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Abstract

Quantum dots (QDs) are a special type of engineered nanomaterials with outstand-
ing optoelectronic properties that make them as a very promising alternative to con-
ventional luminescent dyes in biomedical applications, including biomolecule (BM)
targeting, luminescence imaging and drug delivery. A key parameter to ensure suc-
cessful biomedical applications of QDs is the appropriate surface modification, i.e.
the surface of the nanomaterials should be modified with the appropriate functional
groups to ensure stability in aqueous solutions and it should be conjugated with rec-
ognition elements capable of ensuring an efficient tagging of the BMs of interest. In
this review we summarize the most relevant strategies used for surface modification
of QDs and for their conjugation to BMs in preparation of their application in nano-
platforms for luminescent BM sensing and imaging-guided targeting. The applica-
tions of conjugations of photoluminescent QDs with different BMs in both in vitro
and in vivo chemical sensing, immunoassays or luminescence imaging are reviewed.
Recent progress in the application of functionalized QDs in ultrasensitive detec-
tion in bioanalysis, diagnostics and imaging strategies are reported. Finally, some
key future research goals in the progress of bioconjugation of QDs for diagnosis are
identified, including novel synthetic approaches, the need for exhaustive characteri-
zation of bioconjugates and the design of signal amplification schemes.
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1 Introduction

Nanotechnology encompasses the fabrication, characterization, manipulation
and application of materials that have at least one dimension within the range
1-100 nm. When the size of the material is below this threshold, the material
behaves differently from the same material with macroscopic dimensions due to
the quantum confinement of the electrons when the dimensions are smaller than
the Bohr radius, giving rise to unique and extraordinary physicochemical proper-
ties [1].

Nanomaterials can be classified according to different criteria, with the most
frequent criterion based on the dimensions of the nanomaterial. Three-dimen-
sional (3-D) nanomaterials are those with three dimensions larger than the
nanometer scale, but which are composed of individual building blocks that are
within the nanometer scale range, such as nanocomposites. Two-dimensional
(2-D) nanomaterials are those that present one dimension in the nanometer scale
and include, for example, thin films or nanocoatings. One-dimensional (1-D)
nanomaterials possess two dimensions within the range of 1-100 nm and only
one dimension larger than the nanometer scale; these nanomaterials include,
among others, nanotubes, nanorods and nanowires. Finally, zero-dimensional
(0-D) nanomaterials are those with three dimensions within the range 1-100 nm,
including nanoparticles (NPs) such as metal NPs, semiconductor quantum dots
(QDs), and carbon-based QDs (CQDs) [2].

The development of novel nanomaterials has gained increasing interest in
recent decades due to their fascinating physicochemical properties, which have a
a great potential for application in different research areas and industries, such as
(bio)analytical chemistry [3, 4], water treatment systems [5], catalysis, electroca-
talysis [6-9], cancer treatment [10], energy storage devices [11], among others.
Although little information is currently available on the production of QDs, it
was possible to estimate worldwide and Europe-wide production and use of ten
different nanomaterials, including QDs, from a 2012 survey sent to companies
producing and using engineered nanomaterials, with the results indicating that
the estimated production of QDs was about 10 t/year or lower [12].

Inorganic semiconductor nanocrystals, or QDs, have demonstrated a range of
unique optoelectronic properties and represent novel, attractive options in many
biomedical applications [13—16]. For example, QDs have been widely employed
for fluorescence sensing and bioimaging due to their exceptional photolumines-
cent characteristics, including the capability to tune the emission wavelength
just by controlling the size of the NP. Although conventional organic fluorescent
molecules are widely used in bioimaging applications, QDs are superior lumines-
cence tags in terms of their photophysical properties, namely, QDs have broad
excitation spectra and narrow and sharp emission spectra and large Stokes shifts
(> 100 nm). Such optoelectronic properties are of great value in multiplexed
applications [17, 18] as by using a single light source it is possible to simulta-
neously excite multiple QDs of different sizes (multiple emission peaks). Addi-
tionally, QDs have very high molar adsorption coefficients, as well as higher
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quantum yields than organic fluorophores. Consequently, fluorescent NPs are
nearly 20-fold brighter and many thousand-fold more stable against photobleach-
ing than conventional organic dyes [19, 20]. Such exceptional optical behavior
justifies the rapid emergence of QDs as valuable photoluminescent probes in
many analytical applications.

In particular, the use of NPs for diagnostic purposes is increasing exponentially
due to their highly valuable optoelectronic properties and small size. Additionally,
recent advances in such areas as surface modification and functionalization have
given rise to the improved colloidal stability of NPs in complex media and biologi-
cal buffers and biocompatibility, while allowing the NPs to bond to recognition ele-
ments [21]. In this context, especially relevant are the developments in the synthesis
of NPs with interesting optical properties that overcome the limitations of traditional
organic dyes, including the synthesis of gold NPs (AuNPs), semiconductor QDs,
gold nanoclusters, silver nanoclusters, rare-earth-based NPs, carbon dots and dye-
loaded NPs [22].

However, despite the exceptional properties demonstrated by QDs developed to
date, their applications in clinical analysis, especially during the first decades of
development, can still be considered to be somehow limited, in part due to their
low targeting efficiency and eventual high toxicity, both of which could hinder their
application in in vivo imaging. These limitations underlie the many research efforts
to develop QDs exhibiting low biological toxicity (e.g. those based on an Ag,S core)
[23]. Additionally, in the absence of any molecular moiety being attached to the NP
surface, QDs generally show nonselective distribution acros different organisms,
thus failing to satisfy the minimum requirements for appropriate molecular imaging.
Clearly, the development of QD-based nanoprobes requires a previous surface func-
tionalization of the NPs to facilitate the various approaches used in targeting-guided
imaging techniques. In addition, to ensure the required biocompatibility of the nano-
probes to be used in in vivo imaging or sensing, an appropriate surface functionali-
zation of the NPs is required.

The aim of this review is to highlight advances in the use of QDs in diagnostic
applications. In the following sections, we first introduce and briefly describe the
main types of QDs used in bioanalysis. This is followed by a section that focuses
on the strategies of solubilization and stabilization of QDs in aqueous solutions
under physiological conditions and then by a section in which approaches used for
the functionalization of QDs with biological molecules are summarized. The func-
tionalization of QDs is a key aspect of their use and a requirement before they can
be employed for the detection of analytes in biological matrices. Thereafter, we
describe some of the most relevant applications of QD bioconjugates in the opti-
cal imaging of biomarkers, including a review of the in vitro applications of QDs
in medicine in which different detection schemes based on the bioconjugation of
QDs to antibodies, aptamers, peptides or other types of recognition elements. In
this context, we provide an overview of recent advances in the development of low-
cost, portable and easy-to-use QD-based biosensing devices for clinical applications
(point-of-care). The final section discusses future prospects with the intention to
indicate the direction that research on the use of QDs in diagnostic applications is
heading.
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2 QDs: Nature and Types

Despite the many problems encountered in the initial attempts to synthesize col-
loidal fluorescent semiconductor NPs, such as lack of reproducibility and reduced
optical quality, important advances have been achieved in this field. In pioneer stud-
ies on the routine preparation of colloidal QDs, the core of the QDs was usually
capped with an organic layer that coordinates with core-metal sites and stabilizes
the QD surface, thereby preventing an irreversible flocculation (aggregation) of the
nanocrystals [24]. Unfortunately, these protective ligands are also hydrophobic, and
thus nanocrystals capped with such coatings are not compatible with bioanalyti-
cal assay conditions. Consequently, the QD surface should be further modified by
attaching the appropriate hydrophilic functional groups to allow dispersion of the
QDs in aqueous solutions while maintaining their high photoluminescence quantum
yield.

Although fluorescence emission is the most exploited property of QDs, doping
the core of the nanocrystals with transition elements has been a strategy adopted
to provide the QDs with new improved multimodal characteristics for biomedical
applications. Additionally, during recent years, many research groups have tried
to overcome the problem of eventual cytotoxicity of the more conventional heavy-
metal based QDs. Approaches based on carbon-based nanomaterials are one of the
most promising strategies. In this section, we briefly review the nature and charac-
teristics of QDs typically used in clinical and biomedical applications.

2.1 Semiconductor QDs

Quantum dots are spherical semiconductor photoluminescent NPs with a diameter
ranging between 2 and 10 nm. Since the dimensions of the NP are smaller than the
Bohr radius, the energy levels are quantized. As a consequence, the optoelectronic
properties of QDs depend on their size due to quantum confinement effects and dif-
fer from the properties observed for the same bulk material [25]. In fact, due to the
quantized energy levels, QDs generate an intense emission of photoluminescence:
when the semiconductor QD is irradiated with a light source, the absorption causes
an electron to move from the lower energy valence band to a higher energy conduc-
tion band, following which an electron—hole pair is generated, and its recombination
gives rise to the emission of intense photoluminescence. Other optical features that
make QDs very appealing for use in analytical applications include broad absorption
spectra, narrow and symmetric emission bands that can be tuned by changing the
composition and size of the NP (see Fig. 1), large Stoke shifts and high photostabil-
ity [26, 27].

The energy band gap decreases with increases in QD diameter, and as a result
the emission wavelength shifts to longer wavelengths. Hence, for QDs with the
same composition, the emission can be tuned by just modifying the size of the
NP (referred to as size-dependent emission). In addition, the QD can be syn-
thesized with different semiconductors, such as CdS, CdSe, CdTe, ZnS, ZnSe,
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Fig.1 Size-tuneable fluorescence spectra of CdSe quantum dots (QDs) of different diameter sizes.
Bottom bar shows images of the colloidal suspensions of the differently sized QDs under UV light.
Reprinted from Fernandez-Argiielles et al. [28], copyright 2010, with permission from Wiley

PbS, InP, among others, all of which also affect their spectral properties. Such
features of QDs are very attractive because emission in a wide range of spectra,
from the ultraviolet (UV) up to the near-infrared (NIR), can be obtained by sim-
pley changing the composition and size of the QD. Additionally, all QDs gener-
ate broad absorption bands, meaning that a single excitation source can be used
to efficiently excite QDs with different emission wavelengths, a characteristic
which, in addition to their high luminescent quantum yields and long photostabil-
ity (e.g.: CdS/ZnS QDs are nearly 20-fold brighter and 100-fold more stable than
the widely used Rhodamine 6G [19]), is of great interest in multianalyte detection
[16, 29].

The synthesis of semiconductor QDs can be performed in both organic hydro-
phobic solvent and aqueous media, although the synthetic routes that generate
QDs with the best optoelectronic properties are those carried out in nonpolar sol-
vents and using hydrophobic ligands. As a result, while the QDs obtained through
these routes present outstanding photoluminescent properties, they tend to aggre-
gate and precipitate in aqueous solutions. This renders it necessary to modify
their surface with molecules that present hydrophilic groups oriented towards the
medium, a configuration which bestows the QDs with good colloidal stability in
aqueous media. The most common strategies to transfer QDs from hydrophobic
organic media to aqueous solution are summarized in section Stabilization Strate-
gies for QDs in Aqueous Media.
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2.2 Metal-Doped QDs

In recent years, advances made in the rational design of nanomaterials have con-
tributed to the development of hybrid NPs that combine the interesting size- and
shape-dependent properties of semiconductor QDs with a long-lived phospho-
rescence-type emission. In this context, the incorporation of suitable atoms or
ions into host lattices has generated a novel type of QDs that are very promising
for use in bioanalytical applications [30]. ZnS, ZnO, ZnSe, CdS and CdSe QDs
can be used as host lattices into which other transition-metal and lanthanide ions,
including Mn**, Cu*, Co**, Ni?*, Ag™, Pb**, Cr’*, Eu**, Tb*", Sm** and Er’*,
are incorporated as dopant agents, giving rise to luminescent QDs with novel
properties [31]. Consequently, host lattices such as as ZnS and ZnO are being
widely studied because, first, they do not contain toxic metals and thus potentially
have a lower toxicity and, second, they are characterized by a larger energy band
gap, which allows the incorporation of more doping agents, which is very attrac-
tive in terms of developing dual-doped QDs [32, 33]. The introduction of the
dopant typically increases the photoluminescence lifetime of the QD (see Fig. 2),
producing a phosphorescence-like emission that overcomes the limitations of
fluorescent NPs or dyes due to the removal of the fluorescence background com-
monly found in biosensing and bioimaging applications [14].

Most of the synthetic routes described to incorporate the doping agent into
the host structure are based on wet chemistry procedures carried out in organic
media, typically under high temperatures, or in aqueous media, through precipi-
tation or microemulsion methods in order to control the size and shape of the

nanocrystal as well as obtain a homogeneous distribution of the dopant in the
host matrix.
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Fig. 2 a Excitation and emission spectra of colloidal Mn:ZnS QDs (solid line) and of colloidal ZnS QDs
(broken line), b decay curve of luminescence emission of colloidal Mn:ZnS QDs with a first lifetime
component in the range of 0.3 ms and a second longer lifetime component of around 2.1 ms Reprinted
from [34], copyright 2012, with permission from Elsevier
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2.3 Carbon-Based QDs (C-dots)

Inorganic semiconductor QDs have been intensely evaluated as luminescent nano-
materials for bioanalytical applications, but carbon-based NPs, such as CQDs and
graphene QDs (GQDs), have also drawn attention as attractive alternatives due to
their high photoluminescence quantum yields, low photobleaching effects, high
biocompatibility and low toxicity, while avoiding the use of heavy metals com-
monly found in semiconductor QDs [35]. Additionally, carbon-based NPs pos-
sess an exceptional colloidal stability in aqueous media as a consequence of their
small size, since Brownian motion provides sufficient energy to inhibit aggrega-
tion between them [36, 37].

The most remarkable property of CQDs is most likely their excitation wave-
length-dependent fluorescence emission (see Fig. 3), which makes them excel-
lent alternative NPs for optical imaging applications [38]. The principle of such
characteristic emission is not fully understood, and the origin of the fluorescence
emission of CQDs remains a topic of heated discussion. In this context, CQDs
obtained through different synthetic routes or using different precursors present
different optical behaviors, suggesting that CQDs are quite complex. In fact, the
scientific community has yet to agree on an explanation of the optical properties
of CQDs, which have been variously attributed to surface state emission, intrin-
sic band emission, triple ground state emission, dipole emission involving elec-
tron—phonon coupling, transition from surface electrons to valence holes, self-
trapped excitons and even to the presence of small organic molecules [39, 40].

The synthesis of CQDs has typically employed graphite as the carbon source,
and a surface passivation of the CQDs is frequently necessary in order to obtain
better fluorescence properties. However, green methods for the synthesis of CQDs
based on the use of natural precursors are gaining in importance, as in addition
to these synthesis methods being cost effective and environmentally friendly, the
CQDs obtained do not require any surface modification, present high photolumi-
nescence and have excellent stability in aqueous media [41].
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Fig.3 Emission spectra of black pepper carbon QDs (CQDs) under different excitation wavelengths. a
excitation wavelength from 290 to 390 nm, b excitation wavelength from 390 to 600 nm. Reprinted with
permission from Vasimalai et al. [39], copyright 2018 Beilstein-Institut
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The potential of CQDs for use in diagnostic applications has increased recently
with the metal doping of NPs with N and lanthanides (e.g. Gd and Yb), resulting
in co-doped nanomaterials exhibiting not only strong fluorescence but also high
constrast capabilities in magnetic resonance imaging (MRI) and computed tomog-
raphy (CT) [42]. This simple approach has enabled the design of multimodal QDs
for bioimaging applications. However, studies on the surface modification of these
co-doped NPs with appropriate recognition biomolecules (BMs) for targeted bioim-
aging are still needed.

3 Stabilization Strategies for QDs in Aqueous Media

As mentioned in a previous section, conventional high-quality fluorescent QDs are
commonly synthesized in organic solvents at high temperature. However, the QDs
must be made water-compatible (stable in aqueous and biological media so that they
maintain their optoelectronic properties) if the intenstion is to use them in bioana-
lytical applications. To this end, surface modification of the QDs after synthesis is
a must; as well, QDs should have functional groups available on their surface for
further bioconjugation to BMs.

The appropriate QD surface passivation also can solve some of the problems typ-
ically affecting these NPs. First, crystalline NPs can easily form surface defects that
quench the fluorescence properties of naked QDs [43]. Second, naked QDs can suf-
fer from surface oxidation, photochemical degradation and/or the leaching of metal
ions from the NP core after exposure to ionic or biological media, which affects
their optoelectronic properties and produces undesirable cytotoxicity [44]. Thus,
modification of the QD surface with the appropriate ligands is essential not only to
stabilize the NPs in physiological media (particularly important if they are going
to be used in clinical applications) but also to reduce nanocrystal surface defects,
thereby minimizing QD reactivity and toxicity. Moreover, despite the significant
progress achieved in the synthesis of QDs, biological uses of QDs require that such
NPs be modified into biocompatible probes. In this context, the availability of robust
and versatile NP surface chemistries are invaluable strategies to achieve stabilization
of the QDs in biological buffers while preserving their original photophysical prop-
erties and providing adequate reactive groups for further bioconjugations. The three
main strategies employed for hydrophilization of QDs (based on the attachment of
polar functional groups to the surface of the QD) are summarized in Fig. 4.

As shown in Fig. 4, a universal and simple approach is based on ligand exchange
of the original hydrophobic coating of the QDs (e.g. trioctylphosphine oxide
[TOPO] chains). In this method, the original coating is removed and replaced with
bifunctional molecules that often bind to the QD surface (e.g. through a thiol end)
and which have a hydrophilic functional group on the other end (such as carboxyl or
sulfonic acids) that provides the required NP solubility in aqueous and polar media
and is also available for further bioconjugation [19]. Bidentate ligands, such as dithi-
othreitol (DTT) or dihydrolipoic acid (DHLA), as well as oligomeric phosphines,
peptides and crosslinked dendrons are widely used to obtain QDs that are stable in
an aqueous environment [45].
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Fig.4 The three QD phase-transfer approaches commonly used for aqueous stabilization of bare nano-
particles (NPs): the ligand or cap exchange process; bonding of amphiphilic polymers and phospholipids
to hydrophobic groups on the surface of the QDs; and surface silanization of the core NP. Reprinted from
Karakoti et al. [46], copyright 2015, with permission from Elsevier

Another method commonly used to achieve QD stability in an aqueous envi-
ronment is based on the well-known silica chemistry used for inorganic encapsu-
lation of the hydrophilic structures (e.g. surface silanization) of the QDs through
the generation of a silica shell around the NP surface [46]. This is a very attractive
approach to achieve water stabilization of QDs as the silica surface is non-toxic,
chemically inert and optically transparent. In this method, typically a precursor mol-
ecule, such as mercaptopropyltrimethoxysilane (MPTMOS), is added to the QDs
(which replaces the hydrophobic surface chains of the QD). The thiol groups of the
MPTMOS react with the inorganic surface of the QD, and the methoxysilane groups
polymerize through the formation of siloxane bonds, thus generating a highly cross-
linked protective shell around the QD. An additional advantage of this approach
is that silica exhibits a high degree of biocompatibility, and it is a simple process
to functionalize its surface with appropriate (bio)analyte recognition BMs. Conse-
quently, QDs encapsulated in a silica layer are highly suitable for further bioanalyti-
cal applications [47].

The third common approach to achieve water stabilization of QDs is to trans-
fer the nonpolar QDs into an aqueous media combined with the use of amphiph-
ilic polymers. Here, the hydrophobic shell of QDs (e.g. TOP [trioctylphosphine]/
TOPO) interacts with the hydrophobic alkyl chains of the amphiphilic polymeric
structures through hydrophobic or electronic interactions. The hydrophilic groups
of the amphiphilic polymer used will then remain oriented to the external part of the
QD surface, thereby providing the required water stability [48]. A large number of
amphiphilic copolymers are available for use in this approach, such as polymaleic
anhydride [49]) and polyelectrolytes (poly-acrylamide [50], or biopolymers such
as DNA [51]). Application of a polyethylene glycol (PEG)-based coating to QDs is
another alternative often used to provide stability and biocompatibility to the NPs,
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although QDs coated with PEG spacers have reduced nonspecific protein binding,
which may often limit the applicability of these NPs in bioanalytical methodolo-
gies. For such uses, PEG molecules should be previously activated with appropriate
functional groups (e.g. amine, thiols or carboxyls) to provide hydrophilic bridges
between the QD surface and the PEG chains [52].

A variant of this third stabilization approach consists of the encapsulation of the
hydrophobic QDs in appropriate hydrophilic vehicles, such as liposomes [53]. The
hollow spherical structure of liposomes and the high loading capacity makes them
attractive carriers for hydrophobic QDs. Moreover, the surface of liposomes can
be easily modified with the appropriate functional groups so as to allow a simple
further bioconjugation with proteins, thereby minimizing nonspecific interactions
of water-soluble and water-insoluble QDs with surface material and amplifying the
analytical signal due to the possibility to incorporate several QDs in a single nanoli-
posome. In this context, a signal amplification platform based on the measurement
of fluorescence from QDs encapsulated in liposomes has been recently proposed for
the highly sensitive detection of human telomerase activity [54]. In the approach
described, similar to a typical hybridization bioassay, biotinylated liposomes con-
taining the QDs were recognized by a capture probe conjugated with streptavidin.
In a final step, the QD-encapsulated liposomes were disrupted by the controlled
addition of Triton X-100, and the fluorescence intensity of the released QDs was
measured to detect telomerase activity [54]. Liposomes containing hydrophobic
QDs have also been employed for tumor imaging applications through the specific
recognition of aptamers conjugated to the surface of the liposomes (see Fig. 5) [55].

However, a significant drawback of liposomes is their low stability when entering
in vivo media. Additionally, QDs stabilized by this approach have a substantially
increased hydrodynamic diameter, which could limit their application in bioimaging
and targeting procedures.

It must also be taken into account that the procedure selected for hydrophilization
of the QDs likely affects their suitability in subsequent bioconjugation and future
bioanalytical applications. For example, some approaches can significantly increase
the hydrodynamic ratios of the NPs, which in turn can lead to non-specific binding
or reduced accessibility to some targets. In this context, ligand exchange provides
QDs with a small hydrodynamic diameter but also with lower photoluminescence
quantum yields, while encapsulation results in larger nanoprobes sizes with higher
quantum yields [56].

4 QD Bioconjugation Strategies

One of the main challenge to the use of QDs in biomedical applications can be con-
sidered to be the generation of robust bonding between the appropriate target rec-
ognition molecule and the surface of the NP, as this bonding will be a key param-
eter affecting the direct application of the QDs in biological media. In this section,
we summarize some of the most relevant physicochemical processes used to attach
BMs to the QD surface, a process referred to as bioconjugation.
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Fig.5 a Schematic illustration of the synthesis of aptamer-conjugated liposomes containing QDs and an
aptamer (Ap?-QLs) against the epidermal growth factor receptor. b Liposomes containing QDs were visu-
alized by transmission electron microscopy. ¢ Fluorescence emission was verified (excitation wavelength
[Aex] 550 nm, emission wavelength [4.,,] 620 nm). d Dynamic light scattering revealed generation of
165-nm-diameter liposomes. Reprinted from Kim et al. [55]

All NPs have a very high surface-to-volume ratio; consequently, the role of the
NP surface is of paramount importance [57]. The properties of the NP surface are
determined not only by their own chemical nature, but also by the layer of cap-
ping molecules, referred to as ligands because they bind to the QD surface metals
in a similar way as ligands do to the central atom in the metal complexes. Thus,
ligands “stop particles aggregating, resist nonspecific adsorption of surrounding
molecules, and provide a conjugation point for functional biomolecules” [58].
The synthetic method utilized to prepare QDs determines not only the size, shape
and chemical nature of the QDs, but also the ligands that cap their surface. In
fact, these ligands are chosen mainly because they have to control the size, shape
and polydispersity of the QDs during the synthesis and to maintain their homoge-
neous dispersion in the solvent post synthesis. Ligand exchange reactions extend
the versatility of QD material.
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The main elements of the bioconjugation process requiring attention have been
described in a comprehensive article written by Sapsford et al. [56] and comprise:

(1) Control over the BM/QD ratio. The desirable ratio varies with the type of the
application. It should be noted that QDs are usually larger than BMs, with the
possible exception of some large proteins. It should also be noted that the reac-
tions are interfacial in nature and that such interfaces inherently polydisperse
across a population of QDs

(2) Control over the orientation of the BM on the QD. Optimal activity of both the
QD and the BM should be maintained.

(3) Control over the separation between QD and BM. This point is crucial if the
platform QD—BM is to be used in a Forster resonance energy transfer (FRET)
experiment [59]

(4) Control over the strength of the QD-BM bond. Most clinical or in vivo experi-
ments require permanent and, therefore, strong linkage.

Many different approaches can be used to immobilize BMs onto the QD surface,
with the simplest method to link a BM to a QD surface being adsorption. How-
ever, in adsorption, the attachment of a BM is rather tenuous and maintained by
weak interactions only, such as hydrogen bonding, London dispersion and Coulom-
bic forces and lone-pair electrons [60]. As an example, the proteins present in the
human body tend to bind nonspecifically onto the surface of QDs, a process which is
to be avoided. A closely related approach is based on pure electrostatic interactions
between the BM and the QD [61]. However, while this method of functionaliza-
tion is generally straightforward and fast, electrostatic interaction, similar to simple
adsorption, suffers from serious disadvantages, including instability, lack of orienta-
tion control on the BM and on the BM/QD ratio [62, 63]. Therefore, the most com-
mon routes to achieve bioconjugation consist of the four shown in Fig. 6 [56].

4.1 Direct Union of BMs

BMs can be joined to a semiconductor QD surface through the direct covalent union
of the BMs to the surface of the QD semiconductor (route 1 in Fig. 6). Thus, pro-
teins, peptides and nucleic acids can be bonded to the QD surface metal atoms (espe-
cially Zn) through their (cysteine) thiol and (histidine) imidazole groups [56]. Thiol
and histidine motifs could eventually be added to the “natural” BMs and, occasion-
ally, thiol groups are created, reducing peripheral S—S bonds. Occasionally, BMs are
bonded directly to the QD in the synthesis processes (biological templating) [56].

4.2 BMs Bonded to a Ligand

A more general method to join BMs to a QD surface is to bind covalently the BM
to a ligand that has been previously attached to the QD surface (route 2 in Fig. 6). It
should be pointed out that GQDs usually contain carboxyl, hydroxyl, carbonyl and
epoxide external groups [64] and that carbon-based QDs (CQDs) can be synthesized
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Fig.6 The four main routes to join a biomolecule (BM) to a semiconductor QD surface. (1) Through a
direct covalent bond, (2) through a covalent bond between the BM and a ligand (L) that was previously
anchored onto the QD surface, (3) covalent binding of the BM to a terminal functional group integrated
in an encapsulating shell; (4) taking advantage of the specific union biotin/streptavidin

to have selectively carboxylic, amine or other groups in their surface [65]. On the
contrary, native semiconductor QDs, with some exceptions being those prepared in
water [66, 67], do not have the appropriate ligands able to be robustly bonded to a
BM. However, this is not a problem because, as seen in the preceding section, the
original ligands can be replaced by others. The new ligands could be monodentate
or bidentate simple molecules, such as 3-mercaptopropionic acid (MPA) or dihy-
drolipoic acid (DHLA), respectively [68], that are attachable to the QD surface
through the thiol group(s) and which possess a free terminal carboxylic group to join
the BM. However, the new ligands are usually complex molecules with an anchor-
ing group(s) (e.g. polythiol), a spacer chain (frequently a hydrophilic segment) and
a terminal functional group (carboxylic or amine groups among others) [69]. Very
often, the spacer chain is PEG, that is the whole ligand is a bifunctional PEG mol-
ecule [67] because PEG is biocompatible and highly soluble in water and stabilizes
QDs against aggregation.

4.3 BMs Bonded to an Encapsulating Shell

The native ligand exchange method is associated with a number of problems, such
as a relatively weaker bond between the thiol group and the metal of the QD surface,
reduced photoluminescent quantum yield, among others [61, 63]. An alternative is
the encapsulation of the QDs (route 3 in Fig. 6), either with a layer of amorphous
silica or with a copolymer.

The formation of a silica outer sphere (silanization) increases the solubility and
stability of the QDs and retains most of the emission properties [63]. A variety of
silanization processes have been described [63, 67, 70, 71]. In general, all are labori-
ous and require several steps [63], including bonding of the silica layer onto the QD
surface through an anchoring group. The most commonly used anchoring groups are
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thiol or amino groups (A in Fig. 7a). The silica layer which also possess functional
groups at the periphery, such as thiol and amino, among others (F in Fig. 7a).

The encapsulation of a semiconductor QD with an amphiphilic copolymer is pos-
sible due to the ability of the latter’s long hydrophobic tails to interact and inter-
digitate with the pristine QD ligands (such as TOP, TOPO, hexadecylamine, stearic
acid, etc.) [67], thereby leaving the hydrophilic and functionalized segments in con-
tact with the water molecules of the solvent [61, 63, 70]. Although the copolymers
of maleic anhydride or acrylic acid are the most popular [61, 63, 70, 72, 73], there
are many others (e.g. phospholipid—-PEG copolymers, which possess a terminal
functional group [74]) (see Fig. 7b).

Some authors consider the envelopment of several QDs inside a polyethylenimine
coat [75] or inside the bilayer of a liposome [76, 77], as specific cases of QD encap-
sulation. Although these examples are not strictly comparable to those described
in Fig. 7, in which every QD is singularly encapsulated, there is certainly some
similarity.

4.4 BMs Bonded Through Biotin/Streptavidin

Another method used very frequently to join BMs to the QD surface is based on
the strong interaction between biotin and avidin, with a dissociation constant of
1071 M [78]. Avidin, a protein found in egg white, contains four identical subunits,
each with a single biotin-binding site. Biotin is vitamin H. In this method (route 4 in
Fig. 6), it is considered advantageous to substitute avidin with deglycosylated avidin
derivatives, such as streptavidin or neutravidin [56, 62]. There are a variety of biotin

(a) SILICA SHELL (b) COPOLYMER ENCAPSULATION

Phospholipides
F-PEG :

native ligands

5051~ 5
| : F.
QUANTUM o 9 m\ Y.
pOT A-Si--0--Si---F =
o 0
e 0--&i.. F =, PAA and PMA
7 ; / /_\ copolymers
F

Fig.7 Encapsulation of a semiconductor QD with silica shell (a) or with copolymers (b). The silica
layer binds to the QD surface through an anchoring group (A) and possesses functional groups (F) at the
periphery. The copolymers most frequently used for encapsulation are polymaleic anhydride (PMA)- or
poly(acrylic acid) (PAA)-based copolymers, but end-functionalized polyethylene glycol (F-PEG) phos-
pholipids are also used
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derivatives that make the biotinylation of QDs and BMs a rather straightforward
process [56, 62]. QDs and BMs may be also functionalized with avidin, although
it should be noted that the attachment of avidin to the QD during initial modifi-
cation will probably obscure one or more available biotin binding sites [56]; at a
later moment, however, avidin-functionalized QDs could be attached to biotinylated
BMs. Conversely, biotin-functionalized QDs can be used to join avidin-functional-
ized BMs. Even biotin-labeled QDs can be coupled to biotin-labeled BMs through
an intermediary avidin linker [56, 61] although unexpected results may be obtained
since the avidin can bind up to four biotin moieties [56, 61].

There are many more types of specific non-covalent affinity between pairs of mol-
ecules other than avidin/biotin interactions that are useful in bioconjugation; these
include histidine—nickel nitrilotriacetic acid interaction, barnase—barstar interaction
and antibody-ligand interaction [62].

4.5 Covalent Coupling Strategies

The focus in this section is on covalent bonding between ligands anchored onto the
QD surface (directly or attached to an encapsulating shell) and the incoming BMs.
In this regard, we consider biotin and avidin (or straptividin or neutravidin) to be
BMs.

The number of functional groups useful for bioconjugation reactions is rather
limited in natural BMs [56] (see Fig. 8). Carboxylic and amino groups are present in
peptides and proteins not only as terminal groups but also as side groups in peptides
such as aspartic or glutamic acids or lysine, respectively. Less common in peptides
and proteins are the thiol, phenol and imidazole groups that can be found in the
amino acids cysteine, tyrosine and histidine, respectively. Other functional groups

7 S AMINOACIDS
®o-¢ O :
o) DO 1.- Carboxylic
(Glutamic, Aspartic)
2.- Amino
H (Lysine)
0=¢ A 3. Thiol
(Cysteine)
Na‘rur‘glly 4. Phorol
ocurring (Tyrosine)
¢ biomolecules 5.- I:I\idaz;Ie
tidi
HO Sty (Hystidine)
CARBOHYDRATES
6.- Alcohol
7.- Aldehyde
N NUCLEOTIDES
H % 8.- Phosphate

Fig.8 The most important functional groups found in naturally occurring BMs. /-5 Functional groups
present in amino acids: carboxylic, amino, thiol, phenol, imidazole. 6, 7 Functional groups from carbo-
hydrates and derivatives: alcohol and aldehyde. 8 Functional group derived from nucleotides: phosphate
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that are available in even less common amino acids, such as tryptophan, will not
be considered in this review. Carbohydrates and their derivatives provide alcohol
and aldehyde as reactive groups, the latter are obtained by oxidation of the former.
Nucleic acids possess sugars, phosphates and some bases (the bases are not included
in Fig. 8 because they are not usually modified).

Although the number of available functional groups in BMs for bioconjugation
reactions would appear to be low, the number of possible reactions by which BMs
can be joined covalently to the ligands attached to the QDs described in the literature
and used in the commercial sources is rather numerous [56, 62, 63, 71, 76, 79-81].
However, only a small portion of these seem to have been actually used when QDs
were involved [62, 63, 82].

One of the most well-studied and easy-to-perform bioconjugation reactions is
between a terminal carboxylic acid and a peripheral amine group, conducted under
mild conditions, to yield an amide group, with the help of EDC (1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride) and sulfo-NHS (N-Hydroxysul-
fosuccinimide sodium salt). Despite all the disadvantages that this method presents,
it is still widely used [62, 63, 82]. An alternative is to use carbonyldiimidazol (CDI)
instead of the EDC/sulfo-NHS pair [63, 83].

Other common routes are the reaction of amines with carbonyl groups to yield
imine groups, which are usually subsequently reduced with sodium cyanoborohy-
dride [62, 63], and the Michael addition of a terminal thiol to a maleimido group
[63, 80]. Another popular coupling method is the utilization of heterobifunctional
molecules, such as sulfosuccinimidyl-4-(N-maleimidomethyl) cyclohexane-1-car-
boxylate (sulfo-SMCC). The NHS ester end of sulfo-SMCC can react with primary
amine groups, and the other terminal maleimido function can add a thiol [62, 63].
Similar crosslinker molecules are described in the literature [56, 62, 80].

4.6 Bioorhogonality

The traditional coupling methods described in this review thus far have a number
of limitations, among which the most important is undesirable side reactions [56].
The solution to this and other problems is bioorthogonal chemistry. Bioorthogonal
chemical reactions involve only the target functions (in QDs and BMs) and do not
affect the other functional groups present in either the affected QD and BM or in the
biological environment [84, 85].

Although numerous biorthogonal chemical reactions are described in the lit-
erature [84-86], only some of these seem to have been carried out when QDs are
involved (see those described in Fig. 9). The latter include the copper-catalyzed
alkyne-azide cycloaddition (click chemistry); the cycloaddition between tetrazine
and strained double bonds (tetrazine ligation); and hydrazone formation by react-
ing hydrazine and carbonyl groups (hydrazine ligation). It should be noted that not
one of the functional groups shown in Fig. 8, i.e those present in “natural” BMs,
is involved in these bioorthogonal reactions. This is, of course, the most important
advantage of bioorthogonal chemical reactions: the reactions, as described in Fig. 9,
do not affect normal molecules present in the biological milieu. Some effort would
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Fig.9 The main bio-orthogonal reactions carried out utilizing QDs. Top: copper-catalyzed alkyne-azide
cycloaddition. Middle: cycloaddition between tetrazine and strained double bonds. Bottom: hydrazone
formation by reacting hydrazine and carbonyl groups

need to be made to design procedures for attaching these “new” functional groups
to the natural BMs, however no difficulties are foreseeable to bind these to the QDs.
In this regard, it has been determined that virtually any functional group can be site-
specifically introduced into peptides and nucleotides as needed during the initial
synthesis or through subsequent modification [56].

5 QD Biosensing Applications: Point-of-Care Diagnostics

Quantum dot-BM hybrids (i.e. those bound to antibodies, DNA, aptamers, etc.)
have been used as sensing probes in a wide variety of in vitro bioassays and biosen-
sors for the detection of different clinical relevant BMs. QDs can be used as labels
in a wide spectrum of detection methods (Fig. 10). Most of the reported QD-based
bioassays and biosensors have been developed by using QDs as fluorescence labels
(Fig. 10a) in fluorescence quenching-based (turn-off), fluorescence enhancement-
based (turn-on) and—especially—FRET assays [87-92]. FRET is a very sensitive
technology for studying BM interactions that involves the transfer of energy from
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Fig. 10 Detection methods for QD-based biosensing. a Fluorescence. Jablonski diagram explaining the
effect of fluorescence (left), and a photograph and emission spectra illustrating size-controlled fluo-
rescence of QDs. Adapted from Wen et al. [87], with permission. b Forster resonance energy transfer
(FRET): Jablonski diagram explaining the effect of FRET (left) and schematic illustration of a FRET-
based sandwich bioassay (right). ¢ Electrochemiluminescence (ECL): schematic illustration explaining
anodic ECL. A hole is created by the electrode in the valence band of QDs with the concomitant injec-
tion of an electron from a previously oxidized coreactant (C). The recombination of electron and hole
lead to an anodic ECL emission. d Photoelectrochemical (PEC) reaction: schematic illustration explain-
ing anodic PEC reaction. An electron—hole pair is created on QDs after their photoexcitation. The elec-
tron transferred from the valence band to the conduction band of the photoexcited QDs is then ejected
to the electrode with the concomitant transfer of electrons from an electron donor (C), generating an
anodic photocurrent. e Electrochemical (EC) reaction: schematic illustration explaining the electrochemi-
cal detection of QDs by anodic stripping voltammetry. After the dissolution of QDs, metallic species are
deposited (reduced) on the electrode and re-oxidized again to be detected Adapted from from Wen et al.
[87], copyright 2017, with permission
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an excited state donor (usually a fluorophore) to a proximal (< 10 nm), ground-state
acceptor (Fig. 10b).

Semiconductor QDs (QDs) have been by far the most reported type of QDs
applied in this field [93]. The main advantages of QDs over the organic dyes typi-
cally used as fluorescence labels include long fluorescence lifetime, broad absorp-
tion spectra, very narrow emission spectra and stability against photobleaching
[94]. Another interesting advantage of QDs is their size-controlled luminescence
(Fig. 10a). This property allows for the simultaneous determination of different
BMs by using a single excitation wavelength [95, 96]. However, the multiplexing
capability of QDs as optical labels is quite limited (5-6 BMs). Greater multiplex-
ing capabilities have been obtained by embedding different-sized QDs with differ-
ent intensity levels into polymeric particles at precisely controlled ratios [97, 98].
This strategy provides a QD barcode technology that in theory is able to create more
than million codes (Fig. 11). The main limitations of QDs are their low long-term
stability, intrinsic blinking, complex synthesis and complexation and high cost of
production.
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Fig. 11 Quantum dot barcode technology. a Schematic illustration showing optical encoding scheme using
wavelength and intensity via multiple QDs embedded within microparticles. b Color micrograph showing
microbeads. Reprinted from Han et al. [97], copyright 2001, with permission from Nature Springer
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In addition to fluorescence assays, electrochemiluminescence (anodic/cathodic)
(Fig. 10c), photoelectrochemical (anodic/catodic) (Fig. 10d) and especially electro-
chemical (Fig. 10e) QD-based biosensing systems have also been reported [64, 99,
100]. Electrochemical devices have emerged as the main alternative to fluorescence
assays due to their high sensitivity and simple and inexpensive instrumentation [64,
100]. Similar to their optical counterparts, most of the reported electrochemical
QD-based bioassays and biosensors rely on the use of QDs as electroactive labels.
QDs have been exploited for electrochemical detection on the basis of their elemen-
tal compositions. Stripping voltammetry has been the electroanalytical technique
most widely employed to quantify the metal ions released upon QD solubilization
[101-104]. Based on the different chemical composition, QDs have been used as
electroactive labels for multiplexed analysis [105].

Regardless of the detection method used for QD-based biosensing, most of the
reported systems are time-consuming and have to be performed in centralized labo-
ratories by highly skilled personnel; consequently, they are not suitable for “point-
of-care” (POC) diagnostics. Modern healthcare systems require diagnostic platforms
for the real-time remote monitoring of health biomarkers in their striving towards
a more patient-centered approach to care [106]. In this context, the development of
simple and cost-effective POC diagnostic systems able to obtain useful information
instantly at the sampling site has been the focus of biosensing research in recent
years.

Microfluidic systems have become an increasingly attractive alternative to the
centralized laboratory assays for POC applications. Microfluidic devices allow con-
ventional assays to be performed using an automated and high-throughput approach,
thereby providing advantages such as small reagent consumption, low costs, porta-
bility and short analysis time. Examples of on-chip single and multiplexed assays for
medical diagnostics based on QDs with optical and electrochemical detection can
be found in literature [107—112]. However, the performance of most of these micro-
fluidic devices require the implementation of bulky and energy-consuming off-chip
fluidic handling components (pumps, valves) and non-miniaturized detectors, mak-
ing them unsuitable for POC measurements. This has led to the emergence of paper-
based devices as a class of microfluidic devices that can work without the need of
any off-chip fluidic handling element, an advantage which has a significant poten-
tial for POC applications [113]. In these devices, the liquids are driven by capillary
forces and therefore do not require external components. Furthermore, compared to
silicon, glass and other polymeric materials used for the fabrication of microfluidic
chips, paper is cheap, biodegradable, widely available, flexible and easily modified
with BMs. Although the capability of paper-based devices is limited in terms of
sensitivity and reproducibility, it has been claimed that these devices are future of
point-of-use testing, thanks mainly to their simplicity, low cost and disposability.

In recent years, smartphone devices, which have millions of users world-
wide, including third-world regions, have been adapted to tackle limitations in the
instrumentation used for POC applications. Owing to the low cost, functionalities,
accessibility, small size and ease of use of smartphones, their integration into the
development of easy-operable POC devices is very promising [114]. Moreover, the
connectivity of smartphones provides the possibility to share data through the cloud
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for backup or remote processing of the results, which is highly demanded in modern
healthcare systems.

Recent advances in QD-based microfluidic paper devices and QD barcode POC
applications are discussed in more detail in subsequent sections.

5.1 QD-Based Microfluidic Paper Devices

Paper-based devices can be classified into dipsticks assays, lateral flow assays
(LFAs) and microfluidic paper analytical devices (UPADs). The dipstick assays are
the simplest paper-based devices and are based on a paper strip pre-stored with rea-
gents that is dipped into a sample to perform a chemical test (e.g. pH strips). LFAs
are the most widely reported form of paper devices (e.g. pregnancy test) [115]. The
basic structure of a lateral flow strip comprises four different parts that are fixed in
a backing card (Fig. 12a): a sample pad, on which the sample is dropped; a con-
jugation pad, on which labeled tags conjugated to the biorecognition elements are
immobilized; a reaction membrane, which contains test and control lines for reac-
tions; and an absorbent pad, which reserves waste and prevents backflow. Briefly,
when a sample is placed onto the sample pad, the sample flows via capillary forces
towards the end of the strip. If the analyte is present, the immobilized bioconjugate
on the conjugation pad binds to the analyte and continues migrating along the test.
As the sample moves along the device, the binding reagents placed on the reaction
membrane bind to the analyte at the test line. Bioconjugates free of analyte finally
react with specific bioreceptors immobilized on the control line of the membrane
(Fig. 12b). uPADs are the most complex but most versatile paper devices [116]. In
these devices the formation of hydrophilic channels with hydrophobic barriers ena-
bles multidirectional and multidimensional flow that allows for complex bioassays
to be performed.

Most of the reported paper devices rely on the use of AuNPs as labels, with quali-
tative (naked-eye) or semi-quantitative colorimetric detection. The main limitations
of colorimetric detection of AuNPs include limited quantitative dynamic ranges and
low sensitivity, even with reader systems [117, 118]. In this context, the use of QDs
as fluorescence labels is becoming increasingly popular. Fluorescence detection is
a good choice to improve both the limit of detection and the dynamic range of col-
orimetric paper-based devices. However, an important drawback of fluorescence
detection in POC applications is the need for complex reader systems to interpret the
results.

QDs have been used as signal reporters in the development of different types of
paper-based biosensors. Sapountzi et al. [119] designed the first QD-based dipstick
for visual detection of nucleic acids and single nucleotide polymorphisms (SNPs) in
the human genomic using a common digital camera and a UV lamp for fluorescence
imaging. As low as 1.5 fmol levels of double-stranded DNA were clearly detected
by naked eye using CdSe/ZnS core—shell QDs as signal reporters. The dipstick per-
formance was accurate and reproducible and was also successfully applied to real
sample analysis.
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Fig. 12 Quantum dot-based lateral flow assays (LFAs). a, b Schematic representation of the basic
structure of a LFA (a) and of a sandwich immunoassay format LFA (b). Reprinted from Bahadir and
Sezgintiirk [115], copyright 2015, with permission from Elsevier. ¢ Photograph of a portable fluores-
cence test strip reader and images of the QD-based fluorescence test strips with different concentrations
of the analyte (glutathione) together with the curves obtained from the reader. Reprinted from Liu et al.
[123], copyright 2018, with permission from Elsevier

Examples of single and multiplexed fluorescence-based LFAs for a wide variety
of clinical relevant BMs using QD-hybrids (conjugated to protein or DNA) as signal
reporters can be found in the literature (Table 1) [120-128]. As shown in Table 1,
the use of QDs as labels in the development of LFAs has enabled the fast and sen-
sitive determination of different protein biomarkers and DNA. The performance
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of such QD-based LFAs was found to be similar to that of conventional methods
[120-123], and they have been successfully applied for BM determination in real
samples.

QD micro/nanospheres have also been employed as fluorescent labels in LFAs.
These spheres, prepared by embedding a large amount of QDs into polymeric or
silica beads, yield a substantially enhanced fluorescence signal, resulting in an
increased sensitivity. Following this strategy, Rong et al. [129] reported a smart-
phone-based fluorescent LFA for the highly sensitive and selective detection of Zika
virus nonstructural protein 1, using CdSe/ZnS QDs encapsulated in polymer micro-
spheres as labels (Fig. 13a). Within only 20 min, the optimized sandwich lateral-
flow immunoassay achieved sensitive detection of Zika protein with limits of detec-
tion (LODs) of 0.045 and 0.15 ng mL~" in buffer and serum, respectively.

QD nanobeads were used by Li et al. [130] to develop a LFA for prostate specific
antigen (PSA). These authors fabricated QD nanobeads (diameter 60 nm) by encap-
sulating CdSe/CdS/Cd,Zn,_,S/ZnS QDs with modified poly(tert-butyl acrylate-co-
ethyl acrylate-co-methacrylic acid). A very sensitive (LOD 0.33 ng/mL) and selec-
tive response to PSA was obtained in only 15 min using a portable fluorescence test
strip reader. This sandwich lateral-flow immunoassay was also successfully evalu-
ated in clinical serum samples.

As already mentioned, one of the main limitations of fluorescence-based LFAs
is the need of expensive and bulky fluorescence readers for quantitative analysis.
Most of the fluorescence-based LLFAs reported to date use portable strip readers tht
are not suitable for POC applications (Fig. 3c). Even when they are portable, such
fluorescence readers are still bulky and can only operate for few hours without a
power supply. Less reported but remarkable examples of handheld devices [121,
122, 124, 128] and smartphone-based fluoresce readers [126, 129] can also be found
in literature.

Smartphone-based platforms have also been used as detectors in QD-based FRET
assays on paper substrates. FRET offers the possibility of a ratiometric quantifica-
tion approach that is able to correct for environmental factors and to self-calibrate.
Ratiometric fluorescent intensities can also be easily monitored using a smartphone
by simple splitting of the red, green and blue channels in a captured image.

In this context, Petryayeva et al. [131] reported the use of a smartphone detec-
tor of FRET-based paper test strips for thrombin activity in serum and whole blood
using CdSe/CdS/ZnS as donors and Alexa Fluor 647 (A647) as acceptor (Fig. 13b).
Immobilized QDs, conjugated with an A647-labeled peptide substrate, respond to
thrombin activity through the loss of FRET between the QD and A647, with recov-
ery of quenched QD photoluminescence. Quantitative results were obtained in less
than 30 min with a LOD of 18 NIH units mL~! of activity in whole blood.

Following a similar strategy, FRET-based assays for the quantification of a pro-
tein biomarker of epithelial tumors [132] and the DNA diagnostic of spinal muscu-
lar atrophy disorder and Escherichia coli [133] have been reported (Fig. 13c). CdSe/
ZnS donors were used in combination with the Cy3 fluorescent dye acceptor for a
sensitive and selective detection of both the epithelial cell adhesion protein and the
oligo sequences. As in the UPADs, the hydrophilic areas where QDs were immobi-
lized on these paper-based assays were defined by wax patterning.
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Fig. 13 Smartphone-based QD biosensing systems. a Three-dimensional schematic and photograph of
the smartphone-based fluorescence LFA reader developed for Zika detection. LED Light-emitting diode.
Reprinted from Rong et al. [129], copyright 2019, with permission from Elsevier. b Photograph of the
setup used for smartphone readout of the QD-FRET test strip for thrombin activity. BP Band-pass.
Reprinted from Petryayeva et al. [131], copyright 2015, with permission from Royal Society of Chem-
istry. ¢ Schematic illustration of the ratiometric QD-FRET assay for DNA diagnostic of spinal muscular
atrophy disorder and Escherichia coli. gOQD Graphene QD, PL photoluminescence, tHDA thermophilic
helicase-dependent isothermal amplification. Reprinted with permission from Noor et al. [133], copy-
right 2015, with permission from Elsevier.

Although optical sensing has been by far the dominant detection method applied
in the field of paper microfluidics, examples of electrochemical QD-based paper
devices for clinical diagnostics can also be found in literature [134-136]. Electro-
chemical sensing offers an alternative detection system for quantitative analysis in
paper devices due to its simplicity, portability and sensitivity. Small-sized electrodes
can be easily integrated into the paper strip (Fig. 14a) or fabricated directly onto the
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Fig. 14 Electrochemical QD-based paper devices. a Schematic diagram of an electrochemical LFA that
integrates a screen-printed electrode underneath the test zone of the strip for QD detection. Reprinted
from Lin et al. [134], copyright 2008, with permission from Elsevier. b Photographs of the front and
back of an electrochemical paper device with the electrodes deposited directly onto the paper substrate.
Microfluidic pattern is wax-printed on the front face of the paper and the electrodes are deposited by
sputtering on the back side of the paper. Reprinted with permission from Kokkinos et al. [135], copyright
2018, with permission from the American Chemical Society

paper substrate (Fig. 14b). These devices, combined with commercially available
miniaturized “potentiostats” appear to be a very interesting alternative to fluores-
cence-based paper devices.

5.2 QD Barcode POC Systems

Barcode assays for POC applications are in high demand by modern healthcare sys-
tems [137]. Barcode assays are capable of simultaneously detecting multiple targets
from patient samples, thereby increasing the speed of the analysis and improving the
precision and accuracy of the diagnosis. As already mentioned, QDs can be used as
barcoded probes by embedding them into polymeric particles [97]. In this frame-
work, Gao et al. [138] reported a simple strategy to automate barcode assays in order
to make them suitable for POC applications. A microfluidic device was designed to
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perform all steps of the assay using barcoded polystyrene microbeads consisting of
magnetic NPs (FeO) and QDs (ZnS-capped CdSeS). An on-chip sandwich hybridi-
zation assay for the detection of genetic targets for human immunodeficiency virus
(HIV), hepatitis B and syphilis was successfully performed in only 20 min, with a
LOD of 1.2 nM. The POC application of this microfluidic device is, however, hin-
dered due to the bulky instrumentation required for the fluorescence detection.

A smartphone reader combined with QD barcoding technology was used by Ming
et al. [139] in the development of a low-cost chip-based wireless multiplex diagnos-
tic device (Fig. 15). QD barcodes were prepared using different ratios of eight differ-
ent QDs embedded into a polymeric matrix. These QD barcodes were then arrayed
on microfabricated glass slides to create a multiplex chip platform that is simple to
use and easy to transport. This handheld device (Fig. 15) was found to be capable of
detecting down to 1000 viral genetic copies per milliliter, thereby enabling the diag-
nosis of patients infected with HIV or hepatitis B in < 1 h.

6 Biomedical Labeling and Imaging

Functionalization of QDs enables them to play a major role in the field of diagnosis
and medicine and improves the capabilities of molecular imaging techniques. High-
quality functional images (e.g. with high contrast to allow proper differentiation) are
required in molecular imaging. Among the different available techniques, fluores-
cence imaging is a powerful tool to effectively image eventual interactions occurring
at the molecular level directly, at real time and with relatively high sensitivity.
However, the conventional fluorescent dyes typically used as contrast agents in
imaging techniques are inadequate for optimal performance as they suffer from a
poor tissue specificity, low stability (when entering biological media), photobleach-
ing problems and reduced signal penetration. Alternatively, QDs appear to be an
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Fig. 15 Overview of the smartphone device utilizing QD barcodes. a Photograph of microwell chip con-
taining different barcodes in each well and image of four different QD barcodes arrayed on the surface
of the chip captured by a smartphone. b Schematic illustration of the detection system performance. ¢
Image of the smartphone device. Reprinted from Ming et al. [139], copyright 2015, with permission
from the American Chemical Society
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exciting class of fluorescent probes for use in photoluminescence imaging due to
their tunable optical properties, high stability and ability to be used in guided-tar-
geting based on NP surface functionalization with appropriate recognition elements
(e.g. antibodies, aptamers, peptides, etc.). Researchers have explored various meth-
ods based on QD functionalization to enhance fluorescence imaging. In this section,
we include a brief overview of the emerging applications for bioconjugated QDs in
bioimaging for clinical diagnosis.

6.1 Bioconjugated QDs for Biomedical Labeling and Imaging

Researchers are increasingly focused on the luminescence-based imaging of biologi-
cal specimens for use in biomedical studies and, in particular, in medical diagnos-
tics as developing technological advances point to enhanced biomedical capabilities
(e.g. innovative fluorescence-based imaging systems). Typical fluorescent imag-
ing reagents can be endogenous, which often require an enzyme-mediated process
inside the organism to stimulate the production of measurable visible light, or exog-
enous; the latter are currently the more versatile and popular fluorescent imaging
agents. NP-based optical contrast agents (including QDs) fall within the group of
exogenous reagents that are still dominated by sensitive organic fluorescent probes.
However, important advances in the bioconjugation of QDs to selected recognition
elements (e.g. antibodies, peptides, genetic material, etc.) constitute a significant
trust in the development of novel and improved bioimaging methodologies [140].
The QD-BM bioconjugates thus produced constitute outstanding nanoplatforms for
the fluorescence labeling of target BMs. Such fluorescent labels have been success-
fully employed in fluorescence imaging in studies on the single-molecule dynam-
ics of living cells, monitoring of intracellular protein—protein interactions, disease
detection in deeper tissues, detection of tumor cells based on selective binding of
the tailored, bioconjugated QDs to known cancer biomarkers, and many more [141].

Pioneer studies on the use of QDs as luminescence tags for imaging exploited the
high sensitivity of the luminescence from these NPs to the surface state. Eventual
chemical or physical interactions between chemical species present in the media and
the surface of the QDs would result in detectable changes in the fluorescence emis-
sion. Based on this basic approach, Liu et al. evaluated mercaptoacetic acid (MAA)-
capped CdSe/ZnSe/ZnS QDs for the detection of changes in pH within SKOV-3
human ovarian cancer cells [142]. These authors made use of the changes in the
intrinsic fluorescence emission of QDs with pH, with more intense fluorescence
emission obtained at higher pHs. Therefore, after the QDs were uptaken by endocy-
tosis within the lysosomes in both fixed and living cells, where the pH is rather low,
the addition of chloroquine produced an increase on the pH and an enhancement of
the photoluminescence intensity of the QDs [142].

However, it must be taken into account that such methods based on the
direct interaction of the analytes with the QDs suffer from poor selectivity and
so have a rather limited applicability in real-life settings. However, advances in
the controlled bioconjugation of QDs to active recognition elements explain the
recent emergence of a myriad of applications of QDs for use in target-guided
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fluorescence imaging. Selective detection of multiple tumor biomarkers, moni-
toring of molecular surface dynamics of membrane-associated molecules, meas-
urement of cell motility or quantification of molecular interactions at the cellu-
lar and subcellular levels through fluorescent imaging are just some examples
of the growing importance of this field [140]. More specifically, the prominent
relevance of cancer research in the life sciences has promoted studies on the loca-
tion and distribution of tumors and tumour cells using fluorescent in vivo imag-
ing. To obtain an insight in the trafficking of cancer cells, such cells are labeled
with QDs that have been surface modified with antibodies. As an example, in one
study QDs were encapsulated in carboxylated triblock polymeric micelles and
conjugated with anti-mesothelin antibodies to allow targeting of the cancerous
areas [143]. An in vivo imaging study demonstrated that the QD-loaded nanomi-
celles, surface modified with the antibodies, targeted the pancreatic tumor site in
only 15 min after intravenous injection, thereby illustrating the potential of these
structures as promising nanoscale platforms for early human pancreatic cancer
detection.

The first challenge when designing imaging contrast agents based on QDs is to
successfully deliver the nanoplatform into the cell. Cellular penetration of QDs can
be achieved using different approaches based on both active and passive transpor-
tation. The major transport pathway of QDs into cells is endocytosis, a process in
which eukaryotic cells ingest a part of their plasma membrane to swallow external
objects. Passive transduction of QDs into the cell is mostly enabled via electrostatic
interaction with the plasma membrane. This is the most likely mechanism in the
case of water-stabilized QDs without functionalization with BMs. However, in this
latter scenario there is no guarantee of efficient uptake.

It must be mentioned that to date the mechanisms of cellular uptake and cyto-
toxicity of NPs are still largely understood. Some studies have demonstrated that
cellular uptake pathways are strongly dependent on cell type and cell differentiation
(e.g. monocytes showed cellular uptake of QDs surface modified with carboxylic
acid, while lymphocytes did not) [144]. Other studies have demonstrated that QD
coatings highly affect their cellular uptake. As an example, the surface modifica-
tion of QDs with PEG was found to block non-specific QD delivery into the cells,
while QDs coated with carboxyl or amine groups could be internalized quickly and
at large amounts by different types of cells [145]. Thus, it is difficult to provide a
general statement on the mechanisms for cellular uptake of QDs. The results of a
study by Xiao et al. [145] suggest a potential pathway for QD cellular uptake mech-
anism consisting of three main stages. The first is endocytosis, which may occur
through two major mechanisms: phagocytosis and pinocytosis. In the case of small
QDs it is envisaged that endocytosis happens via micropinocytosis (a subcategory of
pinocytosis that is preferred for the uptake of smaller particles through the formation
of endocytic vesicles of different sizes). The second stage is sequestering in early
endosomes, and the third stage is translocation to later endosomes or lysosomes.
Xiao et al. found that endocytosis was probably assisted by receptors specific to
ligands with negative charges [145]. All of these findings are of great relevance to
improve the specific targeting of QDs in bioanalytical and medical applications as
they are related to reducing non-specific targeting.
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Conversely, QDs active transportation is characterized by ligand-receptor-medi-
ated transportation using ligands, such as peptides, proteins or antibodies. In addi-
tion, QD surface engineering is critical to minimize undesired nonspecific binding
adsorptions of QD probes in biological media. Surface functionalization of QDs
with uncharged hydrophilic moieties (e.g. PEG) or with zwitterion molecules pro-
duces highly water-stable nanoprobes while efficiently eliminating nonspecific bind-
ing (typically brought about by hydrophobic and/or pure electrostatic interactions).

The use of antibody—QD conjugates for guided-target labeling is probably the
most commonly used strategy in molecular imaging, although targeting can also be
achieved via bioconjugation of the QDs with peptides, DNA, modified proteins, etc.
Actually, a single QD (depending on its size) can be simultaneously conjugated with
several proteins and peptides [146]. It is well known that peptides are efficient car-
riers of QDs inside living cells. Therefore, peptide-modified QDs conjugates have
been widely used to target cellular BMs, including growth factor receptors, G pro-
tein-coupled receptors, integrins and even ion channels [147].

Moreover, small BMs can be also bioconjugated to QDs for in vitro imaging.
This is the case of aptamers, which are nucleic acid species that have been engi-
neered to bind to various molecular targets, such as small molecules, proteins,
nucleic acids and even cells, tissues and organisms [148]. As an illustration, in one
study ZnS/CdSe fluorescent QDs were surface modified with PEG (for aqueous sta-
bilization and biocompatibility) and streptavidine (to further bioconjugate the NP to
an appropriate BM receptor) [149]. The streptavidine—PEG—QD was then labeled
via streptavidine—biotin with a biotinylated aptamer that can specially bind the epi-
dermal growth factor receptor varient III (EGFRVIII), which is specially distributed
on the surface of glioma cells. This labeled aptamer (QD-Apt) nanoprobe was then
employed in a fluorescence-guided surgery to allow safe resection of glioma [149].
In this study, the biodistribution of the QD-Apt nanoprobe and the capabilities of
targeted imaging of glioma in situ using orthotopic glioma models were evaluated.
Different studies were carried out, including an evaluation of the capability of the
QD-Apt to image U87-EGFRVIII (a human primary glioblastoma cell line [U87]
that overexpresses EGFRVIII) tumor areas. At 4 weeks of tumor development, a
whole-body fluorescence imaging examination was performed in different mice after
QDs (not bioconjugated) or QD-Apt were injected via the tail vein for 6 h. As can
be seen in Fig. 16, the image of the mice harboring the tumor which were adminis-
tered the QD-Apt (group 1) had strong fluorescence signals in tumor areas, while the
group administered QDs (group 2) had no obvious fluorescence signals in the tumor
region. In addition, the mice having U87 tumors (groups 3 and 4) had no significant
fluorescence in tumor areas, regardless of whether they were administered QD-Apt
or QDs. In brief, the developed nanoprobe (QD-Apt) hasa great potential as a novel
fluorescence contrast agent for the molecular diagnosis, image-guided surgery, and
postoperative examination of gliomas.

Clearly, engineering more compact nanoprobes for fluorescence imaging is cur-
rently a research area of great practical interest. A key aspect in this reasearch area is
to try to enhance the final uptake of the QD-based nanoprobes in the cellular media.
To achieve this goal, much effort is directed towards avoiding (or reducing) eventual
QD aggregation or deposition in endosomes or lysosomes. In addition, studies to
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Fig. 16 Effects of a QD-Apt on tumor imaging and body distribution in vivo. Fluorescence images of
the mice after injection of QDs or QD-Apt via the tail vein for 6 h. The red circles indicate the tumor
regions. The mice of groups 1 and 2 had U87-EGFRVIII (a human primary glioblastoma cell line [U87]
line that overexpressed epidermal growth factor receptor varient III [EGFRVIII]) tumors, while the mice
of group 3 and group 4 had U87 tumors. In addition, the mice of groups 1 and 3 were administered QD-
Apt, while the mice of groups 2 and 4 were administered QDs. Scale bar: 100 pm. Magnification X200.
Reprinted from Tang et al. [149], copyright 2017, with permission from Dove Medical Press Ltd

achieve an efficient QD surface engineering are critical for minimizing undesired
nonspecific binding problems of QD nanoprobes when they enter the biological
media (a problem that limits the applicability of these nanostructures).

6.2 NIR Optical Imaging

Fluorescent QDs with emission within the visible light spectral range are mostly
limited to in vitro bioimaging applications because tissues have strong absorbance
in the visible light region. Additionally, endogenous autofluorescence in the visible
light spectrum from biological components present in living tissues may signifi-
cantly interfere with signals from QD-labeled BMs. An alternative approach to over-
coming such limitations which has recently attracted high interest is the preparation
of nanoprobes made of QDs with emission in the NIR spectral region. NIR light is
able to pass more efficiently through biological tissues, suffering from much lower
absorption and minimum biological autofluorescence, making QDs with emission in
the NIR range highly attractive in terms of high imaging resolution even when the
aim is to label deeper tissues in vivo [150]. As a result, NIR QDs are more attrac-
tive than visible light-emitting QDs for in vivo mapping and imaging applications as
the use of NIR emission substantially increases contrast, sensitivity and penetration
depth while avoiding optical damage to the body [151].

As an example, Bawendi and colleagues bioconjugated NIR InAs(ZnCdS) QDs
with a polymeric imidazole ligand via a ligand exchange strategy, obtaining nano-
probes with bright and stable emission in the NIR (700-900 nm) region [152].
These authors then evaluated the potential of such nanoprobes to image tumor
vasculature in vivo. As can be seen in Fig. 17, they demonstrated that the NIR-
emitting QDs offered superior depth and contrast when compared to green QDs.
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Fig. 17 In vivo grayscale Multiphoton microscopy images with 850 nm excitation (a, b) of the vascula-
ture in a mammary tumor in a mouse with CdSe(CdS) (green channel) and InAs(ZnCdS) (near-infrared
channel [NIR]) poly(PEG12)-PIL QDs injected intravenously and imaged simultaneously. Scale bar:
100 pm. Reprinted with permission from Allen et al. [152], copyright 2010, with permission from the
American Chemical Society

The NIR QDs clearly imaged the deep vasculature of a mammary cell with an
excellent resolution up to 200 pm, while the visible light-emitting QDs produced
an image with much lower contrast and emission intensity [152].

Two of the most robust NIR-emitting QDs are the ternary CulnS, and CulnSe,
core—shell systems. Quite recently, CulnSe,/ZnS QDs with a NIR emission
(709 nm) were synthesized and surface conjugated with the tumor targeting pep-
tide Cys-Gly-Lys-Arg-Lys (CGKRK) through a PEG linker [153]. The authors
observed that QDs functionalized with the peptide increased NP uptake by the
tumor by more than twofold as compared to QDs functionalized with PEG alone.
The bioconjugated QDs allowed real-time imaging of the tumor homing process
in live mice for a long period of time, and the functionalized QDs showed high
photostability and were cleared fairly slowly (half-life of approx.7 h).

Imaging experiments carried out in vivo demonstrated an improvement in the
overall signal-to-noise ratio of > 100-fold when NIR QDs emitting at 1320 nm
(NIR-II region) were employed as contrast agents rather than QDs emitting at
850 nm (NIR-I region), with reduced autofluorescence and a superior tissue pen-
etration observed at the longer wavelengths. Thus, more recently there have been
some efforts to try to develop QDs that emit in the NIR-II window, based on NP
cores of different metallic elements, such as PbSe, PbS or hybrid CdHgTe. More
recently, NIR-II QDs have also been synthesized that avoid the use of toxic ele-
ments: a mirage of reports propose Ag,S QDs as NIR-II emitting agents [154].
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To date, there have been only a few reports on successful specific targeting
employing Ag,S QDs [23]. In all such reportes, Ag,S NPs were surface functional-
ized with appropriate recognition elements for in vivo imaging following different
bioconjugation approaches. In a very recent study, Ag,S NPs were surface func-
tionalized with plerixafor, a small molecule drug used for the inhibition of CXC
chemokine receptor 4 (CXCR4). The bioconjugate was used for in vivo imaging
of metastatic breast cancer cells based on the selective linkage of the functional-
ized Ag,S NPs to highly metastatic breast cancer cells (4T1 tumor model) via
their CXCR4 receptor [155]. Moreover, the use of the surface-decorated Ag,S NPs
together with their photothermal properties resulted in a unique and tumor-specific
theranostic element.

6.3 Multimodal Imaging

There is currently an increasing interest among researchers on the development of
new nanomaterials for multimodal imaging applications in biology and medicine. In
this context, multimodal fluorescent-magnetic based nanomaterials deserve particu-
lar attention as they can be used both as diagnostic and drug delivery tools, which
could facilitate the diagnosis and treatment of many diseases.

The frequently investigated QD-based hybrid-NPs with multiple capabilities are
probably the magnetic-QDs. As an example, differently sized infrared-emitting QDs
have been incorporated, together with variable amounts of Fe-based magnetic NPs,
into poly(styrene/acrylamide) copolymer nanospheres for the preparation of fluores-
cent-magnetic nanocomposites [156]. The dual-encoded nanobioprobes developed
as such exhibited different luminescent behavior (due to the different sizes of the
NPs) and magnetic susceptibility. They were proven to be capable of simultaneously
recognizing and separating multiple biocomponents from complex samples when
three kinds of lectins were used as the targets.

Multimodal imaging can integrate structural/functional information from several
imaging modalities, thus promising more accurate diagnosis than any single imag-
ing modality. One important advantageous feature of liposome encapsulation is the
possibility to co-immobilize several NPs exhibiting different properties to develop
multimodal imaging platforms. In a very recent article, Xu et al. reported the inte-
gration of a theranostic liposome (QSC-Lip) with superparamagnetic iron oxide NPs
(SPIONs) and QDs and cilengitide (CGT) into one platform, with the aim to tar-
get glioma in magnetic targeting (MT) for guiding the surgical resection of glioma
[157]. In vivo dual-imaging studies show that QSC-Lip not only produces an obvi-
ous negative-contrast enhancement effect on glioma by MRI but also makes tumor
emitting fluorescence under MT.

Among the different techniques widely used for molecular imaging, MRI is
currently one of the main in vivo imaging techniques used routinely in diagnosis,
while fluorescence imaging is nowadays most widely used for in vitro studies; thus
these two imaging techniques are complementary. Clearly, there is much research
interest directed towards preparing fluorescent imaging/MRI imaging dual-modal-
ity nanoprobes to be used in many diagnostic and biomedical applications, such
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as cell labeling, enzyme activity measurements, tumor diagnosis and therapy and
anatomical localization and real-time assessment during surgery [158]. Nanostruc-
tures based on fluorescent QDs can be synthesized to provide magnetic properties
to the nanomaterial, thereby creating opportunities for multi-modality biomedical
imaging. Fluorescent QDs exhibiting magnetic susceptibility can be synthesized fol-
lowing four different methodologies: metal doping, covalent conjugation, isocrystal
growth and co-encapsulation or electrostatic assembly. In particular, a large number
of fluorescent imaging/MRI dual-modality imaging nanoprobes combine Gd** or
Mn** ions with QDs. As an example, a dual contrast nanoreagent was developed by
doping Gd ions into CulnS,/ZnS QDs (Fig. 18) [159]. The resulting NPs exhibited
NIR fluorescence emission and MRI contrast capabilities with a high longitudinal
relaxivity (rl), which was 2.5-fold higher than that of clinically approved Gd agents.
In addition, the in vivo imaging experiments showed that the Gd-doped NPs could
enhance both NIR fluorescence and T1-weighted MRI of tumor tissue through pas-
sive targeting accumulation.

7 Conclusions and Perspectives

In general, photoluminescent QD probes are widespread and used in countless bio-
medical applications. For biosensing, a great potential of QD-conjugates also lies
in multiplexing as well as in vitro and in vivo fluorescent imaging. There has been
major progress in the development of in vivo drug delivery systems, and interest
remains high in this area. It is important to note that all of these applications are
possible because of the advances in QD stabilization in biological media by appro-
priate surface functionalization and their bioconjugation to suitable BMs.
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Fig. 18 Fabrication procedure and functional description of the Gd-doped QDs with dual-mode imag-
ing capabilities. Reprinted from Yang et al. [159], copyright 2017, with permission from the American
Chemical Society
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All of the recent advances in bioconjugation chemistry has made it possible
to attach almost any BM of interest to the surface of a QD. However, work is
till needed to further enhance the development and applications of QD bioconju-
gates. In this context, we have identified the following issues.

The orientation of the BMs is a key issue that still needs to be addressed. Many
often random orientations are sufficient when the QDs are used in conventional
hybridization applications. However, controlled orientations may be needed for
the assembly of functionalized 3D structures.

The functionalization of QDs with different BMs (e.g. antibodies, peptides,
nucleic acids or aptamers) offer a wide range of opportunities for applying the
nanoassemblies in clinical diagnosis, including ultrasensitive detection of disease
biomarkers, in vivo targeted imaging or drug delivery applications. The multi-
plexing capabilities of these QDs open new avenues for the use of differently
sized QDs for the simultaneous detection of multiple biomarkers (a key aspect
in efficient clinical diagnosis). Moreover, encapsulation of multiple QDs in high-
volume nanocarriers (e.g. nanosomes or PLGA NPs) may enable the construction
of a panel of multifunctional systems for targeted drug delivery and molecular
imaging.

The development of new multimodal imaging nanoprobes is a focus of many
researchers. The use of NPs as imaging probes offers several advantages over con-
ventional molecular-scale contrast agents; these include high loading capacity,
where the concentration of the imaging agents can be controlled within each NP
during the synthesis process; tunable surface that can potentially extend the circula-
tion time of the contrast agents in the blood or target them to specific locations in
the body; or provision of multimodal imaging capacities because NPs can combine
two or more contrast properties, which can be used in multiple imaging techniques
simultaneously [160]. Recent advances in nanotechnology has enabled the devel-
opment of multifunctional QDs by doping the nanocrystals with appropriate met-
als, thus integrating two or more imaging contrast agents and thereby enabling their
detection by different imaging techniques [42].

One of the major challenges when developing novel bioassay methods for clini-
cal applications is the requirement for high sensitivity in the detection because of
the ultralow concentrations of the biomarkers to be detected. Here, the use of QDs
as tags in immunoassays could be a powerful approach to achieve the desired ultra-
sensitivity. As an example, ultrahigh sensitivity for BMs could be easily achieved
through metal deposition on the surface of the NP tags acting as catalytic seeds, thus
effectively amplifying the size of the metallic NPs after the immunoassay [161].

Obviously, QDs cannot be safely used as tags for in vivo applications until the
problem of their toxicity is solved. Despite very extensive studies of toxicity of
QDs in different cellular and animal models, the in vivo toxicological effect of QDs
remains controversial [37]. The possible release of toxic heavy metals from the core
of the QDs as a result of intensive UV illumination has to be taken into account
[44]. The preparation of heavy metal-free QDs is being addressed as a promising
avenue to overcome such toxicity problems. Additionally, it must be considered that
an ideal solubilization strategy should reduce QD toxicity and undesirable nonspe-
cific QD uptake by living tissues, thus reducing cytotoxic effects.
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Paper-based microfluidic systems have been revealed as the most suitable plat-
form for POC analysis, with the use of QDs as labels becoming increasingly popular
in the development of this type of systems. Although fluorescence QD-based POC
systems using hand-held readers or even smartphone-based detectors have been suc-
cessfully reported, they suffer from an important limitation related to the need for
bulky and complex detectors for quantification. However, it is expected that the use
of alternative detection methods (e.g. electrochemical) and the rapid development of
portable devices and mobile phone technology will allow the miniaturization of the
detection systems for POC devices in the near future. Miniaturized signal-record-
ing devices also require a merging of QD barcode technology and POC testing. In
the sensing field, there is also a great expectation for recently developed GQDs and
CQDs.

To summarize, even though there is still a long road to go before bioconjugated
QDs are considered to be routine in in vitro and especially in vivo diagnosis, overall
we firmly believe that the rapid development of new bioconjugated nanomaterials
will move bioconjugated QDs forward to real-life diagnostic applications in modern
biology and medicine.
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