, while after aggregation caused by
the analyte, the emission is localized [19]. This type of stimulation belongs to qualitative tests.

6. Photoelectrochemical and Electrochemical Methods of Analyte Detection

The chemical detection method is usually signaled by the following ways: competition binding
assay of labelled and unlabeled analytes, using labelled molecules specific for immobilized analytes,
sandwich formation or enzyme immunoassay, where enzymatically active substrate is added that
changes color or fluorescence after interaction with enzyme-related analyzes [49].

Mo et al. [50] used a redox mechanism in the detection of hydroquinone in water samples.
They have observed that ZnS QDs cannot react with hydroquinone. When hydroquinone and K;S,0g
were added into ZnSe QDs solution, no new photoluminescence (PL) peak was observed. Comparing
with the pure ZnSe QDs solution, the PL intensity of the mixture decreased. This result reveals that
hydroquinone oxidation product can efficiently quench the fluorescence emission of ZnSe QDs by
energy transfer in electrochemiluminescence mechanism.

The development of new, reliable, fast and efficient methods for detecting anthropogenic and
natural substances, both organic and inorganic, is a huge challenge for modern analytical chemistry
and diagnostics. An alternative to such methods are electrochemical strategies using semiconducting
quantum dots. The growing interest in the construction of electrochemical devices using quantum
dots results from their aforementioned properties. Due to these features, small changes in the external
environment lead to great changes in particle properties and electron transfer. Based on these significant
changes, quantum dots are prone to engaging in heterogeneous redox chemistry with the surrounding
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environment. QDs are also used as carriers of biomacromolecules in bioanalytics. For this purpose,
the chemical functionalization of QDs is carried out by means of a functional cap layer that allows the
molecules to be trapped. The immobilization of biomolecules (e.g., the enzyme catalyzing the redox
reaction) on the surface of semiconductor QDs causes QDs to promote direct electron transfer between
biomolecules and the surface of the electrode, which significantly affects the operation of the system
by enhancing the sensitivity due to signal amplification. A tremendous increase of development of
electrochemical sensors based on QDs has been observed over the past decades due to the simplicity
of implementation, high selectivity, and specificity of the system, low cost and the possibility of
miniaturization [51]. Moreover, research carried out by Bard et al. revealed that CdS QDs could also act
as multi-electron donors or acceptors at a given potential due to trapping of holes and electrons within
the particle [52]. On the other hand, the surface structures of QDs also play a key role in determining
the properties of the particles [53].

Liu et al. [54] described an electrochemical assay strategy for specific recognition of tumor cells.
For this purpose, gold nanoparticles (AuNPs) have been assembled onto the indium tin oxide (ITO)
substrate to create a specific, biocompatible interface to effective capture of tumor cells. CdSe/ZnS QDs
labelled on the cell surface have been used as an amplified signal during the square wave stripping
voltammetry (SWSV). The developed biosensing platform shown good analytical performance with a
broad linear range, good selectivity and low limit of detection (LOD).

Electrochemiluminescence (ECL) is a method which aims to convert electric energy into radiation
energy, in which electrochemically generated intermediate products undergo a high energy electron
transfer reaction to generate excited states, resulting in the emission of a measurable luminescence
signal [55]. As a form of luminescence (light emission without heat), ECL is characterized by the fact
that light emission occurs when an appropriate potential is applied to the electrode, as a result of
which the oxidation or reduction reaction takes place. There are several features that distinguish ECL
from other techniques, e.g., chemiluminescence (CL). It is clear that the electrochemical reaction that
takes place allows for precise time control. This means that the emission of light can be delayed to the
desired moment, e.g., an immune reaction or an enzymatic reaction. Another advantage of ECL is the
ability to control the location of the reaction, which means that there is the possibility of limiting the
emission of light to a specific area relative to the detector. Electrochemiluminescence may occur as a
result of two independent processes: annihilation of ions and co-reactant ECL. The annihilation of ions
consists in creating states of excited molecules due to the transfer of electrons between radical ions
on the surface of the electrode. The ECL co-reactant is due to the use of anode or cathodic potential
in a solution containing phosphor and co-agent molecules. Depending on the potential application,
the phosphor or co-reactant molecules can be reduced or oxidized to form radical ions and medium
compounds, followed by decomposition and formation of excited states that cause light emission [56].

7. Applications of QDs-Based Sensors

7.1. Detection of Ions

Fast and reliable detection and recognition of ions in the environment is extremely important in
modern medicine and environmental protection. Among the ions, heavy metal ions such as mercury,
cadmium and lead due to their high toxicity and negative health effects (cardiovascular diseases,
cancer, liver, kidney and central nervous system disorders, reproductive and neurological disorders)
require constant control concentration and rapid response in view of its possible reduction [57-61].

Hydrophilic QDs have been demonstrated to be a promising sensor probe for fluorescence-based
sensing of heavy metal ions [57] such as Pb?* [62], Cd?* [63], Cu®* [64], Hg2+ [65], Fe3* [62], etc. Table 1
shows an exemplary strategies for heavy metal ions determination with using of QDs.
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Table 1. QDs-based sensors for heavy metal ions determination.

Marker Sensing Platform Transduction Type LOD * References
Cu?* CdS QDs Change in fluorescence intensity 0.8 uM [13]
Fe3* CdTe QDs Change in fluorescence intensity 14 nM [57]
Hg2+ CdSe/ZnS QDs Change in fluorescence intensity 15 nM [58]
PbZ* CdSe/CdS QDs Change in fluorescence intensity ~ 0.006 nM [59]
Hg?* TGA-CdTe QDs FRET 20 nM [60]
Pb%* AuNPs & CA_CdTE QDs FRET 30 ppb [61]

* LOD—limit of detection

Detection of ions with the use of photoluminescent-induced changes in the QDs involves the use
of a number of ligands—derivatives of thioalkyl, mercaptoacetic or dihydrolipoic acids. The affinity
of the thiol group to QDs results in self-assembly of the ligands on the surface of the dots, as a result
of which the hydrophilic carboxylic groups are exposed on the surface towards the surrounding
aqueous solution [6]. Chen and Rosenzweig proposed a method for detection of Zn?* and Cu?* ions.
They exploit the fact that surface-modified QDs with mercaptoacetic acid show high sensitivity and
selectivity to Cu?* copper ions present in the mixture. The result of adding Cu?* to the ligand-QDs
complex is a reduction of the intensity of PL QDs. Such constructed sensor exhibited high LOD
0.8 uM [13]. Selective quenching PL was also used by Li et al. [58] They constructed sensor sensitive to
the presence of mercury ions Hg?* In this measuring system, CdSe/ZnS QDs have been modified with
sulfur calixarene (S-Calix). The linear range of this system was found as 0-3 x 10~> M with a LOD
15 nM.

Zhou et al. [57] presented a ratiometric fluorescence sensor for real-time and on-site detection
of Fe** ions based on CdTe QDs-doped hydrogel optical fiber with a broad linear range from 0
to 3.5 pM and high LOD 14 nM. The ratiometric configuration of the proposed sensor provides
a built-in calibration to eliminate the analyte-independent interferences. Two types of CdTe QDs,
which possessed different emission bands, have been synthesized for ratiometric measurements.
One of the QDs, coated with thioglycolic acid, exhibits green emission and is insensitive to metal
ions, thus serving as a reference. The other QDs as the specific recognition element, coated with
N-acetyl-l-cysteine, are red emissive and show high selectivity of fluorescence quenching towards Fe3*
ions. To avoid mutual interference, the green emissive QDs and red emissive QDs are doped in discrete
sections of the hydrogel optical fiber. As a result, it has been observed a decrease in PL intensity.

7.2. pH Detection

Among the group of chemical sensors, the pH sensor is the object of greatest interest of scientists,
because pH is one of the most important parameters in biochemical industrial processes [66—-70].
Properly modified QDs, using organic ligands, may gain sensitivity to changes in pH. This property
has a promising application in the design of a variety of luminescence sensors, examples of which are
shown in Table 2.

Table 2. QDs-based sensors for pH determination.

Marker Sensing Platform Transduction Type References
pH CdSe/ZnS-methacrylic acid QDs FRET [12]
pH in range 3-11 CdSe/ZnS- [1,3] oxazine QDs Change in fluorescence intensity [66]
pH CdSe/ZnS-phosphine oxide NC FRET [67]
pH in range 4-6 CdTe-thioglycolic acid NC Change in luminescence intensity [68]
pH CdTe QDs Change in fluorescence intensity [69]
Urea CdSe/ZnS-mercaptosuccinig acid QDs Change in fluorescence intensity [70]

In the work of Tomasulo et al. [66], the adsorption of pH-sensitive 1,3-oxazine on the surface of
CdSe/ZnS QDs gives the possibility of changing the luminescence of inorganic nanoparticles by means
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of chemical stimulation: 1,3-oxazine rings open in an acidic or basic environment to form nitrobenzyl
phenolate chromophores. This transformation activates the energy-transfer path from excited quantum
dots to ligands and facilitates energy transfer in the opposite direction. As a result, the intensity of PL
QDs decline. Such a system can be used in aqueous solutions for pH changes in the range of 3-11.

The Snee group proposed a sensor based on signal transduction by FRET between the QDs and a
fluorescent pH-sensitive squaraine dye attached to the surface of the QDs. The detection system process
consisted in modulating the FRET efficiency resulting from the overlap of the absorption spectrum
of squaraine with the emission of QDs. The emission of QDs (donor) was inhibited by the presence
of squaraine, acting as an acceptor. Lowering the pH value caused a rise in the photoluminescence
intensity of QDs [67].

Many works present pH-sensitive sensors that use semiconductor QDs combined with thiol
compounds [6]. The emission of QDs fluorescence with mercaptoacetic acid on the surface allowed
in vitro detection (but only in an acidic environment) and in live cells. The increase in intracellular
pH has given an increased intensity signal of PL QDs [12]. In contrast, QDs combined with
mercaptosuccinic acid (MSA) proved to be a simple system for the detection of urea. Hydrolysis
of urea generates hydroxide anions, gradually raising the pH of the solution. With increasing urea
concentration, the intensity of PL QDs increased [70].

7.3. Detection of Organic Compounds

7.3.1. Proteins

Proteins are among the most important biomolecules found in the body. In addition to the basic
building, transporting and regulating functions, proteins also act as biological catalysts—enzymes.
The function of proteins is also invaluable in the immune system-acting as immunoglobulins. Due to
the extremely important functions of proteins, it is necessary to monitor their concentration and the
processes in which they take part [19,71-75]. QDs-based FRET nanosensors have been developed to
monitor a variety of enzymes including alkaline phosphatase, ATPase renin, protein kinase, DNA
methyltransferase, DNA glycosylase, and telomerase [76]. A different strategies for determination of
proteins are presented in Table 3.

Table 3. QDs-based sensors for proteins determination.

Marker Sensing Platform Transduction Type LOD References
Protein kinases CdTe QDs Change in fluorescence intensity 5.0 fM [19]
C-reactive protein CdSe/ZnS QDs Change in fluorescence intensity ~ 0.47 mU-puL~! [71]
Exonuclease IIT DNA-ZnS:Mn?* Change in fluorescence intensity 2.8 ng/mL [72]
Micrococcal nuclease CdSe/CdS FRET 0.06 w-mL~! [73]
Caspase CdSe/ZnS FRET 20 pM [74]
Thrombin PbS QDs FRET 1nM [75]

Xu et al. have presented a novel label-free fluorescent assay for monitoring the activity and
inhibition of protein kinases based on the aggregation behavior of unmodified CdTe QDs with very high
LOD 5.0 fM. In this assay, cationic substrate peptides induce the selective aggregation of unmodified
QDs with an anionic surface charge, whereas phosphorylated peptides do not. Phosphorylation by
kinase alters the net charge of peptides and subsequently inhibits the aggregation of unmodified QDs,
causing an enhanced QDs fluorescence [19].

Lv et al. [71] have proposed detection of C-reactive protein (CRP) based on fluorescence changes
by CdSe/ZnS QDs, where QDs surfaces were modified with monoclonal antibodies. The fluorescence
intensity has increased with the increasing of antigens concentration. The assay for the detection of
CRP can provide a wide analytical range of 1.56-400 ng/mL with the LOD 0.46 ng/mL and the limit
of quantification = 1.53 ng/mL.
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Another example of a protein biosensor was developed by Zhang group. Using DNA-ZnS:Mn?*
QDs as the energy donor and WS; as the energy acceptor. DNA-ZnS:Mn?* QDs were hybridized with
biotin-DNA to obtain dsDNA. When Exonuclease IlI was added into the system, the biotin-DNA was
hydrolyzed for the stepwise removal of mononucleotides from the 30-hydroxyl termini of dsDNA,
releasing DNA-ZnS:Mn?* QDs into solution. After incubation with WS, nanosheets, DNA-ZnS:Mn?*
QDs were absorbed on the surface of WS; due to their stronger affinity towards ssDNA than that
of dsDNA. As the results, the fluorescence intensity was reduced with the increasing concentration
of Exonuclease III. There is a good linear relationship between the fluorescence intensities and the
concentration of SA (biotin-streptavidin) in the range of 5-150 ng/mL. The LOD was calculated as
2.8 ng/mL [72].

7.3.2. Sugars

Among the most popular groups of biomolecules that are the object of scientists” interest are
sugars. Particularly noteworthy is glucose, the determination of which is important both in the
pharmaceutical and food industries. Importantly, glucose monitoring is essential in the treatment of
diabetes that is characterized by long-lasting hyperglycemia, making strict blood glucose control so
important [77-81]. Table 4 shows an exemplary QDs-based sensors for sugars determination.

Table 4. QDs-based sensors for sugars determination.

Marker Sensing Platform Transduction Type LOD References
Glucose CdSe/ZnS-TGA Change in fluorescence intensity - [77]
Glucose QDs-ConA-3-CDs-AuNPs FRET 50 nM [78]
Glucose and fructose CdSe/ZnS QDs Change in fluorescence intensity 1 uM [79]
Glucose Mn-ZnS QDs Change in phosphorescence intensity 3uM [80]
Glucose CdTe QDs Change in fluorescence intensity 0.10 uM [81]

Monitoring of glucose in human blood and urine is essential for the diagnosis and treatment of
diabetes. The Sarana group has developed a biosensor for the detection of glucose based on cadmium
quantum dots with a thiol ligand on the surface. This system has been coupled with glucose oxidase-a
catalyst for glucose oxidation reaction, which releases hydrogen peroxide [77]. In constructing this
biosensor, a capture mechanism was used, involving the charge transfer. The electron released in the
process of reducing H,O, to O, has been moved towards the exciton of QDs, acting as an acceptor. As a
result of this process, a QDs-ion was formed and decreases of fluorescence intensity were observed [82].

Another sensing method of glucose approach is based on FRET between CdTe QDs as an energy
donor and gold nanoparticles (AuNPs) as an energy acceptor. The specific combination of concanavalin
A(ConA)-conjugated QDs and thiolated-cyclodextrins (b-SH-CDs)-modified AuNPs assembles a
hyperefficient FRET nanobiosensor. In the presence of glucose, the AuNPs-b-CDs segment of the
nanobiosensor is displaced by glucose which competes with b-CDs on the binding sites of ConA,
resulting in the fluorescence recovery of the quenched QDs. Experimental results show that the
increase in fluorescence intensity is proportional to the concentration of glucose in a linear range of
0.10-50 pM under the optimized experimental conditions. In addition, the sensor has high sensitivity
with a LOD as low as 50 nM, and has excellent selectivity for glucose over other sugars and most
biological species present in serum [78].

Riedel et al. [79] investigated the light-triggered reaction of the redox molecules, hexacyanoferrate,
and ferrocenecarboxylic acid, at CdSe/ZnS quantum dot modified gold electrodes for light-driven
applications. Here, electron transfer between QDs and redox mediators has been found to be feasible.
Additionally, photoluminescence measurements in solution demonstrate the strong interaction between
the QDs and the redox species by quenching of QD fluorescence. Subsequently, the established
QD-mediator systems have been combined with the enzymes, pyrroloquinoline quinone-dependent
glucose dehydrogenase and fructose dehydrogenase, to the feasibility of electrically contacted



Nanomaterials 2019, 9, 192 13 of 24

enzyme/QD biohybrids. This demonstrates the photoelectrochemical principle displays applicability
for sensing and for driving QD electrodes by biocatalytic sugar consumption.

7.3.3. Nucleic Acids

One of the most important biomolecules is deoxyribonucleic acid (DNA), which is responsible
for determining inherited traits and storing genetic information necessary for the replication of living
organisms. The sensors that use DNA molecules are a great tool not only to detect individual DNA or
RNA molecules but also molecules belonging to other classes of biomolecules [83—-86]. Nucleic acids
do not have properties that would be useful for their direct detection, so their detection requires the
use of, e.g., fluorescent markers [14,87]. Table 5 shows an exemplary QDs-based sensors for nucleic
acids determination.

Table 5. QDs-based sensors for nucleic acids determination.

Marker Sensing Platform Transduction Type LOD References
DNA in urine CdTe QDs Change in fluorescence intensity ~ 3 ng-mL~! [83]
Mitoxantrone and ribonucleic acid CdTe QDs Change in fluorescence intensity 0.1ng/puL [84]
dsDNA CdTe QDs FRET - [85]
DNA, micro-RNA CdTe/CDs QDs Change in fluorescence intensity 1M [86]

Nejdl et al. reported a systematic study of the self-assembly of CdTe QDs stabilized by
mercaptosuccinic acid (MSA) These QDs were used for the preparation of a fluorescent (off-on)
probe based on methylene blue as a quencher for the specific determination of nucleic acid from urine.
Using this technique, it was possible to determine the DNA isolated from the urine and decide whether
the amount of DNA was in an acceptable range. The LOD was calculated as 0.003 ug-mL~! DNA.
Such constructed sensing systems can be used for very sensitive detection of DNA [83].

Mohammadinejad group has prepared mercaptosuccinic acid-capped CdTe quantum dots,
which were successfully fabricated as a simple synthesized and sensitive fluorescence sensor for
tandem determination of mitoxantrone and ribonucleic acid and also monitoring their interaction.
Due to the adsorption of positively-charged mitoxantrone on the surface of negatively-charged
quantum dots through electrostatic interactions, the fluorescence intensity of mercaptosuccinic
acid-capped CdTe QDs can be effectively quenched by mitoxantrone. After addition of ribonucleic acid
to mitoxantrone—QDs solution, mitoxantrone mainly bound to the uracil (C=0) and adenine (C=N)
sites of ribonucleic acid. A complex which was formed between mitoxantrone and ribonucleic acid,
prevented more interactions between quantum dots and anticancer drug resulted in enhancing of
fluorescence intensity. Quantitative results were obtained for all combinations with a linear range of
20-10,000 pM and a LOD of 3-52 pM [87].

7.3.4. Neurotransmitters

Neurotransmitters play a key role in acting as mediators of the autonomic system in the human
body. Detection of biological abnormalities related to neurotransmitters (their concentration or
metabolites) in the biological fluid is of fundamental importance in medical diagnostics. Differences in
the level of neurotransmitters may be related to the occurrence of various diseases substrates such as
schizophrenia, Parkinson’s disease, Alzheimer’s disease, Huntington’s chorea, adrenocortical cancer
and other cancers and depression. Monitoring the concentration and products of the neurotransmitters
synthesis pathway is a promising strategy for early detection and thus preventing the development
of these diseases. Table 6 shows an exemplary strategies based on QDs for neurotransmitters
determination [88-92].
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Table 6. QDs-based sensors for neurotransmitters determination.

Marker Sensing Platform Transduction Type LOD References
Dopamine QD@SsiO, FRET 12.5nM [89]
Dopamine SnSe QDs Photoelectrochemical assay 3nM [90]

Norepinephrine CdTe@SiO,@MIP Change in fluorescence intensity 8§ nM [91]
Serotonin ZnS QDs Change in fluorescence intensity ~ 0.69 ng-mL~! [30]
Acetylcholine CdSe/ZnS Change in fluorescence intensity - [92]

Wang et al. [89] described a fluorescence assay for the fluorometric determination of dopamine
(DA). It is based on the use of silica-coated CdTe quantum dots (QD@SiO,). When dopamine is
added to a solution of the QD@SiO, and then oxidized by oxygen under the catalytic action of
tyrosinase to form dopamine quinone, the fluorescence of QD@SiO, decreases, due to an electron
transfer quenching process. Linear relationship over the range from 0.05 to 30 pM DA and high LOD
of 12.5 nM. This suggested that the novel assay provided a promising possibility for further utilizing
as an efficient platform for measuring DA in biological and environmental applications.

Another example of dopamine detection prepared by Hun et al. described photoelectrochemical
sensor for dopamine which yields a signal upon irradiation with visible light. The electrons of SnSe
QDs were excited under irradiation with visible light and transformed from valence band to conduction
band. Dopamine, as an electron donor, provided the electrons to SnSe QDs. As a result, the enhanced
photocurrent was obtained. This sensing system responds linearly to DA in the 0.01 uM to 10 uM
concentration range and with a 3 nM LOD [90].

A novel molecular imprinted sensor based on CdTe@SiO2 QDs has been developed by Wei et al.,
for norepinephrine (NE) recognition. The synthesized nanosensor had a distinguished selectivity
and high binding affinity to NE. Under optimal conditions, the relative fluorescence intensity of
CdTe@SiO,@Molecular-imprinted-polymer linearly decreased with an increase in the concentration of
NE in the range of 0.04-10 pM. The LOD was calculated as 8 nM [91].

A very promising alternative for construction of new micro-devices is LTCC (Low Temperature
Co-fired Ceramic [93]) technology, consisting in the creation of three-dimensional structures of
electronic systems based on pressed and co-poured ceramic foils with printed functional layers [94,95].
This method was used by Baluta et al. They proposed a convenient fluorescence dopamine-sensing
strategy based on polydopamine formed on the surface of graphene quantum dots (GQDs).
This sensing system utilized the catalytic oxidation of DA to dopamine-o-quinone (DOQ), and
then to poly(DA), which can selectively quench the strong luminescence of GQDs due to FRET.
Such constructed biosensor exhibited a broad linear range from 1 uM up to 200 pM with LOD
80 nM [96].

7.3.5. Pesticides

Pesticides are chemical compounds increasingly used in agricultural production, which play an
important role in ensuring optimal efficiency and maximizing income. Despite the positive impact
on economic aspects, excessive use of pesticides can lead to the production of harmful chemical
intermediates in vegetables, fruits and other agricultural products, which is a serious threat to food
safety and human health. In order to ensure constant control of the concentration of these substances
in agricultural products, it is necessary to find quick methods to confirm the presence and define
their concentration [97-102]. Table 7 presents an exemplary fluorescent strategies for pesticides
determination with using of QDs.
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Table 7. QDs-based sensors for pesticides determination.

Marker Sensing Platform Transduction Type LOD References
Glyphosate CdTe QDs Change in fluorescence intensity 0.5 pg-mL ™! [97]
Trichlorfon CdSe/ZnS Change in fluorescence intensity 9.0 ug-L™ 1 [98]

Organophosphorus ~ CdTe-TGA QDs Change in fluorescence intensity 0.68 nM [99]

Thiram ZnS:Mn?* Change in phosphorescence intensity 25 nM [100]

Doxycycline TGA/CdTe QDs Change in fluorescence intensity 1.1 x 10~7 mol-.L~? [101]
Paraquat CdSe/ZnS QDs Change in fluorescence intensity 3.0ng L1 [102]

Kanagasubbulakshmi et al. [99] show the thioglycolic acid (TGA) capped CdTe QDs were
highly dispersed and uniform in nature. The TGA surface modification of CdTe did not lead to
the agglomeration of QDs. But when an interaction occurred with malathion, the aggregation was
formed due to the functional group detachment. The linearity was obtained in the range of 3-21 nM
with the LOD 0.68 nM. While Jiménez-Lopez et al. [97] has proposed a multi-commutated flow analysis
method for the determination of glyphosate, based on the quenching effect produced by this herbicide
on the fluorescence of CdTe quantum dots with the LOD 0.52 pg-mL 1.

Another example of a sensitive direct competitive biomimetic immunosorbent assay method for
pesticide detection was proposed by Liu et al. [98], using the hydrophilic imprinted film as artificial
antibody and CdSe/ZnS QD label as a marker. A decrease in the fluorescence of the CdSe/ZnS QD
conjugate was observed when QDs has attached to the Trichlorfon. Under optimal conditions, the LOD
and sensitivity of the biomimetic immunosorbent assay method were found as 9.0 ug-L~! and 5.0
mg-L~1.

7.3.6. Toxins

Among the biggest threats to our community are toxins, whose quick and sensitive detection
in aqueous solutions, body fluids, food, and drinking water enables the immediate application of
appropriate remedies. Among the most common sources of toxins are bacteria whose toxins can be
detected in trace amounts in urine or blood after poisoning. However, saliva and nasal swabs can
be tested to confirm exposure to toxins even before the onset of symptoms. Another source of toxins
in the environment is industrial, military or agricultural activity. Pollutants, such as pesticides and
residues from explosives, pollute soil and groundwater and can easily enter the human body [103-107].
Table 8 shows an exemplary QDs-based sensors for toxins determination.

Table 8. QDs-based biosensors for toxins determination.

Marker Sensing Platform Transduction Type LOD References
Saxitoxin CdS/CdSe/ZnS QDs Change in fluorescence intensity 0.3 ugkg! [103]
Botulinum neurotoxin Carboxyl QDs FRET 0.2 ng-mL~! [104]
Cholera toxin, ricin, shlga-hke. toxin 1, CdSe/ZnS QDs Change in Photol.ummescence ) [105]
staphylococcal enterotoxin B intensity
Ochratoxin A CdS QDs Square-Wave Stripping Voltammetry 0.2 pg-mL~ 1 [106]

A new type of molecularly imprinted silica layers appended to CdS/CdSe/ZnS QDs (MIP-QDs)
for saxitoxin were fabricated through the surface grafting technique. Sun et al. demonstrated that
the synthesized MIP-QDs exhibited excellent selective fluorescence quenching to saxitoxin because of
the complementary imprinted cavities on the surface of MIP-QDs. Such constructed MIP-QDs sensor
exhibited excellent linearity in the range of 20.0-100.0 ng/L with LOD 0.3 pg/kg [103].

Wang et al. [104] reported a novel FRET-based nanobiosensor that uses luminescent QDs and dark
quencher-labelled peptide probes to rapidly (on the order of hours) detect and quantify biologically
active Botulinum neurotoxin (BoNT) and differentiate serotypes A and B, which is based on quantifiable
differences in the photoluminescence (PL) intensity of QD reporters. The biorecognition elements for
these probes are peptides that contain an amino acid sequence specific for BONT/A or /B cleavage,
a poly(histidine) sequence at the C-terminal for assembly on the QDs, and a dark quencher label (a dye
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with no native fluorescence) that quenches the QD PL only when the peptide chain is uncleaved (i.e.,
in the absence of the target BONT). The sensor signal scaled linearly with the analyte concentration
over a range of 8-200 nM, with 4 pM as the LOD.

7.3.7. Volatile Substances

Volatile organic compounds (VOCs) are organic chemical compounds with an evaporation
temperature close to room temperature. These substances are commonly used in industry and as
household products. Too high exposure to volatile organic compounds can have both short- and
long-term adverse effects on health, such as respiratory failure [108-111]. An exemplary QDs-based
sensors for volatile substances determination are presented in Table 9.

Table 9. QDs-based sensors for volatile substances determination.

Marker Sensing Platform Transduction Type LOD References
Ammonia gas PbS QDs/TiOp NTARs  Change in fluorescence intensity 2 ppm [109]
Methanol CdS QDs Photoelectrochemical assay 0.14 ug-Lfl [110]

Change in room temperature
phosphorescence intensity
Change in photoluminescence
intensity

Acetone Mn?*-ZnS QDs 0.2mg-L~! [111]

Ethanol, 2-propanol,

acetone CdTe QDs

[108]

Liu et al. [109] has presented work in which PbS-QDs/TiO;-nanotubes arrays (PbS QDs/TiO,
NTARs) are prepared by successive ionic layer adsorption and reaction, which are used to fabricate the
gas sensor. The gas sensing performance shows that PbS QDs/TiO, NTARs possess a good response
towards ammonia gas at room temperature. The enhanced sensing mechanism lies in the fact that PbS
QDs in PbS QDs/TiO, NTARs may provide more sites to absorb the ammonia molecules and increase
the depletion layer. The well-combined interface may provide effective transportation of the electrons
as well as the direct transportation of the electrons along the TiO, NTARs axis. This sensing strategy
exhibited linearity in the range from 2 to 100 ppm at room temperature, with a LOD 2 ppm.

Barroso et al. [110] presented a new strategy for the detection of methanol using fluorescence
spectroscopy and photoelectrochemical (PEC) analysis. The analytical system is based on the oxidation
of cysteine (CSH) with hydrogen peroxide (H,O;) enzymatically generated by alcohol oxidase (AOx).
H,0O; oxidizes capping agent CSH, modulating the growth of CSH-stabilized CdS QDs. Disposable
screen-printed carbon electrodes (SPCEs) modified with a conductive osmium polymer (Os-PVP)
complex were employed to quantify resulting CdS QDs. This polymer facilitates the “wiring” of in situ
enzymatically generated CdS QDs, which photocatalyzed oxidation of 1-thioglycerol (TG), generating
photocurrent as the readout signal. As a result, an increase of the fluorescence intensity was observed.

Sotelo-Gonzalez et al. [111] has prepared colloidal Mn?*-doped ZnS nanoparticles exhibiting room
temperature phosphorescence (RTP) emission and water solubilized by capping the QDs surface with
l-cysteine. Such coating of the nanoparticle with cysteine groups allows their analytical application
for acetone determination (selected as model ketone species) in aqueous media (by measuring the
quenching on the RTP emission of such QDs after direct interaction with the analyte). It was observed
that the rise of acetone concentration efficiently quenches of the phosphorescence emission. The linear
range of the developed methodology turned out to be at least up to 600 mg-L~! with the LOD for
acetone dissolved in an aqueous medium of 0.2 mg-L~1.

7.3.8. Vitamins

Vitamins, which are found in many animal and plant tissues, play an essential role in proper
metabolism and maintenance of body cells. Disorders in their synthesis or metabolism may be
the cause of many serious diseases, hence the invention of sensitive and fast sensor devices is
significant [112-116]. An exemplary QDs-based sensors for determination of vitamins are presented
in Table 10.
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Table 10. QDs-based sensors for vitamins determination.

Marker Sensing Platform Transduction Type LOD References
Vitamin E CdSe/ZnS QDs, GOx Change in fluorescence intensity 3.5 nM [112]
Folic acid 7ZnS:Cu/ZnS-MPA QDs Change in fluorescence intensity 11 uM [113]

Vitamin By, CDs FRET 0.1 pg-mL~! [114]
Vitamin Bg CdTe-TGA QDs Change in fluorescence intensity - [115]
Ascorbic Acid CdS-diphenylcarbazide QDs FRET 2nM [116]

Liu et al. [112] prepared a novel optosensing material based on quantum dots and graphene
oxide for specific determination of Vitamin E. Ultra-high specific surface was obtained by synthesis of
molecular imprinted polymer (MIP), which was stocked for specific Vitamin E reaction area. Under
optimal condition, the fluorescence intensity of MIP was decreased linearly with the increasing
concentration of Vitamin E. Such constructed sensor exhibited good linear range from 2.30 x 102~
9.20 x 10?> uM with a LOD 3.5 nM.

Another strategy was used by Geszke-Moritz et al. [113] They used high fluorescence sensitivity
to folic acid due to the high affinity of nitrogen atoms and carboxyl groups to doped QDs. Due to
the quenching of fluorescence intensity QDs, it is possible to detect folic acid concentrations from
LOD 11 uM.

Ganiga and others presented an optical sensor that uses FRET for fast and sensitive detection of
ascorbic acid (AA). For this purpose, CdS QDs and diphenylcarbadiazone (DPCD) were used. In the
presence of AA, the DPCD was transformed into diphenylcarbazide (DPC), which resulted in the
recovery of fluorescence. Changes in fluorescence intensity enabled the detection and determination
of AA concentration in the linear range of 60-300 nM with LOD 2 nM [116].

7.4. Detection of Bacteria and Viruses

The identification of pathogenic bacteria and viruses in food, water, air, and body fluids is
extremely important because of their drastic impact on our society. The result of the human body’s
contact with pathogenic bacteria or viruses is serious gastrointestinal infections that can lead to
patient death without a doctor’s control. Importantly, pathogenic bacteria also produce toxins that
are responsible for the occurrence of serious diseases, such as hemorrhagic colitis, characterized by
painful abdominal cramps and bloody diarrhea or hemolytic-uremic syndrome, the most severe effect
of which is an acute renal failure. Fast and sensitive detection of pathogenic bacteria and viruses is
necessary to prevent the occurrence of epidemics or severe forms of the disease [117-121]. Table 11
shows an exemplary strategies for bacteria and viruses determination.

Table 11. QDs-based sensors for bacteria and viruses determination.

Marker Sensing Platform Transduction Type LOD References
E. coli CdSe/ZnS QDs Change in fluorescence intensity 1.4 x 10! CFU-mL~! [117]
E. coli MPA-ZnSe/ZnS QDs Change in fluorescence intensity 10" CFU-mL~! [118]
HIV and HPV CdTe QDs Change in fluorescence intensity 100 nM [119]
E. coli CdSe/ZnS QDs Change in fluorescence intensity 2.08 x 107 CFU-mL~! [120]
E. coli CdSe/ZnS QDs Change in fluorescence intensity 2.3 CFU-mL™! [121]

Xue et al. [120] presented a novel fluorescent biosensor for ultra-sensitive and rapid detection
of E.coli O157:H7 with LOD 14 CFU/mL. The proposed fluorescent biosensor used the double-layer
channel with the immune magnetic nanoparticles (MNPs) for specific separation and efficient
concentration of the target bacteria, and the immune CdSe/ZnS QDs with a portable optical system
for quantitative detection of the bacteria. Initially, the bacteria were captured by the immune
MNPs in the channel at the presence of the high gradient magnetic fields (HGMFs) to form the
MNP-bacteria complexes. Then, the immune QDs were used to react with the target bacteria to form
the MNP-bacteria-QDs complexes in the channel. Finally, the enriched complexes were collected
and detected using the portable optical system to obtain increase the fluorescence intensity for final
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determination of the E.coli O157:H7 cells in the sample. Wu et al. [118] has prepared modified
ZnSe/ZnS QDs by 3-mercaptopropionic acid and established a rapid fluorescence method to detect
the E. coli cells count by using MPA-ZnSe /ZnS QDs as a fluorescence probe. The fluorescence peak
intensity increases with increasing cells count of bacteria. Compared with the traditional fluorescent
detection methods, this one is more convenient and useful in the bacterial count determination with
LOD 10! CFU-mL~%.

In addition to bacteria, QDs are also used for virus detection. Jimenez et al. reported work which
was focused on the development of a nano-system for simultaneous identification of HIV and HPV
viruses with 1 nM of LOD. Their construction and characterization were carried doubt using magnetic
glass particles (MGPs) which joined with target DNA oligonucleotides and the second part of the
construction formed by the conjugation of red and green CdTe QDs with oligodeoxyribonucleotides
complementary probe, derived from these two viruses, that encode respectively their capsid and
oncoproteins. As a result, after the conjugating, the fluorescent intensity was slightly reduced in both
cases [119].

8. Conclusions and Perspectives

Quantum dots have remarkable optical properties, which make them among the most useful
nanomaterials [6]. They may be utilized in a wide range of applications, e.g., in new types of fluorescent
probes and as active components of nanostructure-biomolecule complexes [122]. Various schemes
for the application of optical transduction QDs have been successfully tested, allowing a wide range
of detection, high selectivity and sensitivity in the tested samples. The development of analytical
methods for the detection of various chemical or biological compounds allows the use of QDs in
sensors for determining the presence of ions, molecules and pH changes. The results of discussed
studies lead to the improvement of existing detection devices and the design of new detection devices
that allow more sensitive and faster analysis. Quantum dots-based detection technologies can be
adapted to precision medical technologies by overturning point-of-care (POC) and personalized
diagnostics. This engineering can supply high-throughput and mobile diagnostic platforms for
screening pathogens and toxins immediately in field and POC clinical settings. Several of these
technologies tender multiplexing capacities for simultaneous examination of multiple analytes with
unexpectedly high sensitivity that can notably lower costs and detection time. Nevertheless, a universal
sensor for different types of medicinal/or, i.e., food samples, is a challenge because of the inherent
complexity of biological samples. Evaluation with numerous of biological (i.e., food, body fluids)
samples and comparison with well-established techniques may assist to direct this challenge.

Among further fields that could exploit some of the advantages of QDs are fluorescent
immunosensors designed as integrated devices. Due to the relevant improvement on the execution of
fluorescent immunosensors and recent advances in miniaturization processes, it is believed that
in the near future small and advanced fluorescent mobile analytical platforms, which combine
steps of the immunoassay pathway, will be available. In conclusion, there is potential for further
investigations of QDs in multiplex detection, particularly via continued miniaturization and integration
into lab-on-chip platforms.
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