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Abstract

Quantum dots (QDs) are luminescent semiconductor nanocrystals that have extraor-
dinary luminescence emission properties. Their semiconductor properties are differ-
ent from bulk material because of the quantum confinement effects. These properties
allow the use of QDs as a luminescent probe for pharmaceutical and biomedical analysis.
Herein, we want to mention the synthesis, surface modification, characterization, and
application of QDs. The aim of this chapter is to compile and discuss the advantages and
disadvantages of QDs and their usage areas.

Keywords: quantum dots, luminescence, fluorescence, chemiluminescence, phosphorescence,
pharmaceutics

1. Introduction

The semiconductor nanoparticles known as quantum dots (QDs) are one of the most relevant
developments in the nanotechnology area. Therefore, they are finding new important fields
of application in pharmaceutical, biomedical, and food analysis and biomonitoring. QDs are
zero-dimensional materials composed of II-VI groups (e.g., CdSe, CdTe, CdS, and ZnS) or
III-V elements (e.g., InAs) [1-4]. Colloidal semiconducting QDs have spherical shape, and
their radii are in between 2 and 10 nm in diameter, which is less than or equal to the excitation
Bohr radius [5-8]. A decrease in the crystal size causes emission at longer wavelength due to
increase of the Stokes shift. At such small sizes, these nanoparticles behave differently from
the bulk form because of quantum confinement effect, which is responsible for the optoelec-
tronic properties of QDs such as narrow spectral band and high quantum yield (QY).
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In the last decades, QDs have gained great interests as luminescent probes for the determina-
tion of pharmaceuticals [9-12] in different sample matrices, in vitro bioimaging [13-18] and
in vivo applications [19-21], as well as computing, light-emitting devices, and photodetector
devices. Because of their unique optical properties, including good optical properties, stabil-
ity against photobleaching and chemical reaction, broad excitation bands, sharp and symmet-
ric emission bands, size control luminescence, as well as high photoluminescence QY, QDs
are used as an alternative to organic and inorganic fluorophores [22-24].

QDs can be modified by different molecules such as polymers and biomolecules in order to
make them water soluble and biocompatible. Modification of QDs with biomolecules (e.g.,
DNA, enzyme, antibody, antigen) [25-27] and metal ions [28-31] has formed an important
field of sensor applications [32-34] for the analysis of ions [35-38], biomacromolecules, phar-
maceuticals, and small molecules [12, 39—41]. In addition, the surface modification of QDs can
increase their luminescent QYs, prevent them from chemical instability and aggregation, and
give a special feature to interact with target molecules.

2. Structural and optical properties

2.1. Structural properties

Generally, QDs are composed of core, shell, and surface-coating parts, which gain high photo-
luminescence QY, surface activation, and stability to chemicals and photons [42, 43]. The core
is composed of few monolayers of a semiconductor material, i.e., CdSe, CdTe, fluorescence
emission, as well as excitation wavelengths, depends on the composition of the core. Shell part
surrounds and stabilizes the core. Shell is also effective on the fluorescence QY, decay kinetics,
and photostability of QDs. The organic capping determines its stability, biological functional-
ity, and solubility [44]. Coating part at initially prepared QDs is hydrophobic, whereas nowa-
days hydrophilic polymers or molecules are used. These amphiphilic polymers increase the
water solubility of QDs and allow incorporating ionizable functional groups. Both shell and
capping are covered to the particle surface and optimize these characters. Typical QDs are core
or core-shell structures. The passivation shell is chemical coating, and coated nanoparticles
are called core-shell systems. Core (for example, CdTe) or core-shell (for example, CdSe/ZnS
and CdTe/CdS) QDs are functionalized with different coatings. In core-shell system, the band
gap of the shell is higher than the band gap of core [45-50]. Additionally, a slight red shift in
absorption and emission is observed because of tunneling of charge carriers into the shell.

2.2. Characterization

Definition of size, structure, and shape of synthesized QDs is important. The characterization
of QDs is evaluated by high-resolution transmission electron microscopy (HR-TEM), scan-
ning electron microscopy (SEM), atomic force microscopy (AFM), X-ray fluorescence (XRF),
X-ray diffraction (XRD), and Fourier transform infrared spectroscopy (FT-IR) methods. The
size of QDs is generally detected by TEM and SEM [3, 51-53]. In addition to these methods,
Brus equation is also used to calculate the diameter of QDs [39]. The optical characterization
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is made by UV-visible (UV-vis), fluorescence, Raman, and nuclear magnetic resonance spec-
troscopy (NMR) [54, 55].

2.3. Optical properties of QDs

Although QDs are composed of semiconductor materials, their small size results in spec-
troscopic properties that are radically different from bulk forms. The electron of the valence
band moves to conductance band when QDs absorb the photon. Absorption occurs as long as
the energy of photon is higher than the bandgap energy of QDs; thus, excitons can be created
with a wide range of energies within the core. The higher energy excitons relax to the lowest
bandgap energy before emitting a photon. Therefore, excitation spectrum is broad, whereas
the emission spectrum is narrow (Figure 1).

QDs are artificial atoms with typical dimensions ranging from 2 to 10 nm. QDs can be designed
to have different emission wavelength by adjusting their size (Figure 2). The emission is
adjusted by the particle diameter in the visible area and by particle composition in the longer
wavelength. As diameter of QDs gets bigger, red shift is observed in the emitted light [56, 57].
The properties of QDs are changed by constructing the properties of the electron and hole. The
electrons and holes of QDs also present discrete energy levels. As nanoparticles size get smaller,
the band gap will be larger, and energy difference between the highest valence band and the
lowest conduction band will be increased. As a result, the high energy is required to excite the
dots, and therefore, more energy is emitted when nanoparticles return to ground state.

QDs have broad absorption band and a narrow symmetrical emission band; therefore, overlap
with other emission colors is minimal. The wavelengths of absorption and emission are tun-
able by particle size as mentioned before. The broad absorption bands allow selection of the
excitation wavelength, and consequently, excitation and emission wavelengths can be sepa-
rated [48, 58-61]. Physicochemical and optical properties of QDs are summarized in Table 1.
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Figure 1. Excitation (dot line) and emission (line) spectra of MPA-capped CdTe QDs.
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Intensity
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Figure 2. Photoluminescence spectra of the QDs by changing the size of the particle.

Property Quantum dots
Size 2-10 nm
Thermal stability High, depends on shell

Photostability

Chemical stability
Brightness

Absorption spectra

Molar absorption coefficient

Emission spectra

Quantum yield

Stokes shift

Lifetime

Excitation by single or multiple sources
Solubility

Sensitivity

Applicability to single-molecule analysis

Bioimaging

High, stable fluorophores due to their inorganic
composition

More resistant to degradation
10-20 times more than organic dyes

Broader absorption spectra enables selection of excitation
wavelength

10°-10° M cm™

A narrow (30-90 nm), symmetric, sharply defined
emission peak

0.1-0.8

Large stokes shift

Longer lifetime helps to eliminate background signal
Ideal for the same source and multicolor experiments
Depends on surface modification

High S/N ratio

Good

Better contrast with electron microscope

Table 1. Properties of QDs.
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2.4. Synthesis and surface chemistry

Synthesis step of semiconductor nanocrystals plays a critical role. The solvent selection is cru-
cial because this step is not only controlling nanocrystal size but also changing their polarity,
solubility in aqueous or organic medium, functionality, and applicability. QDs can be synthe-
sized in the organic or aqueous medium. When compared to organic way, water-based QDs
synthesis is less toxic, useful for biological applications, and cheaper.

In order to prepare QDs, different types of materials and methods have been reported. In
these methods, colloidal synthesis is commonly used technique for the preparation of QDs.
During early 1990s, Murray et al. [62] first reported the synthesis for highly monodisperse,
size-tunable QDs. In this method, trioctylphosphine (TOP) and trioctylphosphine oxide
(TOPO) are used for the synthetic approach for II-VI QDs such as CdSe, CdS, and CdTe.
Highly luminescent Cd-E (E = Se/Te/S) nanocrystals were synthesized by using dimethylcad-
mium (Cd(CH,),) as QDs precursors in the coordinating solvent (TOPO) at high temperature
(300°C). However, nowadays, cadmium oxide (CdO) is used instead of dimethylcadmium
due to its toxicity. The commonly used method for synthesis of colloidal nanocrystal is based
on core growth process, starting from organometallic precursor in a mixed solvent includ-
ing organic surfactants and coordinating solvents. Briefly, reaction medium is heated to high
temperature, and precursors are injected while solution stirring. At this step, precursors trans-
form into monomers. As the process continues, nanocrystal growth starts with a nucleation
process, and the color of solutions changes from yellow to red. Coordinating solvent caps the
nanocrystal surface and stabilizes its surface, moreover, changes its solubility in organic and
aqua media and prevents aggregation. Organic surfactants are used to avoid aggregation
and give water soluble character [4, 63-66]. At nanocrystal-growth process, not only solvent
but also temperature, pH, and growth time are important. Generally, when the heated and
unheated forms of QDs are compared, heated QDs show emission, whereas unheated QDs do
not have an emission band. Minor variations in pH values affect the diameter of nanocrystals.

Coordinating solvents can be hydrophobic or hydrophilic. Hydrophobic coatings are not suit-
able for aqueous assay especially biological analysis; therefore, hydrophilic capping agent
must be introduced for this purpose. Various approaches have been developed to make
water soluble. The hydrophobic layer can be changed with acidic and hydrophilic groups.
Hydrophobic part reacts with the hydrophobic surface of QDs, whereas the hydrophilic part
on the outer end will give water soluble character. The stability of water dispersed QDs is gen-
erally achieved by using charged organic molecules or polymers such as mercaptopropionic
acid (MPA), mercaptoacetic acid (MAA), mercaptosuccinic acid (MSA), and cysteine [67-69].

Doping of QDs with transition-metal ions such as Mn** and Cu*" has been widely studied to
enrich the features of nanocrystals. These advantages include stability, large Stokes shift, and
longer emission lifetime which allow phosphorescent measurement [70-72]. In these doped
QDs, Mn-doped ZnS which have orange-yellow emission is widely used as a phosphorescent
probe for analysis of different kinds of analytes [73-75]. The purification step is needed to
remove unreacted precursors and other chemicals. A widely used method for this purpose is
precipitation of QDs in methanol or ethanol and centrifugation.
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Additionally, lithography [76, 77], epitaxy [76, 78], electrochemical assembly [79-81], plasma
synthesis [82-86], biological synthesis [87, 88], gamma-irradiation [89-91], and microwave-
assisted synthesis [92, 93] ways are also used for the synthesis of QDs.

3. Applications of QDs

Surface properties of QDs affect the luminescence character. The chemical or physical interac-
tion of analytes and QDs can influence the optical properties of the QDs. Depending on this
change, QDs have been widely applied to detect different kinds of analytes including ions,
pharmaceuticals, small molecules, and biological macromolecules. In these analytes, direct
analysis of pharmaceutical and biological samples is difficult due to interference molecules.
However, chemical surface modifications of QDs with functional groups or biomolecules
enhance the selectivity and favorable luminescence features. Most of the detection methods
are based on the fluorescence properties of these QDs. Besides, in recent years, increasing
number of work on making use of the inherent phosphorescent properties of QDs is in the
literatures. In most QDs applications, the detection is based on quenching of luminescence
signal, while new methods are developed on signal enhancing.

3.1. Fluorescence-based measurements

The luminescence properties of QDs are used for qualitative or quantitative analysis of dif-
ferent kinds of analytes. Initial studies are generally based on measuring the enhancement
or quenching of luminescence signal of QDs resulting from the interaction of the QDs and
the analyte. This surface interaction generally is not specific and allows interacting with sim-
ple and small molecules. Nonspecifically binding is a major problem especially in biomedi-
cal applications due to the interaction of a variety of biomolecules and structures including
nucleic acids, proteins, or matrix compounds. In order to increase selectivity, conjugation of
QDs with polymers, antibodies, amino acids, and proteins has been proposed and applied
[94, 95].

In a pioneering work, Cd-based QDs have been reported for optical sensing of small mol-
ecules and ions. Many studies in this field, focusing on interactions between QDs and ana-
lyte, showed that the luminescence response was affected by the surface capping ligands.
For example, the addition of Cd ions to a basic solution, including CdS nanoparticle, has
caused increasing the luminescence QY of the nanoparticle. This effect was attributed to the
formation of a Cd(OH), shell on the CdS core which eliminates the nonradiative pathways.
Furthermore, addition of Zn* and Cd? ions to basic CdS or ZnS colloidal solutions caused
similar photoluminescence-activation effect [96-98]. In addition, organic capping agents such
as mercapto acids and mercaptoamines have been used for the modification of QDs surface
[99]. Modification strategies are based on not only intensity enhancing but also quenching and
emission wavelength shifting. Quenching mechanism depends on the interaction of quencher
and nanoparticle and includes different deactivation pathways such as electrotransfer process,
nonradiative pathways, inner-filter effect, and complex formation. Quenching occurs by two
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different mechanisms called dynamic (collisional) and static quenching. In dynamic quench-
ing, the quencher and fluorophore come into contact during the lifetime of the excited state,
and the fluorophore returns to the ground state without emission. In static quenching, fluo-
rophore and quencher form a nonfluorescent complex at the ground state. These quenching
systems can be differentiated by their different dependence on temperature and viscosity. At
higher temperatures, dynamic quenching increases due to faster diffusion. On the contrary, in
the static quenching, dissociation of weakly bound complexes causes decreasing of quenching.
In some cases, the fluorophore can be quenched by collisions and complex formation with the
same quencher at the same time [100].

Literature survey shows that a great number of fluorescence methods have been developed for
analysis of pharmaceuticals and biomolecules (Table 2). These methods are generally based
on quenching of fluorescence intensity of QDs (Figure 3). Thioglycolic acid (TGA)-modified
water-soluble CdSe QDs were synthesized and used for determination of paraoxon, which is
acetylcholinesterase inhibitor. In this study, multilayers of chitosan, TGA-capped CdSe QDs,
and organophosphorus hydrolase polyelectrolytes were incorporated into layer-by-layer
architecture. The size of the nanoparticles was determined by HR-TEM and found 3.4 nm. The
presence of paraoxon in the sample solution caused decreasing fluorescence emission of QDs,
attributed to an interaction of the analyte with QDs and to change surface conformation [101].

OD material QD coating Analyte Matrix Detection limit Measuring Ref.
signal
CdSe TGA Paraoxon - - Fluorescence [101]
quenching
CdTe-Mn TGA Glutathione Tablet 0.06 uM Fluorescence [102]
doped quenching/
enhancement
CdTe TGA Doxycycline Honey, human 1.1 x107 M Fluorescence  [103]
serum quenching
Cds L-Cysteine Ceftriaxone Urine 1.3x10°M Fluorescence  [104]
quenching
CdSe - Spironolactone Tablet 4.8x107M Fluorescence [105]
quenching
CdSe/CdS TGA Sparfloxacin Tablet 0.1391 ug mL™'  Fluorescence  [106]
quenching
Cds MPA Penicillamine  Tablet 0.1123 pg mL™  Fluorescence  [107]
enhancement
CdTe MPA Rifampicin, Urine, tablet 1.5mgmL7, Fluorescence [108]
Rifaximin 1.0 mg mL™ quenching
C PEG 2000 Ceftazidime,  Tablet 4.7 x10° ug Fluorescence  [10]
Cefepime mL7, 5.1x10° quenching
g mL™

Table 2. QD-based fluorescent probes for determination of pharmaceuticals.
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Concentration of Quencher

Fluorescence Intensity

T
Wavelength, nm

Figure 3. The general aspect of fluorescence spectra of QDs at different concentration of quencher. The inset is the
calibration curve of F/F versus the concentration of quencher.

Yu et al. have developed a fluorescence switch sensor consisting of Mn-doped CdTe QDs-
methyl viologen (MV?*) nanohybrids to analyze bioactive peptide glutathione (GSH).
Characterization of QDs was performed by TEM, XRD, and FT-IR methods. The results
obtained from these studies showed that prepared QDs were monodisperse and have spheri-
cal shape with sizes 20 nm and hexagonal crystalline structure. In addition, TGA molecules
and QDs conjugated successfully. In the sensor, MV* has two quaternary ammonium groups
which link TGA on the surface of QDs through electrostatic interaction. Because of the elec-
tron transfer between QDs and quencher, the fluorescence signal is quenched. As the addition
of GSH, the peptide can effectively replace TGA ligands on the surface of QDs, and fluores-
cence intensity is again recovered. Fluorescence recovery level of QDs is depended to the
amount of GSH [102].

Synthesized by sonochemical technique, TGA-capped CdTe is used as a fluorescent probe
for determination of doxycycline (DC), a member of tetracycline antibiotics, in honey and
human serum. Prepared QDs were identified by FT-IR. In here, the peak related to SH group
of TGA was not observed in the spectrum of TGA-QDs hybrids due to interaction between
thiol and CdTe QDs. Furthermore, the TEM images showed that size distribution and shape
were 4-6 nm and spherical, respectively. Similar to previous studies, the fluorescence inten-
sity of QDs was quenched by adding of DC. To identify the mechanism of quenching process,
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Stern-Volmer equation has been plotted at a different temperature. Obtained results showed
that the quenching mechanism was dynamic [103].

L-Cysteine is also widely used surface modification agent which gives hydrophilic charac-
ter to QDs. L-Cysteine—coated CdS QDs have prepared, characterized, and used to analyze
ceftriaxone (CFX) in biological samples [104]. Optical characterization was identified by fluo-
rimetry and UV-vis spectrometry. QDs have a broad absorption band in pH 7 buffer solu-
tion. Moreover, symmetric and narrow emission peak was at around 556 nm with excitation
wavelength 359 nm. Recorded FT-IR spectra indicated that characteristic S-H band was absent
in the L-cysteine-capped QDs. Also, the band at 3175 cm™ belongs to CFX was not seen in
the spectrum of 1-cysteine/QDs/CFX complex. Prepared and characterized QDs were used in
determination of CFX in urine. The effects of reaction time, temperature, and pH were identi-
fied, and 10 min, 25°C, and pH 7 were selected as optimum conditions.

Liang et al. have developed a method based on the quenching of the fluorescence of CdSe
QDs by spironolactone in organic media. CdSe QDs were prepared from CdO as a precursor
and stearic acid. After heating step under Ar flow, trioctylphosphine oxide and hexadecyl-
amine were added, heated again at high temperature, and Se solution was injected. Obtained
dried nanoparticles were redispersed in hexane. The emission spectra of QDs were recorded
after titration with spironolactone [105].

Core-shell nanoparticles were also used for sparfloxacin in tablets. Water-soluble CdSe/
CdS QDs modified with TGA have been synthesized and acted as a fluorescent probe.
Hyperchromicity and forming of new absorption band were observed when the spectra of
CdS and CdSe/CdS QDs were compared. This result indicated that CdS coated the surface
of CdSe. After optimization of working conditions, TGA-capped CdSe/CdS QDs was used
for the determination of sparfloxacin. Quenching mechanism was found static according to
results of Stern-Volmer equation [106].

Besides these applications, fluorescence enhancement method has been developed for the
determination of pharmaceuticals. Pawar et al. has used MPA-modified CdS nanoparticles
as a turn-on probe to determine penicillamine. The obtained results showed that QDs aggre-
gated after addition of the drug, the average size of QDs increased, and the fluorescence
intensity of QDs was enhanced due to the interaction between QDs and penicillamine [107].

Nowadays, innovations and applications related to QDs are continuously increased. One of
these is the using of QDs in automated systems. Rifampicin and rifaximin, which are com-
plex macrocyclic antibiotics, have been analyzed by automated QDs-based analytical method
using flow system. The automated flow system allows repeatable handling solutions, auto-
mation, miniaturization, lower reagent consumption, and waste. In this method, in the ini-
tial status, carrier (Na,CO,/NaHCOQO, buffer solution) flowed through the flow cell, and then
valves of sample solutions and QDs were switched on. The analytical signal of QDs-sample
mixture was recorded. A blank signal which is only QDs signal was also recorded before any
sample analysis [108].

Most inorganic QDs such as CdX nanoparticles consist of highly toxic heavy metal ions,
and this could be a major concern for in-vivo applications. Therefore, novel fluorescence
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carbon-based nanoparticles have found wide using area in this field. They have some
advantages over traditional QDs, for example, free of heavy metal ions, low toxicity, and
excellent biocompatibility [10, 109]. Due to their small molecular mass, carbon nanopar-
ticles easily enter the living cell and allow in-vivo monitoring [110]. Huang et al. have
developed a sensitive method for the determination of ceftazidime and cefepime in their
pharmaceutical forms based on fluorescence quenching of poly(ethylene glycol) (PEG)
2000-capped carbon QDs. The chemical oxidation method was used for preparation of
nanocrystals. In this method, sawdust as a carbon source and nitric acid were mixed and
heated. Then, pH of the solution was adjusted to neutral by adding NaOH and centri-
fuged. In the last step, for surface modification, PEG 2000 was added and heated in a
microwave oven. Obtained carbon nanoparticles were characterized by TEM, and size of
them was found in between 5 and 8 nm. Developed QDs were used for determination of
drugs and method was sensitive, selective, and with high recovery value [10].

Functionalized semiconductor QDs have been used as fluorescence labels for biological
detection and imaging. For example, avidin, highly positively charged tetramer, and func-
tionalized CdSe/ZnS QDs were used in the detection of biotin [111]. Similarly, different
sizes CdSe/ZnS QDs conjugated with different antibodies have been applied for simultane-
ous detection of four toxins (Shiga-like toxin 1, staphylococcal enterotoxin B, cholera toxin,
and ricin) [112]. In another example, determination of 17(3-estradiol has been done by using
biotin-labeled antirabbit IgG and streptavidin conjugated by QDs [113]. As mentioned
above, carbon-based QDs have low toxicity and biocompatibility. Li et al. have developed
glucose sensor based on combining electrostatic attraction between anionic fluorescent car-
bon QDs that bear polar carboxy and hydroxy groups and cationic boronic acid—substituted
bipyridinium salt. The interaction between them results in the formation of a ground state
complex leading to a decrease in the fluorescence intensity. When glucose is added to the
medium, the tetrahedral anionic glucoboranate esters are formed which effectively neutral-
ize the net charge of the cationic bipyridinium and recover the fluorescence intensity of
QDs [114].

3.2. Fluorescence resonance energy transfer (FRET)

Fluorescence resonance energy transfer (FRET) is a powerful technique describing energy
transfer between two light-sensitive molecules. In here, an exited donor chromophore group
transfers energy to an acceptor chromophore through the nonradiative coupling. The effi-
ciency of this energy transfer depends on the distance between both fluorophores, inversely
proportional to the sixth power of the distance between acceptor and donor; therefore, FRET
is more sensitive to small changes in distance [115, 116]. Photoemission properties and high
QY of QDs allow efficient energy transfer when compared with the organic dyes. In addi-
tion, distinguishing the emission of the donor from acceptor is much easier due to narrow
and symmetric emission spectrum of QDs. This technique is a useful tool to analyze biomol-
ecules such as proteins and DNA. For this purpose, a FRET-based bioassay was developed
by using QDs (donor) functionalized with a label (i.e., protein, antibody) which recognizes
and binds to target. When FRET process occurs, the bioconjugate captures the dye-labeled
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analog (acceptor), and fluorescence quenching takes place. In addition of target molecule to
the medium, analyte competes with its analog and binds to the label. The acceptor is displaced
from QD surface; thus, fluorescence enhancement is observed. Besides, different approaches
have been developed toward the use of QDs in FRET assays, such as analyte displaces fluo-
rescent ligands, analyte cleaves donor-acceptor linkage, analyte changes the conformation of
acceptor-donor linkage, and analyte mediates donor-acceptor binding [117].

Several studies can be found that develop FRET-based assays for the detection of pharmaceuti-
cals and biomolecules (Table 3). Generally, QDs and organic dye are used as donor and accep-
tor, respectively. However, the opposite situation, in which dye acted as a donor and QDs as
acceptors, has been reported. Briefly, QD as a donor in an exited state transfers its excitation
energy to an acceptor non-fluorescent dye in a nonradiative fashion. When the analyte intro-
duces the medium, analyte replaces the dye, and fluorescence emission is recovered (Figure 4).

Similarly in this approach, amantadine has been determined in pharmaceutical form by using
FRET mechanism. The optical sensor was designed by using water-soluble (3-cyclodextrin
(CD)-functionalized CdTe QDs and Rhodamine B (RB). The interior of the 3-CD is not hydro-
phobic but considerably less hydrophilic than the aqueous environment and thus able to host
other hydrophobic molecules. Therefore, RB could enter the cavity of 3-CD by hydrophobic
interaction, and the FRET process occurred between QDs (donor) and RB (acceptor). When
amantadine introduced the system, it replaced RB in the cavity; the process of FRET was
switched off. The authors also have used the developed sensor for in-vivo imaging. For this
purpose, functionalized QDs with amantadine in the cavity were incubated with HepG2 cells
and observed in the cytoplasm by fluorescence microscope [118].

Analyte Donor Acceptor Detection limit Ref.

Amantadine B-CD-functionalized =~ Rhodamine B 8.82 x 107° mol/L [118]
CdTe

Atrovastatin/linezolid (3-CD-conjugated Atrovastatin/linezolid - [119]
CdSe/silica
atrovastatin and
linezolid

Vitamin B12 MPA functionalized  Vitamin B12 6.91 ug mL™ [120]
CdS

DNA Streptavidin-coated ~ Cyanine dye [121]
QDs

Biomarkers Streptavidin labeled  Biotin coated CdSe/  0.10-0.63 pM [122]

lanthanide complexes ZnS
(europium and

terbium)
Estradiol Lanthanide (III), Protein-coupled - [123]
europium and CdTe QDs

terbium, chelate

Table 3. FRET-based fluorescent probes for determination of pharmaceuticals.
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FRET Quenching Fluorescence

hy r\ hv /
N 2 ‘B \. » - =
Analyte

Figure 4. Schematic diagram of the quantum-dot based FRET sensor. QDs (donor) and non-fluorescent organic dye
(acceptor).

Antony et al. [119] also used B-CD-conjugated CdSe/silica nanoparticles for determination of
atrovastatin and linezolid. The FRET system occurred between CdSe/SiO, nanoparticles and the
drugs encapsulated in the CD cavity. Coating and conjugation of prepared QDs were identi-
fied by FT-IR. FTIR spectra of CdSe and CdSe/SiO,-B-CD complex were recorded and vibration
bands at 1031.92 and 1117.29 cm™ appeared due to Si—O—Si bond. The Froster distance between
the encapsulated drugs and the CdSe nanoparticles was calculated and found below 3 nm.

More simple FRET method has been developed for analysis of Vitamin B12 in human serum,
urine, and pharmaceutical forms. Herein, the MPA functionalized CdS QDs synthesized from
cadmium chloride and sodium sulfide in aqueous media by a chemical method. FRET-based
quenching mechanism was due to photoinduced charge transfer from QDs to drug. For inves-
tigation, the quenching mechanism, UV-vis absorption, and fluorescence spectra of QDs in
the absence and presence of vitamin B12 were examined. Obtained results show that energy
transfer from CdS QDs to vitamin B12 could occur with high probability resulting in the
fluorescence quenching of QDs. Under the optimized conditions, the relationship between
the fluorescence intensity of QDs and concentration of vitamin B12 was linear, and limit of
detection was found as 6.91 pg mL™ [120].

Zhang et al. [121] has developed a method for detection of DNA using commercially avail-
able streptavidin-coated QDs. In this method, nanoparticle and cyanine dye were donor and
acceptor, respectively. Cyanine-labeled DNA was assembled onto the QDs surface by specific
streptavidin-biotin binding. The binding of molecules to QDs resulted in the formation of
QD/DNA/Dye complexes. FRET was occurred between QDs and dye by excitation with the
appropriate wavelength.

The use of QDs as energy acceptors in FRET-based techniques is not so common. QDs were
inadequate acceptors when compared with molecular dyes because of a longer lifetime of
QDs [95]. In addition to this, the donor used has to emit luminescence at a wavelength shorter
than that of the QDs to allow the FRET process. A method based on this technique has been
developed by Geissler et al. Herein, FRET process was realized between visible-emitting lan-
thanide complexes of europium and terbium, streptavidin labeled (as a donor) to CdSe/ZnS
biotin-coated QDs (as acceptor). Developed method has been used for determination of five
biomarkers [122]. Similarly, determination of estradiol was examined by using luminescent
energy transfer between protein-coupled CdTe QDs and lanthanide (III), europium and ter-
bium, chelate [123].
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3.3. Chemiluminescence

Chemiluminescence (CL) is typically defined as the emission of light, as the result of a chemi-
cal reaction. Generally, chemiluminescent reactions show weak luminescence due to low QY.
Therefore, it is necessary to enhance the CL intensity for analytical applications. For this rea-
son, QDs have attracted great attention due to their properties as mentioned before such as
brightness and reactivity. In addition, the use of QDs as chemiluminescent probe can give
an advantage such as the emission at wide range wavelengths without light source [47, 124].
Nowadays, high-quality semiconductor QDs (core or core-shell) can be easily synthesized
and have been used in CL systems such as CdTe, CdSe, and CdSe/CdS. Besides, doped QDs
are also used in CL assays because of their catalytic features. The advances of using QDs in
CL not only expand conventional usage of them but also give an opportunity to develop new
nanomaterials.

There are three possible mechanisms that could be explained for the enhancement of CL by
QDs as explained by Frigerio et al. [47]: (i) as emitter species after direct oxidation; direct
oxidation happens when QDs is an only luminescent compound in the system; (ii) as a cata-
lyst of a reaction involving others luminophores; when more than one luminophores exist in
the system, the final emitter is the luminophores due to the catalytic effect of QDs; and (iii)
as emitter species after chemiluminescence resonance energy transfer (CRET); the difference
from catalytic effect, the final emitter is QDs.

Chen et al. have used MPA-capped CdTe QDs in H,0,-HCO, CL system and applied for
the determination of ascorbic acid in serum [125]. The chemical process followed; peroxy-
monocarbonate (HCO,") was formed by reaction of hydrogen peroxide and sodium hydrogen
carbonate. This unstable compound decomposed and caused to form superoxide ion radi-
cal (-O,) and finally singlet oxygen molecules with emission after several chemical steps.
Radical scavenger, ascorbic acid, was used to study the emitting species. The proposed reac-
tion mechanism based on the presence of four emitters: 'O,, (O,),*, (CO,),*, and CdTe* in the
system. Authors also explained that the CL emission intensity depended on sizes of QDs,
bigger nanoparticles decreased CL intensity.

In another work, Khateee et al. [126] used a flow-injection analysis system to investigate
KMnO,-morin sensitized with CdS QDs and applied it to environmental water samples and
pharmaceutical forms for determination of nalidixic acid. In addition, luminescence inten-
sity was enhanced not only by adding r-cysteine—capped CdS QDs but also nalidixic acid.
Possible CL mechanism was based on oxidation of morin and CdS by KMnO, in acidic media.
Moreover, obtained UV-vis and luminescence spectrum showed that transmission of the
energy of excited morin to CdS QDs can occur. According to the spectral knowledge, the addi-
tion of nalidixic acid to KMnO,-morin-CdS QDs system cannot generate new luminophore
species. The final emitter species in the mentioned CL system is exited CdS QDs.

The same group also used a similar QDs system for the baclofen analysis in water samples
and pharmaceutical forms. Various oxidants in basic and acidic aqueous medium were exam-
ined, and the best results were obtained with KMnQO, in acidic media. In addition, Na,S,0,

significantly enhanced the CL intensity of KMnO, r-cysteine—caped CdS QDs, while adding
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of baclofen caused inhibition of intensity. There are two emissions bands observed, attributed
to CdS QDs (at around 520 nm) and exited manganese (at around 725 nm). The process of CL
is that (i) KMnO, oxidizes the 1-cysteine to produce excited L-cysteine, (ii) excited L-cysteine
transforms its energy to CdS QDs, and (iii) excited QDs produce the emission. Furthermore,
the inhibition effect of baclofen was explained by incorporation of baclofen and KMnO,. The
consumption of KMnO, by baclofen leads to decrease in the amount of excited CdS QDs and
then CL emission [127].

QDs can be used in CL system as a catalyst, due to the redox properties of both conduc-
tion and valence bands. Imani-Nabiyyi and Sorouraddin showed that the CL emission was
enhanced by combination of cysteine-capped CdTe QDs and luminol in the presence of KIO,.
The amplified CL was effectively quenched in the presence of naphazoline. According to
spectroscopic and chemical investigations, weak CL emission was observed with the reac-
tion between periodate and luminol in alkaline conditions; however, adding of QDs caused
increasing of the CL emission. Based on these data, this phenomenon was explained by author
that QDs could interact with the reactants catalytically and caused to form reactive oxygen
species which reacts with luminol in order to give emission [128].

3.4. Chemiluminescence resonance energy transfer (CRET)

CRET is a nonradiative transfer of energy between chemiluminescent donors to a fluoro-
phore acceptor. An essential condition is that there should be an overlap between CL emis-
sion spectrum and the absorption spectrum of the fluorescent acceptor. QDs are well-suited
fluorescent acceptors due to their broad excitation spectra. In CRET, QDs are the final emit-
ters, which can be confirmed by the emitted spectra. However, sometimes, it is also possible
that direct oxidation and CRET take place simultaneously; thus with CRET, it is difficult to
define that the excited forms of QDs are formed by a resonance energy transfer process or a
redox process.

The water-soluble MPA-capped CdTe QDs as sensitizers are used for the chemiluminometric
determination of the anti-diabetic drugs gliclazide and glipizide in their pharmaceutical for-
mulations. Both glipizide and gliclazide quenched the CL emission of the Ce(IV)-SO,*-CdTe
QD system, probably due to radical scavenging activity [129].

Golub et al. demonstrated CRET system for highly sensitive detection of DNA by the labeling
of the probe-analyte complex with a hemin/G-quadruplex nanostructure [130]. The emission
of CdS QDs was observed by stimulation with hemin/G-quadruplex-catalyzed luminol-H,O,
system. The detection limit for DNA is 2 nmol L™.

Similar nanostructure was modified with glucose oxidase and conjugated to CdSe/ZnS QDs
for the CL detection of glucose. The glucose oxidase catalyzed the oxidation of glucose to
compose gluconic acid and H,O,. Then, in the presence of luminol catalyzed by hemin/G-
quadruplex generated strong CL, which initiated a CRET process to the CdSe/ZnS QDs.
Quantitative determination of glucose can be realized from the luminescence intensity of the
QDs. The detection limit of glucose was calculated to 5 mmol L™ [131].
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3.5. Phosphorescence

Phosphorescence is the radiative transition from the lowest excited triplet state, T, to the
(singlet) ground state, S;. On the contrary to fluorescence (singlet-singlet transition), phos-
phorescence is a spin-forbidden process [100]. In order to obtain phosphorescence, the
phosphorophore is excited by electromagnetic radiation of the appropriate wavelength. If S
energy levels and T energy levels are close, some of the excited molecules can drop into the
T state through an intersystem crossing. The intersystem crossing quantum efficiency can
be enhanced by different approaches such as cryogenic conditions, micelle, and heavy atom
effect. Phosphorescence techniques have advantages over the fluorescence methods such as
selectivity, sensitivity, longer emission lifetime, and a wider gap between excitation and emis-
sion spectra. The longer lifetime of the triplet excited state allows using an appropriate delay
time so that possible spectral interferences coming from system and light scattering can be
avoided [132].

The optical, electrical, and magnetic character of QDs can be modified by using different
types of dopants. Compared with traditional QDs such as CdSe, ZnS is a more attractive
host nanoparticle for doping to form new type of QDs. Doping Mn?** into ZnS QDs provides
unique phosphorescence properties. Mn-doped ZnS QDs exhibit phosphorescence emission,
which is produced by the energy transfer from the band gap of ZnS to Mn* dopant and the
subsequent transition from the triplet state to the ground state of the Mn? involved in the
ZnS host lattice [133]. Similar to fluorescent methods, mechanism of the system is quenching
of phosphorescence emission of QDs. Adding quencher to QDs solution causes decrease of
phosphorescence intensity due to adsorption onto the surface of QDs. When added, ana-
lyte interacts with the quencher, the new complex molecule is formed, and phosphorescence
intensity is recovered due to removal of quencher from the surface. This type of QDs has
been used in the phosphorescent sensing of drugs and biomolecules without any sample
pretreatment [12].

General synthesis process of Mn-doped ZnS was explained by He et al. [134]. Briefly, capping
agent such as 1-cysteine and MPA, ZnSO,, and MnCl, were added to a flask. pH of the mix-
ture was adjusted to 11 with NaOH. Then, after air was removed with argon purging at room
temperature, Na,S was quickly added to the solution. The mixture was stirred, and then, the
solution was aged at 50°C under open air to form capped Mn-doped ZnS QDs. The heating
step is vital for synthesis. For example, the phosphorescence spectrum of L-cysteine-capped
Mn-doped ZnS QDs exhibited a maximum phosphorescence emission peak at 590 nm when
excited at 290 nm. This peak was not observed without the aging step; however, after aging
step, the peak appeared [39].

He et al. report Mn-doped ZnS QDs for the RTP detection of enoxacin in biological fluids. The
fluorescence spectra of the Mn-doped ZnS QDs show two emission bands, at 435 and 590 nm,
while the phosphorescence spectra exhibit only a single-emission peak at 590 nm. The emis-
sion at 590 nm presents typical characteristics of an RTP and shows a long decay time of 2 ms
because of intersystem crossing. Reported Mn-doped ZnS QDs-based RTP method was not
need the using of oxygen scavenger and other inducers and allowed the detection of enoxacin
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in biological fluids without interference from autofluorescence and the scattering light of the
matrix [134].

In phosphorescence study, not only uncapped but also capped QDs are used. For this purpose,
widely used capping agents are MPA and 1-cysteine. For example, MPA-capped Mn-doped
ZnS QDs/CTAB nanohybrids were prepared through electrostatic self-assembly and applied
to detection of rutin [135]. Cetyltrimethyl ammonium bromide (CTAB) is a cationic surfactant
and has high stability to chemicals, heat, light, pressure, and pH; therefore, CTAB-based nano-
hybrid also shows highly stable features. Besides, adding of CTAB to QDs causes enhancement
of phosphorescence intensity. Quantitative determination of rutin was done by using of linear-
ity of RTP quenching value of QDs and rutin concentration.

N-acetyl-1-cysteine (NAC) and r-cysteine-capped Mn-doped ZnS QDs (NAC-Mn/ZnS QDs
and L-cysteine-Mn/ZnS QDs) were prepared by hydrothermal methods and used for deter-
mination of r-ascorbic in the human serum sample. The characterization of QDs was made
by TEM. Both NAC and r-cysteine-capped QDs were of spherical shape with size 8-10 nm.
FT-IR spectra of NAC-capped QDs showed that the band of sulfhydryl group disappeared,
and the band of carboxyl group was shifted. When it comes to L-cysteine spectra, their S—H
vibration band disappeared. These results indicated that NAC and r-cysteine capped the QDs
successfully. The proposed method was selective and sensitive. The Stern-Volmer plot and
phosphorescence decay of nanohybrid QDs indicated the dynamic quenching mechanism

[136].

Similar QDs system was applied to the investigation of the interaction of anticancer drug
and DNA. Herein, L-cysteine capped Mn-doped ZnS QDs/idarubicin (IDA) nanohybrid was
used as a phosphorescent probe. IDA was adsorbed on the surface of Mn-doped ZnS QDs
and quenched of phosphorescence signal. With the addition of ds-DNA, IDA interacts with
DNA, desorbed from the surface of the QDs, and the phosphorescence signal is increased.
The quenching mechanism of phosphorescence of QDs by IDA was a combined dynamic and
static quenching [12].

Same mechanism was used to investigate anticancer drug sanguinarine and DNA interaction
[53]. Sanguinarine can adsorb on the surface of Mn-doped QDs and quench the phosphores-
cence emission. When the G-quadruplex-sanguinarine complex formed, the phosphorescence
intensities of the QDs sensors would be restored.

The macromolecules such as DNA and ATP are also used for capping agents. An ultrasonic-
assisted approach was developed for the synthesis of adenosine triphosphate (ATP)-capped
Mn-doped ZnS QDs. The prepared QDs were combined Mg*-ATP-arginine ternary system
and used a phosphorescent probe to detect arginine and methylated arginine [137]. The
supramolecular interactions of Mg* and arginine with ATP have been investigated. Arginine
and Mg** acted as a cofactor, interacted specifically, and catalyzed the hydrolysis of ATP. The
binding of ATP-capped Mn-doped ZnS QDs to arginine in the presence of Mg* caused to
quenching of the phosphorescence intensity of the QDs, which allowed detection of arginine
with a detection limit of 0.23 mM.
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Phosphorescent QDs have been used as a probe in numerous bioanalysis such as for nucleic
acid or protein detection. Gong et al. developed riboflavin (RF)-modulated MPA-capped
Mn-doped ZnS QDs and utilized as RTP sensor for DNA detection. As an electron acceptor, RF
could quench the RTP emission of QDs via photo-induced electron transfer (PIET) and form
Mn-doped ZnS QDs/RF nanohybrids by electrostatic attraction. RF also effectively interacted
with DNA in groove-binding mode. In Mn-doped ZnS QDs/RF nanohybrids system, adding
of DNA to medium caused the removal of RF from the surface of QDs due to interaction with
DNA double helix. Therefore, releasing the RTP of Mn-doped ZnS QDs was observed. The
degree of recovery of Mn-doped ZnS QDs depended on DNA concentration. The developed
QD-based RTP sensor acted in a turn-on mode and offered high sensitivity to DNA [138].

Another study for detecting DNA is based on self-assembly of nanohybrids from octa(3-ami-
nopropyl) octasilsequioxane octahydrochloride (OA-POSS) and MPA-capped Mn-doped ZnS
QDs (MPA-1) [139]. OA-POSS has eight quaternary ammonium groups on each corner and
acts as cubic linkers between MPA-1 through electrostatic interaction. MPA-1 and OA-POSS
form spherical nanohybrids (1/OA-POSS) in aqueous solution with these linkers. DNA pos-
sesses negative charge in phosphate groups and competes with MPA-1 for forming complexes
with OA-POSS. This competition led to the decrease of the emission intensity of 1/OAPOSS
nanohybrids and allows developing a method for quantitative determination of DNA.

4. Conclusions

A pervasive trend in the pharmaceutical and biomedical analysis is the development of ultra-
sensitive and high-throughput technologies for the rapid detection and quantification of
drugs, proteins, and nucleic acid. QDs have an important role in this field. QDs have unique
structural and surface properties such as stability, tunable size, wide spectrum band, and large
surface-to-volume ratio that have enabled a new avenue of research to be opened. QD-based
nanotechnology will be constantly expanding its applications due to their continued develop-
ment of specialized nanoparticles. Chemical-surface modifications of the QDs allow enhancing
the selectivity of the systems and to profit from their favorable emission features. Moreover,
different approaches such as the combination of the nanoparticles with energy-transfer pro-
cesses and phosphorescence detection are helping to open new research areas. These intel-
ligent, multifunctional, low-toxic or nontoxic nanoparticles are achievements for the future.
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