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Unlocking the Potential and Versatility of Quantum Dots:
from Biomedical to Environmental Applications and Smart

Micro/Nanorobots

Martina Ussia,* Vittorio Privitera, and Silvia Scalese

Quantum dots (QDs) are recognized as the most promising functional
nanotechnology, for which its discoverers are awarded the Nobel Prize in
2023. Their remarkable tunability of optoelectronic properties has attracted
significant interest from both researchers and industries, placing QDs at the
forefront of developing cutting-edge technologies. This comprehensive review
aims to explore the exciting results in terms of fundamental science, present
and forthcoming applications. Beyond their contributions to biomedicine,
energy, environmental science, quantum sensing, and quantum information
processing, QDs have brought important results due to their integration into
micro/nanorobotic systems, self-propelled materials representing the state of
the art research at the micro and nanoscale. These hybrid systems have
demonstrated noteworthy outcomes, unlocking novel possibilities in
biomedicine, quantum sensing, and environmental science, accurately
reviewed in this article. In conclusion, this review addresses current

confinement of electrons and holes
within the crystal lattice leads to dis-
crete energy levels, resulting in distinct
optical and electronic characteristics.
For instance, QDs exhibit a remarkable
ability to absorb white light and sub-
sequently emit a specific color within
a few nanoseconds, with the emission
color determined by their bandgap.l'!

Figure 1 provides a representation of
the significant milestones in the progres-
sion of QDs since their initial discovery
in 1985 by Alexei Ekimov.(>!! The tempo-
ral diagram highlights the crucial link be-
tween the size of nanometer-scaled mate-
rials and their optical properties. Notably,
itis worth mentioning that in 1989, Louis

challenges, offering insights to facilitate further research, stimulate new
developments, and enhance the comprehension of the full potential of QDs.

1. Introduction

Over the past several decades, extensive research has been con-
ducted on the reduced dimensionality of semiconductors, giv-
ing rise to the intriguing concept of quantum dots (QDs), also
known as “artificial atoms” due to their distinct atomic-like elec-
tronic states.['* These semiconductor nanocrystals, featuring di-
ameters at the nanometer scale, demonstrate remarkable quan-
tum size effects in their optical and electronic characteristics,
bridging the realms of material science, chemistry, and quan-
tum physics. Typically sized from 2 to 10 nanometers, these
nanoparticles can fine-tune their bandgap energy.>) Quantum
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Brus achieved a breakthrough by suc-
cessfully synthesizing the first colloidal
semiconductor nanocrystallite solution,
setting the stage for further advance-
ments in the field.”] Additionally, the
term “quantum dots” was coined in 1988 by Mark Arthur Reed,
who demonstrated these nanostructures’ remarkable photolu-
minescent properties characterized by fully quantized energy
states.l”12l These early contributions laid the foundation for the
subsequent exploration and development of QDs, shaping their
trajectory as a prominent field of study and application. During
the late 1990s, significant advancements were made, primarily
focusing on different synthetic processes for colloidal QDs,[!3-%5]
allowing for precise control over the size and shape of the QDs.
In 1993, Moungi Bawendi made significant advancements in
the field of QDs synthesis, leading to the creation of exception-
ally precise particles. This level of precision was essential to en-
able their effective use in various applications. Starting from the
2000s, QDs found extensive applications across various fields due
to their small size, versatility, and ability to produce bright, stable,
and tunable fluorescence. Initially, these unique properties pre-
sented significant advantages in the biomedical field, enabling
precise imaging and diagnostics at both the cellular and molecu-
lar levels, as well as facilitating targeted drug delivery and mini-
mally invasive medical procedures.['*2!l Beyond the biomedical
context, quantum dots have soon found remarkable utility in vari-
ous domains, contributing significantly to technological advance-
ments, playing a crucial role in the development of efficient so-
lar cells, light-emitting diodes (LEDs), and various optoelectronic
devices.[?22*] Notably, QDs played a crucial role in commercial-
izing the first multicolored LEDs and high-quality displays, and
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Moungi Bawendi et al. reported a
simple route to produce high-quality
monodisperse QDs, later termed as
«hot injection» method
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concept of QDs as
certain materials

Semiconductor QDs
are applied in solar

cells as optical QDs is applied in environmental

T st use fqr ta.rgeting and SeNSors monitoring/treatment.
Aepparia et imaging in biomedical Early integration of QDs in smart
application emerged micro/nanorobots

properties

1985 1989 1993 1997 2000 2002 2007 2018 2022 2023

Studies on QDs/polymer
composites associated to
new electronic properties

Quantum information
began to be explored

Optimization of bright,
multicoloured LED and high-
quality displays based on
quantum dots

Nobel Prize for the
discovery and
synthesis of QDs

Louis Brus proved size-dependent
quantum effects in particles floating
in a fluid

Figure 1. A roadmap illustrating key milestones in the development of QDs technology. The timeline highlights significant events, starting with the
introduction of the concept of QDs by Alexei Ekimov in 1985, followed by crucial synthetic advancements in the 1990s and their integration into polymer
composites, resulting in novel electronic properties. By 2000, QDs had emerged in biomedical applications for targeting and imaging. Subsequently,
QDs found diverse uses as optical sensitizers in solar cells, for multicolored LED and high-quality displays, and in quantum computing, cryptography,
environmental monitoring, and treatment. Early integration into smart micro/nanorobots was also evident, and in 2023 M.G. Bawendi, L. E. Brus, and

A. 1. Ekimov received the Nobel Prize in Chemistry for the discovery and synthesis of QDs.

it’s worth mentioning that thanks to the pioneering application
of QDs in television screens based on QLED technology, LED
lamps, and to map biological tissue, the researchers responsible
for these discoveries were duly recognized with the Nobel Prize
in Chemistry.!>-27]

Their impact extends into environmental applications and
sensing, where their high sensitivity and selectivity prove valu-
able in monitoring and detecting pollutants, environmental
parameters,[2-30] also allowing the development of precise mea-
surements and detection.>!]

Micro- and nanorobots represents the forefront of material sci-
ence research. These tiny devices refer to miniature robotic sys-
tems able to autonomously propel through chemical reactions
or external physical field, including ultrasonic, optical, magnetic,
and other external fields, as well as microorganisms. These in-
credibly small devices, often incorporating QDs, offer unprece-
dented precision in various applications, such as targeted drug
delivery within the human body or manipulation at the cellular
level.32:33]

Looking ahead, the field of QDs holds immense promise for
future technological advancements and has reached a high level
of complexity. Ongoing research focuses on further enhancing
their properties, improving their stability, and expanding their ca-
pabilities. Efforts are also underway to integrate QDs into various
emerging devices, enabling the development of next-generation
nanotechnologies.

This Review comprehensively explores recent and impactful
research on QDs and is organized into three main sections. The
first section thoroughly examines the main classes of QD ma-
terials, covering their physicochemical properties and synthesis
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methods. It investigates the current understanding of the distinct
properties exhibited by QDs and how their unique characteristics
contribute to their diverse applications across various disciplines.
In the second section, we delve into the most recent uses of QD
materials in biomedical, environmental, energy, and quantum
information applications, emphasizing their role in driving ad-
vancements. Specifically, we highlight their integration into the
emerging field of micro/nanorobots, where QDs unlock new pos-
sibilities for precise sensing, imaging, and manipulation at the
nanoscale. By functionalizing QDs with specific molecules or lig-
ands, micro/nanorobots can be tailored for targeted drug delivery
and minimally invasive medical procedures, interacting with bi-
ological entities with exceptional accuracy.

Moreover, QDs-based micro/nanorobotic systems enable the
detection and monitoring of various environmental pollutants
and parameters, such as temperature, pH, or chemical ana-
lytes. This integration equips micro/nanorobots with high sen-
sitivity and selectivity, allowing them to operate effectively in
complex and dynamic environments. The final section focuses
on the current problems and challenges of QDs-based materi-
als aiming to offer valuable insights to harness the full poten-
tial of QDs and their transformative applications across diverse
disciplines.

In conclusion, this comprehensive Review offers a valuable
resource, consolidating the state-of-the-art knowledge of quan-
tum dots and their multifaceted applications. By understanding
the potential of QDs, researchers, practitioners, and students are
empowered to explore new horizons in various disciplines. With
an ever-expanding landscape of possibilities, the transformative
impact of QDs continues to shape the future of nanotechnology
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and holds the promise of driving innovation across diverse disci-
plines.

2. The Science Behind Quantum Dots: Technical
Details

The term “quantum dots” can be ambiguous for researchers, es-
pecially those new to the fields of nanotechnology or quantum
mechanics.”] Tt may have different interpretations depending
on the context, requiring more detailed specifications. It is well
known that QDs generally refer to nanoscale particles that ex-
hibit size-dependent bandgap quantum confinement, with a typ-
ical size range of 2 to 10 nm, allowing for bandgap energy ad-
justment by size tuning. The small size of quantum dots leads
to the strong confinement of electrons and holes within the crys-
tal lattice, which quantizes their energy levels. This quantization
shifts the absorption and emission spectra of the dots, giving
them unique optical and electronic properties. In the early-stage
research in this field, this concept is typically called “semicon-
ductor QDs”, nanomaterials possessing tunable light absorption,
physicochemical functions due to their large surface-to-volume
ratio, bright emission of pure colors, and control over electronic
transport.['%! However, QDs are not limited to fluorescence abil-
ities, as some later developed families such as “magnetic QDs”
and “plasmonic QDs”. Thus, the term QDs can more appropri-
ately refer to several sub-20-nanometre-sized families (schema-
tized in Figure 2) of nanomaterials with peculiar properties that
can gain a deeper appreciation for this rapidly growing field’s ver-
satility and exciting potential. Therefore, the following subhead-
ings can concisely summarize and discuss the different QDs fam-
ilies and key properties.

2.1. Semiconductor QDs

Conventional semiconductor QDs can be described as a core-
shell structure, where the core is composed of a semiconductor
material such as II-VI (e.g., ZnTe, ZnSe, ZnS, ZnO, CdS, CdSe,
CdTe, HgTe, HgSe, HgS), II1-V (e.g., AlSb, AlAs, AIP, GaSb,
GaAs, InGaAs, InAs, InP, InN), and IV-VI (e.g., PbS, PbSe, PbTe)
compounds, and the shell is typically made of another semicon-
ductor material (Figure 2a).[2*337] The core-shell structure of
QDs allows for using different materials for the core and shell
components. Adjusting the size (typically ranging from 1-10 nm)
and shape (spherical, rod, or tetrapod), it is possible to achieve
distinct electronic and optical properties, including strong flu-
orescence, high quantum yield, and size-dependent emission
spectra.[138] Notably, the nanocrystal dimensions play a crucial
role in determining the energies of excited-state charge carriers,
such as electrons and holes. On the other hand, as the size of the
QDs decreases, the charge carriers become confined to a smaller
region in space. This confinement leads to an increase in their en-
ergies and a widening of the electronic bandgap. Consequently,
there is a shift in the absorption and emission spectra toward
higher energy (shorter wavelength). This phenomenon is a con-
sequence of the quantum confinement effect, where the size of
the QDs influences the energy levels of the confined charge car-
riers. Through synthetic advances over the last two decades, size-
tunable QDs can now be readily prepared from a variety of mate-
rials, which has yielded emitters throughout the near-ultraviolet,
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visible, near-infrared and mid-infrared spectra with fluorescence
quantum yields approaching 100%.*! For instance, core-shell
QDs with CdSe as the core and ZnS as the shell have been found
to exhibit quantum yields greater than 50% due to the incorpora-
tion of the ZnS shell that helps to passivate nonradiative recom-
bination sites while effectively reducing nonradiative decay path-
ways and promoting more efficient radiative recombination.l’!
Moreover, the presence of the shell enhances the overall robust-
ness of the QDs under various processing conditions, making
them more resilient and stable for diverse applications. The core-
shell approach has become widely explored as a versatile method
to fine-tune the photophysical properties of QDs for specific ap-
plications.

The semiconductor core-shell type QDs are synthesized us-
ing a top-down approach, which involves reducing bulk semi-
conductor materials to form nanoscale structures. This is ac-
complished using electron beam lithography, reactive-ion etch-
ing, and wet chemical etching. On the other hand, these tech-
niques have limitations, such as structural imperfections caused
by patterning and impurities introduced during synthesis, lead-
ing to non-uniform size distribution and reduced quantum
yield, which strongly influence their applicability. Indeed, many
synthetic efforts have made them attractive for various ap-
plications, such as optoelectronics, solar cells, lighting, and
displays.

2.2. Colloidal Nanocrystals

Colloidal nanocrystals (NCs) are a subset of semiconductor QDs,
sub-20-nanometer-sized crystals composed of a few hundreds
to a few thousands atoms. The inorganic core is surrounded by
“ligands” (organic or inorganic functional groups or molecules)
that prevent agglomeration and provide stability (Figure 2b),
allowing their bottom-up assembly.['*240] NCs can be made of
various materials, such as metals, oxides, or semiconductors,
and are commonly synthesized using solution-phase methods,
including sol-gel, hydrothermal, or co-precipitation methods
(see Figure 3 for general synthetic strategies). NCs exhibit higher
quantum yields compared to conventional QDs, owing to several
factors. First, the smaller size of NCs allows for more efficient
confinement of charge carriers, reducing non-radiative recombi-
nation pathways. Additionally, the bright luminescence in NCs
arises from the rational design of organic ligands surrounding
the QD core. This design results in reduced surface-related
defects, minimizing non-radiative processes and contributing
to higher photoluminescence quantum yields. Furthermore, the
crystalline nature of NCs, characterized by well-defined facets
and structures, enhances radiative recombination efficiency
compared to the often more amorphous nature of QDs. These
combined factors make NCs particularly attractive for biological
imaging and sensing applications. However, the polydispersity of
NCs can be a limitation in some applications, and the synthesis
and purification methods are still being optimized to improve
their properties and reduce toxicity. Recently, Wood et al. re-
viewed how individual NCs can self-assemble into phononic
crystals. By arranging QDs in a periodic array, it is possible to
create materials with a periodic variation in acoustic proper-
ties that can control the propagation of acoustic waves. This
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Figure 2. Overview of different classes of QDs materials. a) Semiconductor QDs, are characterized by a core-shell structure, where the core consists
of various semiconductor materials such as Il-, 111-V, and IV-VI compounds. The shell is typically made of another semiconductor material. b) Colloidal
QDs, a subset of semiconductor QDs, comprise sub-20-nanometer-sized crystals composed of a few hundreds to a few thousands atoms. The inorganic
core is surrounded by “ligands” (organic or inorganic functional groups or molecules) that prevent agglomeration and provide stability. ¢) Organic and
hybrid QDs, an advancement of colloidal QDs including carbon dots, bioconjugated polymers, protein-based QDs, and perovskite QDs. d) Magnetic
QDs, combine magnetism and quantum confinement properties, typically composed of a magnetic core (ferromagnetic or superparamagnetic) and a
shell of different semiconductor materials. €) Plasmonic QDs, are typically composed of metal nanoparticles (commonly gold or silver) combined with
semiconductor quantum dots/nanocrystals or organic dyes as either the core or the shell.

peculiar property can provide a powerful tool for using NC
superlattices for nanophononics, optomechanics, and acoustic
metamaterials.[*) The self-assembly of colloidal nanocrystals
into phononic crystals offers exciting potential for developing
new materials and devices for various technological applica-
tions. Future research in this area will continue exploring the
unique properties of colloidal nanocrystals and their potential
for phononic applications.

Adv. Mater. Interfaces 2024, 11, 2300970 2300970 (4 0f21)

2.3. Organic and Hybrid QDs

Advances in the last decade in colloidal QDs chemistry mostly
focused on formulating hybrid structures, such as a type of
QDs composed of organic or hybrid organic/inorganic materials
(Figure 2c). The most exploited classes of organic and hybrid QDs
are carbon dots, bioconjugated polymers, protein-based QDs,
and perovskite QDs, which have recently emerged as promising
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Figure 3. Main areas where QDs nanomaterials can advance the perfor-
mance of existing and new technologies.

alternatives to conventional inorganic QDs for applications in
photovoltaics and light-emitting diodes.[*! Additionally, the high
biocompatibility and low toxicity of organic and hybrid QDs make
them attractive for biological applications such as cell imaging,
drug delivery, and biosensing, even though the low stability and
limited size tunability of these QDs are some of the challenges
that need to be addressed for further developments. Hybrid
QDs possess a variety of structures and compositions mostly
dependent on the synthetic methods used. Generally, they are
composed of small organic molecules organized in a nanoscale
structure with strong fluorescence properties. For instance, car-
bon dots are typically quasi-spherical nanoparticles of a carbon
core (e.g., fullerenes, carbon nanotubes, graphene) surrounded
by organic functional groups. Among these, graphene-based
QDs (GQDs) are described as single- to few-layer patches of
graphene sheets with lateral dimensions in the nanometer
range. The reduction of the graphene sheet size can introduce a
bandgap opening and thus fluorescence properties, even though
the relationship between size and fluorescence is still complex
to be determined due to its “quasi-molecular” nature. The most
used approaches for synthesizing GQDs are top-down meth-
ods which involve breaking down through exfoliation and/or
cutting of carbon precursors (graphite, graphene, graphene
oxide, carbon fibers, carbon black, fullerenes, and carbon nan-
otubes) into smaller pieces to form GQDs. Several top-down
approaches have been developed for synthesizing GQDs, in-
cluding mechanical, physical, chemical, and electrochemical
methods.*¢]

2.4. Magnetic QDs

The unique and attractive features of QDs have inspired the fab-
rication of nanostructures exhibiting both magnetism and quan-
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tum confinement properties. Magnetic quantum dots (MQDs)
are composed of a magnetic (ferromagnetic or superparamag-
netic) core and shell made of different semiconductor materials,
such as CdSe or ZnS, typically designed to confine the electrons
and holes within the MQD structure (Figure 2d).[**~* MQDs can
be synthesized using a top-down approach, where magnetic ma-
terials such as Fe;0,), cobalt (Co), or manganese oxide (MnO)
are incorporated into the QD structure during the synthetic pro-
cedure. For example, a core/shell Co/CdSe nanocomposite can be
prepared by controlled deposition of CdSe QDs onto preformed
Co nanocrystals. Alternatively, Fe;O, can be incorporated into
CdSe/CdS core-shell QDs by a one-pot synthesis method, where
the magnetic nanoparticles are directly incorporated during the
synthesis. MQDs have found promising results in various ap-
plications, ranging from biomedical imaging to spintronics or
magnetic data storage. For instance, MQDs can be used as spin
injectors to inject spin-polarized electrons into a semiconductor
material, leading to an increase in the spin polarization of the
material. In addition, superparamagnetic MQDs exhibit high re-
sistance to thermal fluctuations, making them ideal candidates
for use in high-density magnetic data storage devices. Recently,
QD-based diluted magnetic semiconductors have gained atten-
tion. These materials are also known as semi-magnetic semi-
conductors, where transition metal ions are used to dope semi-
conductor nanocrystals. These new classes of QDs can generate
spin currents, which is important for small-size spin and charge-
based devices. This has resulted in significant attention in the
emerging field of “spintronics,” where electron spins are con-
trolled to transmit information, providing new functionality to
semiconductor devices such as semiconducting alloys and thin
films.[*]

2.5. Plasmonic QDs

Exploring plasmon—exciton interactions at the level of individual
nanostructures is of great importance for developing exciting
new materials that can strongly affect various research fields
ranging from nanophotonics to nanomedicine. Plasmonic quan-
tum dots (PQDs) are peculiar nanostructures typically composed
of metal nanoparticles (typically gold or silver) and semiconduc-
tor quantum dots/nanocrystals or organic dyes that can function
as a core or a shell (Figure 2e).[*¢*’] The coupling between metal
nanostructures and quantum systems allows the instauration
of peculiar properties. For instance, it can support localized
plasmon resonance (LSPR), enhancing light absorption and
scattering while exhibiting quantum confinement effects, which
produce size-dependent optical properties.[*®! The combination
of plasmonic and quantum confinement effects leads to strong
light-matter interaction in PQDs, making them useful in appli-
cations such as Raman spectroscopy and fluorescence. However,
precise tuning over the spacing between the metal and QDs was
necessary to prevent fluorescence quenching, for example, by
encapsulating modified QDs with a gold shell. Promising results
have been reported by coating QDs with a layer of peptide,
poly-L-histidine (PLH), as the gold deposition template. Impor-
tantly, PLH has the advantage of possessing groups capable of
immobilizing Au** ions at very high packing density for thin
and smooth gold shell deposition.!*¢! Owing to this arrangement
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PQDs also exhibit high photostability, and improved biocom-
patibility, making them a promising candidate for sensing and
imaging applications in various fields, including biology and
medicine.

One of the most commonly used methods for preparing PQDs
is colloidal synthesis. In this approach, PQDs are synthesized by
mixing a solution of metal precursors with a solution of semi-
conductor precursors in the presence of a surfactant. The metal
and semiconductor precursors react to form a core-shell struc-
ture, with the semiconductor acting as the core and the metal
acting as the shell. The surfactant helps to stabilize the nanopar-
ticles and prevent them from agglomerating. The size and shape
of the nanoparticles can be controlled by adjusting the ratio of
the metal and semiconductor precursors and the reaction condi-
tions. Epitaxial growth is another method for preparing PQDs.
PQDs are grown on a substrate using techniques such as molec-
ular beam epitaxy (MBE) or metal-organic chemical vapor de-
position (MOCVD) in this method.[*”) The substrate provides a
template for the growth of the PQDs, and the size and shape
of the nanoparticles can be controlled by adjusting the growth
conditions. Template-assisted methods are also used for prepar-
ing PQDs. This approach uses a template to guide the forma-
tion of the nanoparticles, which can be a porous material, such
as a membrane, a polymer, or a patterned substrate. The size and
shape of the nanoparticles can be controlled by adjusting the size
and shape of the template. Directed self-assembly is an alterna-
tive approach SA can include templating surfaces, chemical func-
tionalization, or specific substrate designs that guide the quan-
tum dots into the desired arrangements. By carefully engineer-
ing these guiding factors, researchers can achieve control over
the size, spacing, and orientation of quantum dots on a substrate,
thereby influencing their collective properties and behavior. More
recently,

www.advmatinterfaces.de

2.6. QDs Synthesis and Property Modification

As it possible to appreciate from Table 1, the fabrication meth-
ods strongly contribute to the structure and properties of QDs
families.[274350-56] Recent efforts in preparation strategies aim to
achieve non-toxicity, environmental friendliness, precision, and
cost-effectiveness with improved size and shape control. Tra-
ditional methods, including hot-injection, and thermal meth-
ods, often employ toxic precursors and harsh conditions, limit-
ing their applicability. Consequently, researchers are exploring
more sustainable approaches for large-scale production, such
as using non-toxic precursors and environmentally friendly sol-
vents. Methods like hydrothermal and solvothermal techniques
have gained traction, enabling the preparation of QDs in high-
pressure, high-temperature aqueous environments. By adjust-
ing parameters like temperature, time, and reagent content, re-
searchers can achieve precise control over the size and shape of
QDs.

Recently, biosynthesis of QDs through a bio-based approach
utilizing microorganisms like bacteria, fungi, and mammalian
cells represent a promising strategy. This method not only con-
ducts synthetic reactions under environmentally friendly condi-
tions but also imparts biostability and biocompatibility to the re-
sulting QDs. The unique capabilities of living microorganisms,
attributed to redox enzymes, metal binding domains, and specific
biochemicals within their cells, allow for the initiation of synthe-
sis nanoclusters at ambient temperature, pressure, and neutral
pH. Fungi-based systems, with easy handling and extracellular
synthesis, have an advantage in large-scale production, while bac-
terial synthesis involves directed evolution or genetic manipula-
tion.

Finally, electrochemical approaches, specifically electrochemi-
cal deposition (ECD), provide a direct, simple, and cost-effective

Table 1. Main QDs-based materials fabrication methods. Table information refers to references.[33-401

Fabrication Technique Structure Advantages Limitations Ref.
Method
Physical Laser Ablation, Laser Irradiation, Semiconductor QDs, Carbon  High purity, precise and high  High equipment costs, [27,34]
Arc discharge, Molecular beam dots (e.g., Graphene QDs) control over composition complex processes, limited
epitaxy, Ultrasonic and crystallinity scalability
Chemical Wet Chemical Etching, Pyrolysis, Colloidal QDs, Carbon dots High control over quality, Require high temperatures and [50,52]
Microwave, Solvothermal, (e.g., graphene QDs), size/shape, and toxic precursors.
Hydrothermal, Co-precipitation, magnetic QDs, compositions.
Re-precipitation semiconductor QDs The removal of capping agents
Large-scale production can be challenging
Self-assembly Directed Assembly Colloidal QDs with tunable Low energy consumption, Low control of the assembly [43]
architectures and ordered complex structure conditions, low scale-up
arrays formulation, versatility, the potential, low
potential for monodispersed, long
functionalization fabrication times
Bio-based Bio-based precursors materials Colloidal QDs, Carbon dots Low-cost, sustainability Slow synthesis rates, low [51,53,56]
treated via physical and (e.g., graphene QDs), yields, difficult control of
chemical approaches, microbial Semiconductor QDs size/shape
synthesis, biomolecule-assisted
synthesis
Electrochemical Electrochemical oxidation, Plasmonic QDs, Controlled growth, the Low control over size/shape, [57]

Electrochemical deposition

nanocrystalline noble

metals

potential for shape
tunability
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way to deposit metals on a conducting substrate. ECD is a pow-
erful tool for synthesizing various materials relevant to energy
conversion and storage applications. Beyond conventional ECD,
diverse electrochemical techniques have been developed to con-
trol metal nanostructure size, shape, porosity, and location in
one, two, and three dimensions, with a spatial resolution reach-
ing down to one nanometer.

To summarize, the section discusses the technical aspects of
QDs, emphasizing their diverse interpretations and applications
in fields like nanotechnology and quantum mechanics, explor-
ing various types of QDs, including semiconductor, colloidal, or-
ganic/hybrid, magnetic, and plasmonic QDs, each with distinct
features and synthesis methods. Semiconductor QDs, for exam-
ple, exhibit core-shell structures, offering tunability in electronic
and optical properties. Colloidal QDs, a subset of semiconduc-
tors, boast high quantum yields and find applications in biolog-
ical imaging. Organic/hybrid QDs, such as carbon dots, offer
biocompatibility. Magnetic QDs combine magnetism and quan-
tum confinement, promising applications in biomedical imaging
and spintronics. Plasmonic QDs, composed of metal nanoparti-
cles and semiconductor or organic materials, exhibit strong light-
matter interactions, making them useful for sensing and imag-
ing applications. The section concludes by discussing various
synthesis methods for QDs, including sustainable approaches
like biosynthesis and electrochemical deposition, aiming for pre-
cise control over size, shape, and properties.

3. QDs in Action

This section will explore the various applications of QDs sum-
marized in Figure 3, highlighting the potential for future ad-
vancements and innovations. Their tunable emission spectra,
high quantum yields, photostability, and versatile surface chem-
istry make them attractive for various applications across differ-
ent fields. The following subheadings will delve into some of the
most notable and recent uses of QDs, focusing on the develop-
ments in the most recent years. With their unique properties and
adaptability, QDs are poised to play a transformative role in a wide
array of cutting-edge applications, opening new possibilities for
technology and research.

3.1. Biomedicine

Due to their broad absorption spectra compared to conven-
tional organic dyes and fluorescent proteins, QDs have become a
promising tool for imaging, sensing, and diagnostics in biomedi-
cal applications. Compared to conventional organic dyes and flu-
orescent proteins, QDs possess broad absorption spectra, pro-
viding exceptional imaging, sensing, and diagnostic capabilities.
Their advantages extend to tunable emission wavelengths, high
photostability, and the ability to conjugate with various ligands,
antibodies, or biomolecules, making them attractive for diverse
applications across different fields.[®! One particularly notable
category of QDs, known as carbon dots (CDs), has garnered sig-
nificant interest in biomedicine. Derived from the abundant ele-
ment carbon, CDs are typically synthesized through more envi-
ronmentally friendly methods.[**>°] They can be classified into
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four categories: GQDs, carbon quantum dots (CQDs), carbon
nano-dots (CNDs), and carbonized polymer dots (CPDs). These
categories are generally biocompatible and exhibit low cytotoxi-
city, a crucial factor for ensuring material safety. CQDs possess
excellent photostability, are often water-soluble, and can be eas-
ily modified for enhanced specificity and selectivity. Recently, re-
searchers have focused on multicolor fluorescence, enabling the
simultaneous detection of multiple targets in complex biologi-
cal systems, which in turn provide a better understanding of bi-
ological processes at the molecular level. By using a single light
source to excite the multicolor fluorescence emission of QDs with
varying particle sizes, it becomes possible to label multiple sig-
nal sources simultaneously.[®”] In early studies, it was shown that
Hela cells incubated in a CQDs solution for 2 h emitted strong
blue, green, yellow, and red fluorescence, primarily distributed
in the cytoplasm when exposed to a single wavelength light of
405 nm.[%!l The authors proposed a novel solvent-controlled syn-
thetic route for producing CQDs with highly efficient photolu-
minescence, and systematically explored the influence of differ-
ent solvents on the growth processes of QDs, demonstrating
the controllable modulation of particle size. More recently, re-
searchers have made progress in using polychromatic QDs (in-
cluding CQDs) for simultaneous labeling and multicolor fluores-
cence imaging of multiple immune cells in liver-frozen sections.
They developed a new method to label Kupffer cells, T cells, and
B cells using various QDs conjugated with specific antibodies,
allowing for a more detailed and comprehensive understanding
of cellular interactions in the liver tissue. The QDs were applied
below freezing points to minimize potential interference from
ice crystals in the tissue samples, demonstrating their ability to
effectively label and differentiate multiple immune cell types in
liver-frozen sections. Furthermore, the multicolor fluorescence
imaging facilitated clear visualization of the distribution and in-
teraction of these immune cells in the tissue samples, under-
scoring their potential for simultaneous analysis of multiple im-
mune cells in biological samples. This approach offers a valu-
able tool for researchers studying immune cell interactions and
functions in various diseases and pathological conditions, even
though in vivo targeting and multimodal molecular bioimaging
are still challenged.[6263]

GQDs, particularly those in the protein-sized range (dozens
of kDa), exhibit enhanced biocompatibility and ease of clearance
compared to typical semiconductor QDs with necessary surface
coating and other CQDs, representing a more suitable option for
biological targeting and molecular imaging. For example, GQDs
were used as targeted tumor imaging and long-term visualiza-
tion of local pharmacokinetics (Figure 4a). Specifically, the GQDs
are in situ planted in a poly(ethylene glycol) (PEG) layer of PE-
Gylated nanoparticles, thus enabling specific binding to tumor
cells and resulting in 7-8 times increased tumor accumulation
compared to pristine GQDs in vivo. This targeted approach re-
sulted in enhanced tumor imaging, allowing for improved detec-
tion and diagnosis of tumors. Additionally, the GQDs exhibited
long-term visualization of local pharmacokinetics (more than
four times prolonged blood circulation), providing valuable in-
sights into drug distribution and effectiveness within the tumor
microenvironment.[®3]

The unique physicochemical properties of QDs have also
been widely explored to increase the efficacy of drug delivery

© 2024 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

95U8017 SUOWIWOD SAIERID (dedl|dde el Aq peusenob ae sapie O 8sN Jo Se|ni Joj AkeigiTauljuQ AB]I/W UO (SUONIPUOD-PUR-SLLBIWOD A8 I ARe.d1jBul [U0//SdNL) SUONIPUOD pue swie 1 841 88S *[7202/TT/2T] Uo ARiqi]auliuo A8|im ‘elfeleueiyood Aq 02600£202 WPR/ZOOT OT/I0P/W00" A8 | Ale.d 1 pul|uoy/:sdny wiolj pepeojumod ‘2T ‘%20z ‘0SEL96TZ


http://www.advancedsciencenews.com
http://www.advmatinterfaces.de

ADVANCED

MATERIALS
ADVANCED INTERFACES

SCIENCE NEWS

www.advancedsciencenews.com www.advmatinterfaces.de

a

MCF-7 HepG2 PANC-1 SK-BR-3

Targeting funcrionaltzation
—s— Control
0 p—a - - h ks S Ncgary
| de PMb-surgery
. —_~
o = st
: oy
= 3 8l
W g O |3
3 % SN T‘" ].
= oAt =
e — e o pong = .l
7 -
5% h"mm""‘d-.\f = S
Jf'&'.. E.L' - W
. uflul' o 3l
™ o
2N # A
molecules peptides protein  GODs , ) . X | A ) 7 =
o 7 M 21 28 35 42 @ 55 63

(GQDs), blue (nue), red (phalloidin) (GOQDs), blue (nuc) Time (da\_;)

= Etching

Self-bonded |

B

HAMA/GelMA

GT/CG
C
Lesa 1. 3a !
09 i
Tb-NB1-H-> g (1 o Ny
l "1\ = = £ % or} | b )
o | no FRET ® =l (1 :b'u“"c';" T R B R
t /’ i ||;)U=nﬁﬂ'ﬁ°?ﬂll
FRET 2 “ 0 E; ..... #..... $o B - By
2 2 i & } 0 12
c(sEGFR) (nM)

Figure 4. Impactful recent uses of QDs-based nanomaterials for biomedical applications. a) In vitro and in vivo targeted tumor imaging based on
multifunctional, targeted nanoprobe nanoparticle core-graphene quantum dots- poly(ethylene glycol) (NPC-GQDs-PEG) nanomaterials. NPC-GQDs-
PEG/2-Deoxyglucose probes effectively labeled MCF-7 breast cancer cells and successfully detected cancer markers Glypican-3 in HepG2 liver cancer
cells and plectin-1 in PANC-1 pancreatic cancer cells. Additionally, NPC-GQDs-PEG conjugated with phalloidin specifically stained F-actin in SK-BR-
3 breast cancer cells, demonstrating their specific targeting ability for different cancer cell types. Survival rates of mice (n = 6 in each group) in the
fluorescence-imaging-guided surgery (FMI-surgery) are significantly higher compared to the normal surgery (N-surgery) and control groups. Adapted
from ref.[63] from John Wiley and Sons, copyright 2023. b) Scheme of the preparation, self-bonding, and controlled release of drugs-loaded particles from
HAMA/GelMA Hydrogel containing GO QDs. The self-bonded hydrogels melt under near-infrared (NIR) irradiation releasing the encapsulated drugs at
the same time. After the NIR irradiation the melted hydrogel recondense connecting neighboring particles and forming a patch. Adapted from ref.[64]
with permission from American Chemical Society, copyright 2022. c) Terbium complex (Tb)- tagged nanobodies were transferred from QD surfaces via
EGFR-nanobody binding, leading to a FRET signal. The detection limit of 80 + 20 pM (16 + 4 ng mL™") resulted from was three times lower than the
clinically established threshold for soluble EGFR and up to ten times lower compared to traditional sandwich FRET assays that necessitate a pair of
distinct nanobodies. Adapted from ref.[67] with permission from John Wiley and Sons, copyright 2022.

and reduce off-target side effects. Ultimately the photothermal
properties of QDs were deeply exploited to improve their ability
as carriers. For instance, hydrogel particles of biocompatible
hyaluronic acid methacryloyl (HAMA) and gelatin methacryloyl
(GelMA) were doped with graphene oxide QDs during their for-
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mulation (Figure 4b). The potential synergy between intelligent
inverse opal hydrogel and self-healing or self-bonding capabil-
ities holds promise for advancing the design of more tailored
particle systems. Furthermore, the hybrid particles combine
the photothermal conversion capabilities of GQDs favoring the

© 2024 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

95U8017 SUOWIWOD SAIERID (dedl|dde el Aq peusenob ae sapie O 8sN Jo Se|ni Joj AkeigiTauljuQ AB]I/W UO (SUONIPUOD-PUR-SLLBIWOD A8 I ARe.d1jBul [U0//SdNL) SUONIPUOD pue swie 1 841 88S *[7202/TT/2T] Uo ARiqi]auliuo A8|im ‘elfeleueiyood Aq 02600£202 WPR/ZOOT OT/I0P/W00" A8 | Ale.d 1 pul|uoy/:sdny wiolj pepeojumod ‘2T ‘%20z ‘0SEL96TZ


http://www.advancedsciencenews.com
http://www.advmatinterfaces.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
INTERFACES

Open Access,

www.advancedsciencenews.com

release of encapsulated amoxicillin and VEGFs during the NIR ir-
radiation process, making it suitable for use as a controllable drug
delivery system.[%*] The demand for a novel drug delivery system
with intelligent drug release capabilities is becoming increas-
ingly urgent. Existing biomaterials employed in this regard are
characterized by relatively simple structures and face challenges
in achieving site-specific drug release. One promising solution
rely in the remarkable photothermal effect of black phosphorus
quantum dots (BPQDs), which, compared to conventional ones,
can facilitate targeted drug release and offer crucial advantages
when combined with other nanostructures. Recent reports have
highlighted the use of BP inclusion within inverse opal films as
a responsive drug release medium under near-infrared (NIR)
irradiation for spinal cord injury (SCI) repair.!®! Interestingly,
combining BP with Ni,P QDs can convert NIR-I responsiveness
into NIR-IT (1000-1500 nm) photothermal activation, enabling
the fabrication of a multifunctional nano-platform for complete
tumor ablation.[®! This innovative approach could pave the way
for the design of a multimodal cancer treatment strategy.

QDs can also serve in the development of optical and elec-
trochemical biosensors for real-time monitoring of cellular pro-
cesses and environmental changes within living organisms. As-
says based on Forster resonance energy transfer (FRET) are rec-
ognized as highly sensitive and very easy to perform and do not
require any separation or washing steps. However, FRET can
work when the distance between the donor-acceptor is below
10 nm. In this context, to design a quick, wash free, mix-and-
measure immunoassay for the epidermial growth factor recep-
tor (EGFR), several biocompatible QDs were opportunely mod-
ified with Terbium complex (Tb)-labeled hexahistidine-tagged
nanobodies by varying the C-terminal tags. The result was
an EGFR concentration-dependent reduction of the Tb-to-QD
Forster resonance energy transfer (FRET) signal. The detection
limit of 80 + 20 pM (16 + 4 ng mL™') was three times lower
than the clinically established threshold for soluble EGFR and
up to ten times lower compared to traditional sandwich FRET as-
says that necessitate a pair of distinct nanobodies (Figure 4c).l?’]
QDs possess high electron transfer rates and electrocatalytic ac-
tivity, which make them suitable candidates for electrochemical
biosensing applications. They can serve as redox mediators, en-
hancing the electron transfer between the recognition element
(e.g., enzyme, antibody) and the electrode surface. By modifying
the electrode with QD-conjugated recognition elements, electro-
chemical biosensors can achieve improved sensitivity and speci-
ficity in detecting target analytes. Organic electrochemical tran-
sistor (OECT) biosensors, replacing the traditional gate electrode
with light-sensitive semiconductor electrode, have recently at-
tracted increasing attention in biosensing applications. In partic-
ular, by using CdS QDs as light-sensitive material, it was possi-
ble to demonstrate the enhanced optical response, and facilitate
the energy transfer process, thus resulting in an advanced hydro-
gel/GO hybrid OPECT system exhibiting ultra-sensitive response
toward the specific external stimulus and could serve as a general
bio-detection platform with zero gate bias.

It is also worth mentioning that QDs have shown promise in
the development of rapid and sensitive diagnostic tools, particu-
larly for point-of-care (POC) devices. These devices aim to pro-
vide timely and accurate diagnostic information at the patient’s
bedside, which is critical for effective disease management. QD-
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based lateral flow assays, similar to traditional paper-based test
strips, have been developed for the detection of various analytes,
such as pathogens, biomarkers, and small molecules.

Moreover, QDs have been employed in microfluidic devices
for lab-on-a-chip applications, which integrate multiple labora-
tory processes into a single miniaturized platform. These devices
can offer rapid and high-throughput analysis with minimal sam-
ple and reagent consumption, making them ideal for POC diag-
nostics in resource-limited settings.[72]

3.2. Energy

QDs possess unique characteristics that make them highly
promising for utilization in energy conversion and storage fields.
One of their notable features is the ease of tuning the photoin-
duced charge carriers, which allows for precise control over their
behavior in response to light. This tunability enables efficient
charge transfer processes, facilitating the conversion of light en-
ergy into electrical energy.?¥l Additionally, QDs exhibit abun-
dant active sites on their surfaces, promoting enhanced interac-
tions between the QDs and electron donors/acceptors.[®®! This in-
creased interaction surface area contributes to improved charge
transport properties and enhances the overall efficiency of energy
conversion processes. In recent years, QDs have emerged as a
promising alternative for use in solar cells. Their unique prop-
erties, such as size-tunable bandgaps and the ability to absorb a
broad spectrum of light, make them ideal candidates for captur-
ing solar energy. By carefully engineering the composition and
size of the QDs, researchers can optimize their absorption and
emission properties to match the solar spectrum, maximizing en-
ergy conversion efficiency.[®]

Furthermore, QDs can be integrated into various types of so-
lar cell architectures, including thin-film solar cells and hybrid
organic-inorganic solar cells. Their high quantum yields and ex-
ceptional photostability contribute to long-term performance and
improved durability of solar cell devices. The utilization of QDs
in solar cells is an active area of research, with ongoing efforts
focused on enhancing their efficiency, stability, and scalability.
Through innovative approaches and advancements in synthesis
and device engineering, QDs hold the potential to play a signif-
icant role in the future of solar energy conversion, contributing
to the development of efficient and sustainable photovoltaic tech-
nologies. QD-based solar cells offer a significant advantage over
traditional solar cells due to their exceptional capacity to absorb
light across a wide spectrum of wavelengths. Unlike conventional
solar cells, which are limited in the range of light they can ef-
fectively harness, QDs can be precisely engineered in terms of
both size and composition. This engineering allows researchers
to tailor the properties of quantum dots to closely match the solar
spectrum, spanning from ultraviolet to visible and near-infrared
wavelengths.

By adjusting the size and composition of QDs, scientists can
fine tune their absorption characteristics, enabling them to effi-
ciently capture a broader range of solar energy. This capability
enhances the overall efficiency of QD-based solar cells, as they
can exploit a larger portion of the solar spectrum compared to
traditional counterparts. In solar cells, the device’s sensitivities
and efficiencies can be optimized by minimizing energy losses
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Figure 5. QDs-based devices used in energy applications. a) Photo of perovskite solar cells (PSCs) realized by replacing the commonly used
mesoporous—titanium dioxide electron transport layer with a thin layer of polyacrylic acid—stabilized tin(IV) oxide quantum dots. The devices possess
pixel sizes of 1, 20, and 64 cm?. On the right a graph of statistical distribution of PCE for the paa-QD-SnO, @c-TiO,~based. Adapted from ref.[71] from
science, copyright 2022. b) Scheme of mechanism in the outstanding catalytic performance for Cr(VI) reduction in the presence of formic acid (HCOOH)
by flower-like hybrid materials Nickel@MXene quantum dots (Ni@MQDs). The plots report the cycle performance of Ni@MQDs to catalytically reduce
Cr (V1) with HCOOH with the conversion efficiency of Cr (V1) reduction for each cycle. Adapted from ref.[74] from Elsevier, copyright 2023.

due to recombination or reflections. Recently, fundamental stud-
ies have shown that choosing a redox mediator with low reorga-
nization energy is an important route to improve charge transfer
rates from QDs by orders of magnitude,”®! and substantial im-
provements to perovskite solar cells (PSCs) were performed by re-
placing the commonly used mesoporous-titanium dioxide elec-
tron transport layer with a thin layer of polyacrylic acid-stabilized
tin(IV) oxide quantum dots (Figure 5a). As a result, the compact
tin(IV) oxide quantum dots enhanced light capture and largely
suppressed nonradiative recombination at the electron transport
layer—perovskite interface. The use of QDs as electron-selective
contact enabled a power conversion efficiency (PCE) of 25.7% and
high operational stability and facilitated the scale-up of the PSCs
to larger areas. Using QDs, there is also the possibility to dra-
matically reduce production costs because they can be prepared
by using a variety of methods, including inkjet printing and so-
lution processes that offer low operational costs and less energy
consumption compared to traditional solar cells, thus offering a
more environmentally friendly alternative.”!]

Beyond solar cells, QDs have also shown promise in LED
technology improving their brightness and energy efficiency. For
example, a novel and interesting approach has enabled high
performances through the heterogeneous integration of estab-
lished semiconductor technology and emerging 2D materials.
To achieve red and green colors, CdSe/ZnS green and red col-
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loidal QDs mixed with a transparent epoxy-based SU-8 photore-
sist were patterned on MoS,-on-GaN micro-LED by standard pho-
tolithography, allowing for scalable full-color micro-LED display
fabrication.[”?] The absorption and photoluminescence spectra of
the optimized QDs conversion layers showed excellent character-
istics as a color converter for the display with an external quan-
tum efficiency of 27.76% and 26.30% for green and red QDs, re-
spectively. The green and red QDs exhibited significant absorp-
tion at 450 nm, the wavelength emitted by the GaN-based blue
micro-LEDs. As a result, the blue micro-LEDs can stimulate these
QDs, causing them to emit red and green light at wavelengths of
640 and 530 nm, respectively.

This strategy creates possibilities for the integration of opto-
electronic devices that require the inclusion of semiconductor
materials with heterogeneous characteristics. The utilization of
materials like III-V compound semiconductors, silicon (Si), and
2D materials in these devices holds potential not only for active
matrix displays but also for optical and biological sensors with op-
timal performance. Notable, QDs serve as efficient and tunable
emissive elements within light-emitting metasurfaces, enabling
dynamic control over emission properties. Their integration with
metasurfaces allows for enhanced light manipulation capabilities
beyond what either component could achieve alone. By utilizing
QDs within reconfigurable nanophotonic devices, real-time mod-
ulation of emission characteristics becomes feasible.l”?!
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The small size, high surface area of QDs, and their ability to
generate reactive species under light irradiation make them at-
tractive for a range of chemical reactions. The excited electrons
and holes generated in QDs can facilitate redox reactions, lead-
ing to the degradation of pollutants, water splitting for hydrogen
production, and carbon dioxide reduction into valuable chemi-
cals. In electrocatalysis, the ability to modify electronic proper-
ties through surface functionalization or doping allows improved
catalytic activity and selectivity in several reactions, such as oxy-
gen reduction, hydrogen evolution, and nitrogen reduction. Also,
QDs can serve as cocatalysts when combined with other nanopar-
ticles or semiconductors leading to improved reaction kinetics,
and enhanced stability, reducing simultaneously the usage of pre-
cious metals for more cost-effective and sustainable processes.
MXene quantum dots (MXeneQDs) are recognized as a recently
developed class of QD materials derived from layered MXenes.
They have emerged as potential electrode materials with appli-
cations ranging from bioimaging, catalysis, sensing, and energy
storage. MXeneQDs not only preserve the intrinsic properties
of MXenes but also present distinct physicochemical character-
istics attributed to quantum confinement effects, making them
a promising support material for decorating metal nanoparti-
cles. Despite these advantages, modern research lacks the synthe-
sis of metal NPs matched with MXeneQDs and the correspond-
ing studies on their catalytic activities. For instance, flower-like
Ni@MXene QD hybrids reported in Figure 5b have been used
as an excellent catalyst to reduce Cr (VI) to Cr (III), calculating
lower activation energy and higher kinetic constant. DFT calcu-
lations also revealed that the strong interaction between Ni and
MXeneQD caused an up-shift of the position of the active Ni sites,
leading to enhanced adsorption of HCOOH/H,, and a reduced
barrier for Cr(IV) reduction. Also, it has been found that the ma-
terial possesses improved conductivity properties which further
favor the reaction kinetics.[*!

3.3. Environment

Integrating QDs into sensors and environmental remediation
systems holds immense potential for applications such as mon-
itoring, pollutant detection and remediation, and clean energy
generation. QDs, known for their high sensitivity to environ-
mental changes, serve as innovative sensors in water and air
monitoring, acting as fluorescent probes for detecting specific
molecules, ions, or physical parameters like temperature and
pressure. Moreover, QDs exhibit enzyme-mimicking activity and
offer superior advantages over other nanomaterials due to their
cost-effectiveness, metal-free nature, and unique properties, in-
cluding electrical and optical features, good dispersibility, and
high chemical stability, thus making them an economical and
practical choice for enhancing catalytic activity in nanozymes.
For instance, kanamycin (KAN) is an aminoglycoside antibiotic
mostly used in veterinary medicine for animal husbandry and
aquaculture. It was recently found that its overuse causes residue
in food and the environment representing a huge risk to human
health. Boron nitride quantum dots (BNQDs) combined with
porous CeO, nanorods have been identified as key components
in creating a nanozyme-based colorimetric analysis for the detec-
tion of KAN (Figure 6a). This simple and cost-effective method
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offers potential for on-site applications. The BNQDs/CeO, mix-
ture catalyzes the decomposition of hydrogen peroxide, produc-
ing hydroxyl radicals that oxidize tetramethylbenzidine (TMB)
into blue compounds. Adding a KAN-specific aptamer to the
QDs-based material enhances hydroxyl radical production and
increases the interaction between the aptamer and TMB. This
strengthens substrate affinity and improves the catalytic perfor-
mance of the nanozyme, resulting in a more intense blue signal.
When KAN is present, the aptamer separates from the nanozyme
due to its stronger affinity to KAN, causing a decrease in the color
signal.l’]

Real-time monitoring and early detection of pollutants using
QDs are crucial for facilitating remediation measures in envi-
ronmental protection. QDs are recognized for their capability
to improve the photocatalytic performance of semiconductors
through surface decoration, a process that enhances light absorp-
tion and catalytic activity. Integrating QDs into semiconductor
materials creates hybrid structures with superior photocatalytic
performance, surpassing conventional heterojunctions and Z-
scheme constructions, thereby enabling more efficient utiliza-
tion of solar energy for catalytic reactions aimed at pollution
remediation and sustainable energy applications. For instance,
graphitic carbon nitride quantum dots (g-C;N, or CNQDs) have
recently gained considerable attention in photocatalysis due to
their suitable band potentials, significant quantum confinement
effect, up-conversion effect, and sensitization effect. As a result,
CNQDs emerge as promising candidates for modifying semicon-
ductors to improve broad-spectrum photocatalytic performance.
Taking these studies into account has been demonstrated that
anchoring CNQDs onto morphologically engineered CuFe,O, it
is possible to construct a novel 0D/3D nanojunction architecture
that features outstanding peroxymonosulfate activation and pho-
tocatalytic ability degrading the 99.4% of 5-fluorouracil contami-
nant, one of the most representative cytotoxic drugs used in an-
ticancer therapies.[”]

It is clear that QDs offer significant advantages over bulk
materials in photocatalysis, which suffer from low separation
efficiency of charge carriers and limited catalytic sites. Their
nanoscale dimensions provide abundant exposed active sites, fa-
cilitating efficient charge transport and promoting superior pho-
tocatalytic performance. Additionally, the incorporation of cocat-
alysts further improves electron-hole pair separation and reduces
reaction barriers, making QDs a promising avenue for enhancing
photocatalytic efficiency. This is particularly impactful in the con-
text of climate change, where QDs also represent a valuable alter-
native for mitigating air pollution, including CO, emissions, by
capturing and converting the greenhouse gas into useful chemi-
cals or fuels. Efficient photoconversion of CO, has been realized
by using 0D black phosphorus quantum dots (BPQDs)-decorated
1D carbon nitride nanotubes (CNNT) photocatalyst to efficiently
reduce CO, at with a rate much higher than similar photocata-
lysts and pristine carbon nitride nanotubes (Figure 6b). In par-
ticular, the construction of an atomic-level N-P charge transfer
channel effectively facilitates charge transfer, thus improving the
catalytic rate.l’”]

Lastly QDs have showcased antimicrobial properties
(Figure 6¢), making them effective candidates for eliminat-
ing or reducing drug-resistant pathogens in the environment.
QDs take advantage of their ability to produce reactive oxygen
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Figure 6. QDs in environmental uses. a) Scheme reporting the colorimetric method for the detection of kanamycin by the use of aptamer nanozyme
activity of boron nitride quantum dots anchored on porous CeO, nanorods (BNQDs/CeO,). Adapted from ref.[75] with permission from Elsevier,
copyright 2021. b) black phosphorus quantum dots-decorated 1D carbon nitride nanotubes (BPQDs@CNNT) for boosted CO, reduction. The production
yield of CO is reported in the bar graph by comparing the effect of the amounts of quantum dots used. It is also demonstrated the number of recycling
cycle by using 1-BPQDs@CNNT. Adapted from ref.[77] with permission from Elsevier, copyright 2023. c) Schematic picture of fluorescent silver-binding
peptide quantum dots (AgBP,-Ag,S QDs) and images of the synthesized aqueous phase solution for a rapid and effective bacterial disinfection method,
along with photographs of bacterial colonies collected in the plate-sensitivity assay. Notably, all the E. coli colonies without AgBP,-Ag,S QDs survived
after NIR irradiation for 25 min, whereas the treated colonies displayed significant disinfection efficacy under the same conditions. Adapted from ref.[78]
with permission from John Wiley and Sons, copyright 2023.

species (ROS), and their small size can facilitate penetration conversion and as a photocatalyst for ROS generation. These

into microorganisms inducing cellular damage and subsequent
degradation or excretion through bodily processes, minimizing
impact on organs and tissues. Biocompatible silver-based BP,-
Ag, S quantum dots have been employed to serve dual functions:
as a photothermal agent for near-infrared (NIR) photothermal

Adv. Mater. Interfaces 2024, 11, 2300970 2300970 (12 OfZ])

QDs exhibit excellent photocatalytic properties, enabling them
to harness NIR light for energy conversion and simultaneously
generate ROS, which are highly reactive molecules capable of
damaging cellular structures in microorganisms. The AgBP,-
Ag,S QDs demonstrated an impressive disinfection efficiency of
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99.06% against Escherichia coli within 25 min of NIR exposure.
This high level of effectiveness can be attributed to the syner-
gistic effects of ROS production during photocatalysis, and the
elevated temperature caused by photothermal conversion. By
combining these two mechanisms, AgBP,-Ag,S QDs provide a
robust and efficient approach for antimicrobial applications and
environmental remediation.!”®]

Alternatively, carbon dots play a crucial role as antimicrobial
agents, offering advantages over traditional antibiotics and other
nanomaterials. They possess excellent water solubility, low cy-
totoxicity, and high biocompatibility, along with enduring bac-
tericidal activity, distinguishing them from metal nanoparticles
that rely on metal ion consumption. Of particular interest are
carbon dots synthesized from natural sources, which ensure ex-
cellent biocompatibility while retaining the antimicrobial activity
of the natural source itself. Moreover, through proper function-
alization, carbon dots can enhance their existing physicochem-
ical properties and explore new ones, thereby improving selec-
tivity and sensitivity to targeted bacteria, expanding their appli-
cations to wound dressings, antibacterial coatings, food packag-
ing, and eyedrops, showing significant potential for commercial-
ization and diversification.”’] As a recent example, nitrogen and
sulfur self-doped antimicrobial carbon dots were synthesized us-
ing a straightforward one-step hydrothermal method, employing
garlic as the carbon source, renowned for its natural antibacte-
rial properties. The results unveiled that the garlic-derived carbon
dots exhibited a positively charged surface, excellent fluorescence
characteristics, and ultrafine particle size, aligning with typical
carbon dot properties. Notably, the garlic-derived carbon dots
demonstrated superior effectiveness against multidrug-resistant
bacteria compared to conventional antibiotics, showing compara-
ble efficacy to chemically synthesized carbon dots, and also exhib-
ited the ability to inhibit biofilm formation. Furthermore, the ma-
terials derived from biomass displayed high biocompatibility in
both cytotoxicity assays and hemolysis tests, underscoring their
potential for safe biomedical applications.(#!

3.4. Micro- and Nanorobotic

Micro- and nanorobots are tiny machines, typically measuring
less than 100 pm, that can be programmed to perform specific
tasks autonomously. Formerly known as micro- and nanomotors,
they can harvest energy from the surrounding environment and
convert it into powerful locomotion. The self-propulsion capa-
bilities of these particles induce efficient solution mixing, which
can accelerate chemical operations. Micro- and nanorobots have
demonstrated excellent results in a variety of applications, includ-
ing biomedicine,?2#-%7] sensing %] optical imaging,!® and en-
vironmental remediation.[?*-%]

When integrated with microrobots, QDs can enhance their
functionality and performance in various ways. For example,
the small size of QDs allows for miniaturization and precise
control of microrobot movements, enabling them to navigate
through complex environments with greater agility and preci-
sion. Additionally, the stability of QDs ensures long-term perfor-
mance and reliability of the microrobots, even under challeng-
ing conditions. Moreover, the light-emitting properties of quan-
tum dots can be exploited for sensing, imaging, and communi-
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cation purposes, further enhancing the capabilities of the micro-
robots. Overall, the combination of microrobots with quantum
dots represents a significant advancement over conventional ma-
terials, offering improved functionality, efficiency, and versatil-
ity for various applications in fields such as healthcare, manu-
facturing, and environmental monitoring. For instance, CQDs
were used to enhance further the photocatalytic performances
in pollutant degradations of BiOBr/Bi, WO, microrobots. In par-
ticular, CQDs were loaded on the material’s surface to form a
ternary heterojunction CQD/BiOBr/Bi, WO,. The composite mi-
crorobots were compared to the pure phase materials and sub-
jected to mixed antibiotic degradation experiments, registering
a higher degradation rate, better applicability of mixed antibi-
otics, and higher recycling performance.l® Alternatively, micro-
robots primarily of antimony sulfide (Sb,S;) and adorned with
magnetite nanoparticles, have been meticulously engineered for
the purpose of microplastics degradation (Figure 7a). The propul-
sion mechanism of these microrobots operates via two distinct
and independent physical modes: one facilitated by a magnetic
field and the other by exposure to light irradiation. Leveraging
phoretic interactions, these microrobots exhibit a pronounced
affinity for poly(3-hydroxybutyrate) (PHB) and poly(lactic acid)
(PLA) microplastics, thereby enabling their subsequent trans-
portation within a transversely rotating magnetic field.®!]

However, it is recognized that QDs have been shown to have
the strongest impact on biomedical self-propelled programmable
devices. Indeed, they were mainly useful as contrast reagents
in fluorescence or other molecular imaging. QDs-based micro-
robots appeared for the first time in 2015, where the outer surface
of poly(3,4-ethylenedioxythiophene) (PEDOT)/Pt tubular bubble-
propelled microrobots were covered with fluorescence CdTe QDs
to present a novel approach for a real-time sensing concept to-
ward the selective Hg?* detection in the presence of other co-
existing ions, demonstrating great promise for speciation stud-
ies. Through the motion, the microrobots can allow and favor
the “on-the-fly” molecular recognition around the sample, greatly
accelerating target-receptor interactions. Moreover, the authors
demonstrated the possibility of tuning the fluorescent intensity
by increasing CdTe QD loading, thus opening their potential
use for further applications.”’] Later, the same researchers pro-
posed magnetocatalytic hybrid Janus micromotors encapsulating
phenylboronic acid (PABA) modified GQDs as ultrafast sensors
for detecting deadly bacteria. Here, it is reported that an easy and
effective integration of QDs with microrobots owing to the good
water solubility of GQDs. The fluorescent microrobots imple-
mented a dual-mode driving method and resulted in mobile or-
ganic QD fluorescent platforms whose enhanced fluid intermix-
ing increased the reaction rate between the lipopolysaccharide
(LPS) contaminated solution and microrobots compared to the
static counterpart. In particular, GQDs interacted with LPS, and
PABA acted as a specific recognition receptor. The microrobots
also showed highly selective screening capabilities when glucose,
galactose, and fructose were mixed in the same solution.[®]

In light of this, the GQDs-based microrobots offered the first
promising biocompatible alternative to static fluorescent dyes,
posing the bases for important advancements in bioimaging and
as contrast agents for tumor targeting, combining the high sen-
sitivity, selectivity, and non-destructive character of fluorescence
imaging with the possibility to control the movement of the
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Figure 7. Novel QDs materials for micro-nanorobotic applications. a) Quantum material based microrobots for the capture, transport and degradation
of microplastics. The image reports SEM micrograph of Sb,S; microrobots, their affinity toward PHB and PLA microplastics and the influence of
microrobots motion in the degradation of microplastics after their capture. Adapted from ref.[91] with permission from John Wiley and Sons, copyright
2023. b) Scheme depicting the preparation of self-propelled chiral-magneto-fluorescent microrobots Ni@ Pt microrockets and their surface engineering
with QDs to create multifunctional g-CD/CdS/Ni@Pt microrobots. Using supramolecular host-guest interactions, the resulting QDs-based materials
were investigated as bimodal (optical and electrical) “enantiorecognition-on-the-fly” devices for chiral targets. Adapted from ref.[101] with permission
from John Wiley and Sons, copyright 2023.

Nevertheless, biocompatible fluorescent QDs/microrobots
still need to be fully explored. For instance, their activation and
control under NIR light are highly relevant, especially for fluo-

microrobots remotely. GQDs exhibit high solubility, low toxicity,
and excellent water solubility, characteristics that, combined with
their sp?-like skeleton, render them suitable for various carrier

tasks in both aqueous and physiological environments. Notably,
the sp?-like structure of GQDs allows them to participate in
fluorescence resonance energy transfer (FRET) processes, acting
as acceptors or donors through noncovalent interactions with
biomaterials such as single-strand DNA (ssDNA).[*"]

Adv. Mater. Interfaces 2024, 11, 2300970 2300970 (14 of 21)

rescence imaging tracking in complex biological environments.
PbS QD-doped Cu,O-modified GO microrobots were recently
formulated to be driven under NIR light and tested in differ-
ent fuel fluids to simulate complicated biological media. The es-
tablished heterojunction structure of Cu,O@PbS microrobots
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demonstrated prominent and stable NIR-II fluorescence (emis-
sion wavelength: 1100 nm) activity, offering promising potential
to visualize their position in vivo biological applications.1%!

In addition to swimming abilities and enhanced fluid mix-
ing abilities, microrobots are also required to perform more
complicated tasks contemporary. A fascinating example of QDs-
based multifunctional microrobots has been conceived via sur-
face engineering of magnetically navigable nickel-coated plat-
inum microrockets with CdS QDs and a supramolecular host
biomolecule f-cyclodextrin for the precise and fast molecular
enantiorecognition of tryptophan enantiomers as proof chiral tar-
gets (Figure 7b). As a result, the combined chiral, magnetic, and
fluorescent functionalities in one self-propelled micromachine
have enabled the formulation of smart host-guest devices which
can be externally manipulated using an external magnetic field
for new insights not only in the field of micro/nanorobots, but
also in chiral (bio)sensors, (opto)electronic devices and biomedi-
cal applications.[*!]

3.5. Quantum Information

Quantum information relies on data processing and problem-
solving using a quantum system as an information carrier. The
major areas of quantum information technologies can be divided
into quantum computing, quantum communications, and quan-
tum sensing involving the use and dissemination of bits of in-
formation encoded in quantum, so-called qubits, the unit repre-
senting the amount of quantum information that can be stored
in the state of the simplest quantum system.[102!

0D semiconducting QDs have been considered one of the ma-
jor platforms currently used as promising hardware for imple-
menting stationary and flying qubits in the solid state. This is
because the individual charge carriers in QDs can be generated,
manipulated, coherently controlled, and strongly decoupled from
their environment.['®] In this context, the community of semi-
conductor quantum optics has made significant steps forward in
spin manipulation, exploiting indistinguishable single and en-
tangled photon states, monitoring the light-matter interaction,
and spin-photon entanglement. It has been recently demon-
strated that fully optically patterned silicon QDs and qubits can
be made in a 300 mm wafer process line containing 82 unit
cells (die) with a total of more than 10 000 QD arrays of various
lengths, with up to 55 finger gates per fin, like those used for com-
mercial advanced integrated circuits. The advanced manufactur-
ing method allows the formulation in QD samples to show easily
tunable double dots bodes, making them promise in the imple-
mentation of two-qubit gates.[1%4]

Semiconductor QDs are particularly appealing for realizing
practical on-demand quantum light sources in quantum com-
munications technologies. Much effort has been made from the
first report on a QD single-photon source based on a microdisk
cavity that can configure localized light.'%] Gated quantum dots
were employed in an open, tunable microcavity. The heterostruc-
ture is grown by molecular beam epitaxy , based on an n-i-p diode
with self-assembled InGaAs QDs. This way, QD frequency can be
tuned via the dc Stark effect and QD charging via Coulomb block-
ade. Owing to the material design, the provided gate allowed to
control of the charge and electrical tuning of the emission fre-
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quency, resulting in a single-photon source with an end-to-end
efficiency of 80%.(1%

Recently, the combination of molecular approaches with in-
organic systems have been represented a powerful route for
qubit applications. For instance, single-walled carbon nanotubes
(SWCNTs), representing an entirely carbon-based 1D structure,
have garnered significant attention as a promising candidate for
the realization of electronic spin qubits with extended coherence
times. SWCNT5 additionally present a wide spectrum of control-
lable parameters for qubit manipulation and sensing, enabling
an expanded repertoire of functionalities that are not accessible
to bulk systems. Chen et al. reported the confinement of elec-
tron spins in SWCNTs through mild covalent doping using di-
azonium salts. This method allowed the introduction of sp* de-
fects with well-controlled density, recording long coherence time
of 8.2 us and spin-lattice relaxation time of 13 ms, making them
appealing for highly reproducible and integratable alternatives in
spintronic and quantum devices.[1%!

In a different approach, Zhao et al. proposed molecular nano-
magnets as promising candidates for information storage, spin-
tronic and quantum computing. In contrast to traditional spins,
quantum magnets represent spin systems that interact through
exchange interactions and exhibit collective quantum phenom-
ena. The realm of molecular magnetism has traditionally cen-
tered around d/f-transition metals, but the presence of spin-orbit
coupling, and crystal field effects introduces significant mag-
netic anisotropy, disrupting the rotational symmetry of quan-
tum spins. Hence, it becomes imperative to construct quan-
tum nanomagnets in metal-free frameworks. The authors have
successfully synthesized individual quantum nanomagnets us-
ing metal-free multi-porphyrin systems. Initially, covalent chains
consisting of two to five porphyrins were meticulously fabricated
on an Au(111) substrate within an ultrahigh vacuum environ-
ment. Subsequently, hydrogen atoms were selectively removed
from specific carbon sites employing a scanning tunneling mi-
croscope tip. This process facilitated the conversion of distinct
porphyrin units into radical or biradical states, thereby allowing
precise tuning of the intra- and inter-porphyrin magnetic inter-
actions. Through the detailed characterization of the collective
magnetic properties of these engineered chains, it was observed
that the S = 1/2 antiferromagnets exhibited a distinct energy
gap in their excitation spectrum, while the S = 1 antiferromag-
nets displayed distinctive end states based on the even- and odd-
numbered spin chains, in accordance with theoretical Heisen-
berg model calculations.*”]

In summary, this section highlights the versatile advantages
of QDs across biomedicine, energy, environmental monitoring,
and quantum information technologies. A selection of the
most recent papers is reported in Table 2. In biomedicine, QDs
offer superior imaging, sensing, and drug delivery capabilities,
enhancing targeted therapies and tissue analysis. Moreover,
they play a critical role in advancing micro- and nanorobotics
by improving functionality and enabling real-time sensing and
imaging in biomedical applications. In energy applications, QDs
show promise for solar energy conversion and LED technology,
while in environmental contexts, they serve as efficient sensors
and photocatalysts for pollutant remediation. Lastly, in quantum
information, semiconductor QDs serve as promising platforms
for implementing qubits, alongside exploration of molecular
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Table 2. Selection of recent (2022-2023) examples of QDs-based micro/nanomaterials and their applications.

Material Size [nm] Application Advancements Ref.
PL-tunable CQDs 1.8-76 CQDs/PVA films with color-tunable 39% Quantum Yield [671]
emission; bioimaging
CQDs fluorescent probes - Labeling and multicolor simultaneous Fluorescent images at — 20 °C; high [62]
imaging of multiple immune cells fluorescent intensity in the
presence of KCl
Planted GQDs 3-4 In vivo fluorescent, sustainable and Prolonged blood circulation [63]
multimodality tumor bioimaging
HAMA/GelMA GQDs 15 Wound tissue healing and drug delivery Physical self-bonded and controllable [64]
doping monitoring release of drugs
Ag,Te QD-based Mn 4.5 Imaging-guided therapy of BBB Rapid reconstruction of BBB and [108]
single-atom catalyst breakdown recovery of neurological function
BPQDs - SIOF 5 Spinal cord injury repair Intelligent and controllable drug [65]
release
NB-QD 4.6 Ultrasensitive bioassay FRET 3-fold below the clinical cut-off level [67]
LOD
BPQDs@ssFe304@C 5 Drug release pH- NIR- and redox-responsive [109]
behavior, facilitate triple-stimuli for
continuous drug release
HO-ECL CdTe - POCT Amplified detection signals [20]
Cd chalcogenide QDs 3-4 Photoinduced charge transfer from QDs Reduction of energy reorganization of [70]
to Co-based mediators redox mediators
Flower-like Ni@MQDs 6 Treatment of Cr (VI) polluted wastewater Improved conductivity With superior [74]
catalytic reaction kinetics
Oleic-acid-capped red and 62+93 Color conversion of GaN micro-LED Full-color active-matrix micro-LED [72]
green QDs (CdSe/ZnS) display
Paa-QD-SnO, @TiO, 4 Electron-selective contact in PSCs 0.08 square centimeters PSCs with [71]
25.7 PCE and facilitated scale-up
AgBP,-Ag,S QDs 10 Disinfection against Escherichia coli under Improved photocatalytic and [110]
NIR photothermal efficiency
BPQDs-CNNT 3-5 Photocatalytic CO, reduction Construction of atomic level N-P [
charge transfer channel enhancing
3 times the CO, photoreduction
FeOOH QDs/UPCN 2-5 Photo-Fenton degradation of OTC H,0, production to enhance [112]
photo-Fenton degradation
efficiency
CNQDs@CFO - PMS oxidation and visible-light Improved recycling stability and [76]
photocatalysis degradation efficiency under Visible
light
Bi,Sn,0; QDs/TiO, 6.6 PEC degradation of SMT Realization of S-scheme [68]
heterojunction for efficient synergy
between photo and electricity in a
PEC process
Cu,O@PbS - Self-propelled systems in NIR-I light-driven photocatalytic [100]
environmentally friendly solutions propulsion and NIR-II fluorescence
p-CD/CdS/Ni@Pt - On-the-fly enantiorecognition for Trp Nanotemplates to immobilize [107]
enantiomers determination thiolated f-CD via S-S bond
formation
CQD/Bi, WO, /BiOBr 12.6 Photocatalytic degradation of antibiotics Ternary heterojunction with enhanced [96]
in water motion abilities under visible light
for enhanced degradation efficiency
Confined Spins SWCNTs - Qubit applications Scalable and reproducible quantum [106]
materials through covalent doping
of SWCNTs by diazonium salts
(Continued)
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Material Size [nm]

Application

Advancements Ref.

TMDCs -

Quantum nanomagnets -

their radical or biradical state and
tuning the intra-inter-porphyrin

magnetic coupling

Quantum information technologies

Conversion of specific porphyrin units to

Bright single-photon source of [113]
strain-engineered WSe, monolayer
for quantum key distribution

Engineerable platform for quantum [107]
magnetisms in magnetic plateau,
spin liquid state or spin-Peierls
states

PL, photoluminescence; CDs, carbon dots; PVA, polyvinialchol; GQDs, graphene quantum dots; HAMA, hyaluronic acid methacryloyl; GelMA, gelatin methacryloyl; GOQDs,
graphene oxide quantum dots; BBB, blood-brain-barrier; BPQDs, black phosphorous quantum dots; SIOF, stretched inverse opal film; NB-QD, nanobodies quantum dot; FRET,
Férster resonance energy transfer; LOD, limit of detection; HO-ECL, homogeneous electrochemiluminescence; POCT, point-of-care testing; MODs, MXene quantum dots;
LED, light emitting diode; Paa, polyacrylic acid; PSCs, perovskite solar cells; CNNT, carbon nitride nanotubes; UPCN, coupled ultrathin porous g-C;N,; OTC, oxytetracycline;
CNQDs, g-C;N, quantum dots; CFO, CuFe,0,/Cu® hollow microspheres; PMS, peroxymonosulfate; PEC, photoelectrocatalytic; SMT, -CD sulfamethazine; -CD, beta-

cyclodextrin; TMDCs, transition metal dichalcogenides.

nanomagnets and carbon nanotubes, expanding the potential for
practical quantum computing and communication technologies.

4, Conclusion and Outlook

Figure 8 illustrates the conclusion and outlook of this Review,
which aimed to introduce the fundamentals of QDs. It also pro-
vides insights into the most recent synthesis and assemblies to
obtain more advanced platforms and effective QD-specific de-
vices that have found significant importance for various applica-
tions. The Review discusses the most recent uses of QDs-based
materials navigating their potential across different application
areas. Focusing on the past few years, we have identified five
main areas where using QDs has demonstrated significant ad-
vancements: biomedicine, energy, environment, self-propelled
micro/nanosystems, and quantum information.

We discussed the role of QDs-based materials in these areas
and how each constituent and the resulting combinations can
impact specific applications. For instance, the quantization size
effect, more precisely, tuning the bandgap size across a broad
range of energies, is crucial for the variation of the QDs proper-
ties. Overall, the examples reported in this Review illustrate how
the use of QDs can confer unique features, leading to the for-

mulation of advanced systems with distinctive capabilities, which
can address future challenges and capitalize on emerging oppor-
tunities, mostly in QD solar cells, lighting and displays, sensing,
in-vivo bioimaging, biosensors, quantum computers, micro- and
nanorobotics and photocatalytic applications. In this context, us-
ing QDs has proven to be vast and exciting.

Beginning in 2013, commercial applications of semiconduct-
ing QDs emerged as displays to improve LED backlighting in
LCD screens. Using InP-based QDs instead of CdSe ones rep-
resented a step forward in the market. However, the integration
of QDs in different important commercial products is expected
in the near future.

QDs are revolutionizing multiple fields due to their excep-
tional properties, signing a significant change from conven-
tional materials. Their precise tunability of optoelectronic prop-
erties has revolutionized applications ranging from biomedicine
to environmental sensing. QDs offer superior versatility, en-
abling tailored solutions in drug delivery, bioimaging, and can-
cer therapy. Unlike traditional materials, QDs exhibit exceptional
stability and biocompatibility, promising safer and more effi-
cient biomedical interventions. Their broad absorption spectra
and narrow emission peaks make them ideal candidates for
sensitive detection in biosensing and diagnostic applications.
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Figure 8. Diagram illustrating the conclusion and outlook of the Review, highlighting the significant advancements, challenges, and future directions in

the field of QDs research.
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Furthermore, QDs’ integration into micro/nanorobotic systems
has unlocked unprecedented possibilities for precise manipula-
tion at the nanoscale. In energy applications, QDs surpass con-
ventional materials by maximizing light absorption and energy
conversion efficiency in solar cells and light-emitting devices. As
QDs continue to evolve, their role in advancing technologies such
as quantum information processing and environmental moni-
toring becomes increasingly pivotal. With their remarkable per-
formance and versatility, QDs are not just augmenting but sup-
planting conventional materials, shaping the landscape of future
technological advancements across diverse domains. Despite re-
cent advancements, several major challenges must be addressed
before full translation can occur:

4.1. Long-Term Stability

Nanomaterials, including QDs, are typically more metastable
compared to their bulk counterparts. These quantum dots are
particularly sensitive to factors such as temperature and other
environmental conditions, which can influence their morphol-
ogy and chemical stability. For materials composed of semicon-
ductors smaller than 10 nm, it is crucial to have a profound un-
derstanding of phenomena such as sintering and grain growth.
For instance, processes like the coalescence of quantum dots into
larger particles and the expansion in the size of crystalline re-
gions within the QD material — known as grain growth — can neg-
atively impact their performance. Recent research has proposed
various approaches to address these stability issues.l*®! These in-
clude using organic or inorganic ligands to passivate the surface
of QDs and encapsulating them within a polymer matrix to pre-
vent coalescence. Despite these advancements, the stability of
QDs continues to pose a significant challenge. Applications of
QDs in photochemistry are still in their preliminary stages, and
maintaining the stability of QDs under extended exposure to light
and heat remains a considerable concern.

4.2. Toxicity

The use of QDs presents a considerable challenge due to their
potential toxicity, particularly in biological applications where the
risk of severe acute and long-term toxicity strongly limits the ef-
fective clinical translation. Due to their small dimensions, QDs
can more easily penetrate cell membranes and accumulate in tis-
sues, potentially harmful to biological systems. While carbon-
based QDs have been proposed as safer alternatives to heavy
metal-based QDs, the relationship between their physicochemi-
cal properties and their pharmacokinetic and pharmacodynamic
behaviors has to be fully understood. Researchers need to de-
velop novel methodologies to modify the surface chemistry of
QDs to reduce their toxicity level and improve their biocompati-
bility. This could lead to better control over the release of QDs in
the body, and further studies regarding the encapsulation of QDs
in biodegradable compounds represent an important area of in-
vestigation. In addition, the integration into biological micro- and
nanorobots that can be remotely controlled can represent an in-
novative approach for the future. However, significant work is re-
quired to address the challenges of QDs toxicity and ensure their
safe and effective use in a range of biological applications.
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4.3. Scalability

The large-scale production of QDs is critical for the effective and
successful integration of QDs into various applications. It is vital
to pay attention to synthesis, integration, standardization, and en-
vironmental impact to achieve large-scale production of QDs. As
mentioned above, several synthetic methods are potentially ad-
vantageous to produce high-quality QDs with reproducible and
uniform properties while minimizing costs and environmental
impacts. Besides, QDs must be efficiently integrated into existing
and emerging technological platforms by designing and develop-
ing new fabrication techniques, materials, and architectures that
accommodate QDs without compromising the performance of
original applications. In addition to this, establishing industry-
wide standards for QD properties and performance will ensure
compatibility across different devices and systems. Lastly, consid-
erations about the environmental impact are vital for the scalabil-
ity of QDs. This involves optimizing synthetic methods to min-
imize environmental effects and understanding their potential
toxicity and health risks.

Itis crucial to note that the upcoming decade will be pivotal for
the future of QDs, and the concerted effort of researchers, engi-
neers, and policy-makers will determine their potential to trans-
form various industries and improve the quality of human life.
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