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Abstract: Chirality is oneof themost fascinatingoccurrences
in the natural world and plays a crucial role in chemistry,
biochemistry, pharmacology, and medicine. Chirality has
also been envisaged to play an important role in nanotech-
nology and particularly in nanophotonics, therefore, chiral
and chiroptical active nanoparticles (NPs) have attracted a lot
of interest over recent years.Optical activity canbe induced in
NPs in several different ways, including via the direct inter-
action of achiral NPs with a chiral molecule. This results in
circular dichroism (CD) in the region of the intrinsic absorp-
tion of the NPs. This interaction in turn affects the optical
properties of the chiralmolecule. Recently, studies of induced
chirality in quantum dots (QDs) has deserved special atten-
tion and this phenomenon has been explored in detail in a
number of important papers. In this article, we review these
important recent advances in the preparation and formation
of chiral molecule–QD systems and analyze the mechanisms
of induced chirality, the factors influencing CD spectra shape
and the intensity of the CD, as well as the effect of QDs on
chiral molecules. We also consider potential applications of
these types of chiroptical QDs including sensing, bioimaging,
enantioselective synthesis, circularly polarized light emitters,
and spintronic devices. Finally, we highlight the problems

and possibilities that can arise in research areas concerning
the interaction of QDs with chiral molecules and that a
mutual influence approach must be taken into account
particularly in areas, such as photonics, cell imaging, phar-
macology, nanomedicine and nanotoxicology.

Keywords: chirality; colloidal nanocrystals; induced
chirality; nanoplatelets; optical activity; quantum dots;
quantum rods.

1 Introduction

A chiral molecule has two mirror-image forms, known as
enantiomers, which are nonsuperimposable in three-
dimensional space [1]. Enantiomers have identical phys-
ical properties aside from the differing direction in which
they rotate the plane of polarization of linear polarized
light. The phenomenon of rotating the plane of polarized
light is specifically known as optical activity and can be
directly studied using circular dichroism (CD) spectroscopy
[1], which is a technique of measurement of the difference
in the absorption of left and right circularly polarized light
(CPL) in optically active compounds.

Another crucial difference between enantiomers is the
manner in which they interact with other chiral com-
pounds. Most organic molecules in living organisms are
chiral, including amino acids, carbohydrates, proteins and
DNA [1]. Chirality plays an important role in many biolog-
ical processes: the biological activity of chiral materials,
such as intracellular uptake, enzymatic activity and
toxicity strongly depend on the enantiomeric form.
Therefore, the ability to analyze, interpret and apply the
properties of chiral materials is highly important in the
fields of chemistry, pharmacology, biology and medicine.

Many new synthetically produced chiral materials
have been introduced recently including: metal nano-
particles (NPs) and surfaces, colloidal semiconductor
nanocrystals (NCs) and nanoceramics [2–17]. The area of
chiral nanomaterials research is rapidly expanding, due to
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the numerous potential applications, including asym-
metric catalysis [18–20], enantiomeric separation [21, 22],
chiral sensing [3, 23–25], cytotoxicity mediation [26], cir-
cular polarized light emitting devices [27–29] and spin-
tronics [30, 31]. In the present review, we focus on
semiconductor colloidal quantum dots (QDs) with chiral
properties, a particularly exciting class of chiral nano-
materials. QDs are luminescent semiconductor NPs with
outstanding tunability of the optical and physical proper-
ties as a result of their variable size dependent band elec-
tronic structure due to quantum confinement effect. QDs
possess high photoluminescent (PL) quantum yield (up to
100%); large extinction coefficients continuous across a
wide spectral range, in addition to excellent photo- and
chemical stability [32, 33]. Due to these properties, QDs can
be successfully used in a variety of potential applications,
such as biological imaging, sensing, solar cells, photo-
catalysis, LEDs and others [32–36].

Chiroptical activity may be induced in nanomaterials
including QDs by a variety of methods, such as:
(i) Chiral crystal structure: NPs can have a chiral lattice

structure and demonstrate optical activity without
any external influences of chiral ligands or scaf-
folding. For example, it was shown that quartz,
β-AgSe, α-HgS, selenium and tellurium crystals have
chiral crystal structure and corresponding NCs have
two enantiomers [37–39].

(ii) Chiral NP shape: NCs of intrinsically achiral materials
may be grown in a chiral shape, e.g., twisted CdTe
nanoribbons [40–42], nanosprings [43], nanoscrolls
[44–46], plasmonic and semiconductor gammadions
[47, 48] and other chiral shapes [49, 50].

(iii) Chiral assembly: achiral NPs may be assembled in
chiral superstructures, e.g., DNA has been used to
assemble NPs in helixes [51, 52] and chiral “mole-
cules” can be fabricated from coupled achiral semi-
conductor NCs [53, 54].

(iv) Chiral defects: chiral surface and structural defects
can be produced during the synthesis of NPs in the
presence of chiral ligands, such as it has been done
for aqueous penicillamine capped CdS QDs [55].

(v) Spontaneous chiral defects: NPs can be synthesized
with spontaneous chiral surface and structural de-
fects (e.g., screw dislocations [56, 57] and dopant ions
[58]) even without the presence of chiral ligands and
can then be extracted from an achiral mixture by
enantioselective phase transfer [40, 59, 60].

(vi) Ligand-induced chirality (LIC): optical activity may
be induced in colloidal NPs through interaction of
NPs with chiral ligands, such as cysteine or penicil-
lamine [27, 61–63].

(vii) Optical activity can be induced in achiral NPs in vi-
cinity of chiral metasurfaces [64] (Diagram 1).

A number of reviews on chiral NPs have been published [2–
12, 14–17]. These reviews have covered a wide range of
chiral NPs of various nature with particular attention paid
to chiral plasmonics. In the present review, we decided to
focus exclusively on LIC in colloidal semiconductor NCs
(point VI; see paragraph above). Since the defects in NCs
(points IV and V) often affect induced chirality, they will
also be discussed in this review.

Over the last five years, many interesting studies have
been focused on the field of induced optical activity, which
has led to significant progress in understanding of the
mechanisms of this phenomenon, with the influence of
various factors on QD induced CD and CPL spectra having
been investigated. The majority of these investigations are
devoted to spherical QDs, but there is also an increased
interest in chiral anisotropic NCs. Many possible options
have been found to use LIC-QDs for different applications,
including chiral sensing, asymmetric catalysis, circular
polarized light emitters and spintronics. In addition, the
study of LIC in QDs is important not only from a practical
but also from a theoretical point of view, since the analysis
of CD spectra enable the understanding of the fine energy
structure of QDs and the principles governing the interac-
tion of QDs with surrounding molecules. Moreover, since
QDs have potential applications in biology andmedicine, it
is essential to consider the phenomena that can occur in

Diagram 1: Chiroptical activity induction in semiconductor
nanocrystals.
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biological media containing a multitude of various chiral
molecules and interaction with drugs.

2 Ligand-induced optical activity in
QDs

2.1 Preparation of QDs with ligand induced
optical activity

The QDs with LIC can be obtained either by direct aqueous
synthesis in the presence of chiral molecules, or by post-
synthetic replacement of the initial nonchiral ligands with
chiral alternatives. The first time optically active CdS QDs
were reported, it was produced via an aqueous microwave
synthesis in the presence of D- or L-penicillamine by
Moloney et al. [55] in 2007. Gallagher et al. used a similar
microwave synthesis techniques to obtain chiral CdSe QDs
stabilizedwith D- and L-penicillamine [65]. Chiral CdTeQDs
[66] and CdS tetrapods [67] have also been produced using
reflux heatingmethods in the presence of chiral molecules.
These works began the study of induced chirality in QDs.
Nevertheless, QDs obtained by the aqueous method usu-
ally have a low quantum yield, defect luminescence with a
very broad PL band and a large size distribution. In addi-
tion, the specifically applied ligands strongly affect the
synthetic mechanism, which in turn affect the optical
properties, size and shape of QDs. This makes the proper-
ties of the same semiconductor based QDs with differing
ligands not easily comparable. Aside from this, the ad-
vantages of this kind of QD include high CD anisotropy,
ease of synthesis, the absence of toxic long chain organic
molecules and excellent aqueous stability, which makes
them more suitable for biological applications.

In contrast, the second method involving post-
synthetic ligand replacement allows the production of
high-quality QDs by hot injection synthesis at high tem-
peratures, that is essential to obtain QDswith a narrow size
distribution, high quantum yield, narrow luminescence,
well defined exciton absorption bands and a lownumber of
crystal defects. After synthesis, the QDs can be relatively
easily functionalized with various chiral ligands via the
ligand exchange processes, which allows the comparison
of ligand effect on the QD-induced chirality to be easily
studied. Balaz et al. firstly obtained QDs with induced
chirality by postsynthetic ligand exchange [27, 61],
replacing initial hydrophobic ligands with L- and D-
cysteine on CdSeQDs. As a result, the CdSeQDs displayed a
CD signal in the excitonic absorption region of the
QDs. Typically, thiol compounds such as cysteine,

penicillamine and glutathione are the most commonly
used chiral ligands, while recently, non-thiol containing
chiral compounds with several carboxylic groups, such as
maleic and tartaric acid derivatives have demonstrated the
ability to effectively induce optical activity in QDs also.

2.2 The mechanisms of ligand-induced
chirality in QDs

Several distinctmodels have been developed to explain the
mechanism of optical activity in QDs induced by chiral
ligands.

Balaz et al. [27] have shown using time-dependent
density functional theory (TDDFT) calculations that theQD
CD signal is formed due to the interaction of the energy
levels of the QD and chiral molecule resulting in the hy-
bridization between the QD valence band and the highest
occupiedmolecular orbitals (HOMOs) of themolecule. Ben-
Moshe et al. [62] suggested that due to the hybridization the
QD hole level splits into two sublevels which adsorb left
and right circular polarized light differently. This leads to
the appearance of a CD signal with derivative shape cor-
responding to each exciton transition, which cross zero at
the wavelength of absorption band maximum, the so-
called Cotton effect (Figure 1). Based on this assumption,
Ben-Moshe et al. [62] also explained the complex shape of
QD CD spectra in their study. QD absorption spectra can be
fitted with a sum of Gaussians that correspond to each
different exciton transition. Therefore, CD spectra can be
reconstructed as a liner sum of the derivatives of each
Gaussian. This was supported by an excellent match of
experimentally obtained and reconstructed CD spectra of
QDs. Similar results were also obtained by Martynenko
et al. [68]. This model is often used to explain a wide range
of observedphenomena including influence of QD size [62],
shell thickness [62, 69], nature and binding mode of li-
gands [70–74] on the position, shape and intensity of CD
peaks, as well as the influence of QDs on the properties of
chiral molecules [75], which will be discussed in the pre-
sent review. In addition, this method allows the investi-
gation of the QD energy structure using CD spectra [68].

Tang et al. [76, 77] analyzed the CD spectra of CdSe
quantum rods (QRs) and nanoplatelets (NPLs) capped
with cysteine using the nondegenerate coupled-
oscillator (NDCO) model. According to this model, the
CD signal is produced by coupling of the electric dipole
transition moments of different chromophores. The
magnitude and direction of the CD signal are defined by
the properties and mutual arrangement of the dipoles
(Figure 2A). The authors suggested that NPs with bound
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chiral ligands can be considered as one huge molecule,
where the NP and chemical bonds are considered as the
chromophores. In the case of CdSe NPs capped with
cysteine, the chromophores are C=O groups of cysteine,
Cd-O and Cd-S bonds and the CdSe NPs. The configura-
tion and conformation of cysteine on the NP surface
determines the mutual position of the chromophore

dipoles (Figure 2B). The dipoles of each bonds interact
with each other and with the exciton transitions of the
NP, showing the variety of CD bands, including the CD
peaks of the bound cysteine which is different from the
CD of the free molecules (Figure 2C and D).

Elliott et al. [78] have performed theoretical modeling
of CdSQDs synthesized in aqueousmedium in the presence

Figure 1: (A) Lowest energy transitions of CdSe/CdS core/shell quantumdots (QDs), the positions of which correspond to zero-crossingpoints
of the CD signals (blue and red lines) and to the photoluminescent (PL) QYmaxima. Adaptedwith permission from a study byMartynenko et al.
[68]. Copyright 2018 American Chemical Society. (B) Analysis of absorption and CD spectra. Top: absorption spectra of CdSe QDs. The
measured spectra appear in cyan. The Gaussians that reconstruct the spectra in dashed colored lines, where the green dots mark their
maxima. These peaks can be assigned to the different excitonic transitions. The dashed pink linesmark the reconstructed absorption spectra.
Bottom: reconstructed CD spectra for the same sample as in the top images, using the derivatives of the Gaussians at the same center
wavelengths. The blue line marks again the measured absorption spectrum. The cyan lines mark the measured CD and the dashed pink lines
the CD spectrum that was reconstructed using the sum of derivatives. (C) A scheme to determine energy splitting (ΔEi) from the CD and
absorption measurements. Reprinted with permission from a study by Ben-Moshe et al. [62]. Copyright 2016 American Chemical Society.

Figure 2: Schematic diagrams of the nondegenerate coupled-oscillator (NDCO) model, and qualitative analysis on the optical activity of
L-cysteine-stabilized CdSe quantum rods (QRs).
(A) Scheme of coupling between two electric dipole transitionmoments in a chiral system,where coupling of two dipoles in different chromophores
results in two opposite circular dichroism (CD) signs. (B) Simplified view of L-cysteine-stabilized CdSe QRs, where blue dotted arrows present
coupling between twoelectric dipoles. (C) Charting CDspectrumof L-cysteine-stabilizedQRs. CD signals of the Cd−Sbond andCdSeQRs come from
their couplingwith C=Odouble bonds in cysteine, and the CD sign of C=O results from superposition of each coupling (dotted curves). (D) Quantum
transition in the system. Solid vertical (horizontal) arrows represent light (coulomb)-induced transitions. Dotted vertical arrows stand for relaxation
processes. Reprinted with permission from a study by Gao et al. [76]. Copyright 2017 American Chemical Society.
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of chiral molecules. These QDs possessed defective lumi-
nescence and high CD intensity. DFT calculations were
used to construct the model of the QD as a CdS cluster,
containing 19 Cd atoms, covered by the nine molecules of
penicillamine (Figure 3). Calculations revealed that the
presence of penicillamine leads to chiral distortion of the
upper QD layer (chiral shell), while the deeper layers were
practically nondistorted (achiral core). Based on the DFT
data, it was proposed that QD surface defects located in the
chiral distorted layer were responsible for the long wave-
length CD response. However, it is not excluded that during
the synthesis of the QDs in a chiral medium, that each
deposited layer could be chirally distorted by ligands. This
can lead to the appearance of not only surface, but also
structural chiral defects, which can contribute to the for-
mation of chiral memory as discussed below. It should be
noted that Balaz et al. [27] used the (CdSe)13 cluster, in
which all of the Cd and Se atomswere held fixed for TDDFT
calculation of the hybridization of energy levels of QDs and
chiral molecule. Possible chiral distortions of the nano-
crystal lattice were not taken into account. Elliott et al. [78]
did not consider the hybridization, but most likely it could
contribute to the formation of QD optical activity. Also
importantly, the intensity of QD CD signal in the paper [78]
wasmuch higher than one usually obtained as the result of
the hybridization for spherical QDs. Therefore, probably
both hybridization anddistortion influence the appearance
of the QD CD signal.

The crucial role of chiral defects in the formation of
optical activity in QDs was also confirmed in other reports
[60, 79]. CdS nanotetrapods [60, 67] and CdTe QDs [79]
were synthesized by the microwave-assisted heating in the
presence of L- and D-enantiomers of penicillamine and
cysteinemethylester (MeCys), respectively. The original
chiral ligands were exchanged for non-chiral

dodecanethiol and transferred to chloroform. In the paper
of Nakashima et al. [79], elemental analyses suggested that
more than 92% of chiral molecules were exchanged,
whereas in other reports [59, 60] have shown using Fourier
transform infrared spectroscopy analysis that no trace of
chiral ligands were present after phase transfer. Never-
theless, NPs retained their optical activity (Figure 4) which
has been called the chiral memory effect. While in the
paper by Nakashima et al. [79], the effect can be explained
by the remaining 8% of chiral ligands on the surface of
NPs, but in other papers by Mukhina et al. [59, 60] chiral
aminoacid molecules were removed completely. These
experiments confirmed that the optical activity of QDs can
originate from chiral defects of NPs, which can be retained
without any chiral ligands present. Nakashima et al. [79]
additionally proved the origin of the QD optical activity
from the surface chiral defects by the following statements:
the lattice distortions were more significant for the surface
than for the core of CdTe QDs; CD profiles of CdS, CdSe and
CdTe QDs almost coincided and did not correspond to the

Figure 3: Top and side views of optimized cluster model of CdS
quantumdots (QDs) coveredwith penicillamine. The ligands chirally
distorted upper layer of CdS cluster (thin yellow lines) and almost
does not influence the dipper CdS layer (solid yellow lines), thus the
core reminds achiral. Adapted with permission from a study by
Elliott et al. [78]. Copyright 2008 American Chemical Society.

Figure 4: Schematic illustration of ligand-exchange reaction.
(A) UV–vis absorption spectra of D-MeCys–capped CdTe nano-
crystals (NCs) (dotted line) and DT-capped CdTe NCs (solid line) after
ligand-exchanged from D-MeCys. (B) Circular dichroism (CD) spectra
of D-MeCys (red) and L-MeCys (blue)-capped CdTe NCs (dotted lines)
in water and DT-capped CdTe NCs (solid lines) in chloroform ligand-
exchanged from D-MeCys (red) and L-MeCys (blue)-capped CdTe
NCs. Adopted from a study by Nakashima et al. [79].
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QD exciton absorption regions; QDs did not possess CPL
signal from the core.

The influence of QD defects on the formation of a CD
signal is also demonstrated in a recently published study
[69], where CdSe/CdS QDs were obtained by a hot injection
method. After synthesis, the QDs were annealed at
different times from 0 to 240 min to reduce the number of
crystalline defects andwere then transferred towater using
L- and D-cysteine. It was shown that longer annealing time,
and therefore the smaller number of surface defects, led to
a lower CD signal intensity.

It is also important to mention that even during syn-
thesis in a non-chiral medium, QDs can acquire sponta-
neous chiral defects, for example, chiral dislocations [59].
In this case, L- and D-forms of QDs are formed with equal
probability, therefore, they compensate each other, and
as a result the CD signal does not appear. However, it was
found that such QD enantiomers have different affinities
for the L and D-form of chiral ligands [59]. It is well known
that biomolecules discriminate between left-handed
(l) and right-handed (d) enantiomers of target molecules
via structural and energetical differences in the interac-
tion. Mukhina et al. [21] have demonstrated that similarly
to biomolecules, it is energetically more favorable for
chirally distorted CdSe QDs, due to steric factors, to form
L–D heterocomplexes with cysteine molecules. Experi-
mental findings were supported by DFT calculations
predicting that the difference between binding energies of
the L-cys and D-distorted Cd13Se13 complex and the L-cys-
L-Cd13Se13 is equal to 198 meV. Due to this, when special
thermodynamically favorable conditions are created, one
of the enantiomers of the QDs can be isolated from the
organic solution by a ligand exchange method using the
opposite enantiomer of the chiral ligand [59] or protein
[40]. Mukhina et al. [59] emphasized that in order to in-
crease the enantioselectivity of the interaction, it is
necessary to provide a low temperature and low concen-
tration of the ligands, and only a part of the QDs should be
transferred to the aqueous phase. While the QDs which
remained in the organic phase would have an opposite
chirality. Enantioselective transfer was compared with a
complete phase transfer using chiral ligands, which was
carried out at room temperature and with an excess of
chiral ligand. Interestingly, the CD signal after a reversed
phase transfer with dodecanethiol was observed only for
the QDs obtained by the enantioselective separation. It
should be noted that authors of the paper [71] claimed that
they did not succeed to separate the QD enantiomers us-
ing chiral ligands. In addition they did not specify in the
paper if they used low temperature and ligand

concentration, and if the transfer was full or partial. The
concept of intrinsic chiral defects was applied as an
explanation of optical activity induced in ensemble of
initially nonchiral quantum nanostructures under CPL
irradiation [80, 81]. Hydrophobic CdSe/ZnS QDs [80],
CdSe/ZnS rods and CdSe/CdS dot in rods [81] were irra-
diated by left (right) circular polarized light with wave-
length close to the exciton transition. Circular polarized
light was absorbed predominantly by one enantiomer of
NCs. As a result, these NCs aggregated and precipitated
and become less present in solution, therefore the oppo-
site enantiomers gave rise to the detected CD signal.

2.3 Factors which influence ligand-induced
CD

2.3.1 QD size

QD size affects the shape and intensity of the CD signal. The
CD peaks shift to the red region with the increase of QD size
according to the shift of the absorption exciton band [27, 61,
62]. The intensity of CD signal varies with size ambiguously.
Dissymmetry factor, or g-factor, is usually used insteadofCD
signal intensity to avoid the concentration dependence.
g-factor is calculated by formula g = (AL − AR)/A, where AL

andAR are the absorbance of circularly polarized left-handed
and right-handed light, respectively, andA is the absorbance
of unpolarized light. Balaz et al. [27] notedageneral tendency
that the g-factor grew with QD size. CdSe QDs were synthe-
sized by hot injection and then transferred to aqueous phase
using cysteine. Ben Moshe et al. [82] have reported, that the
dissymmetry factor, on the contrary, strongly decreasedwith
an increase in the size of CdS QDs, obtained by aqueous
synthesis with penicillamine. Interestingly, the size depen-
dence was nonlinear, and in fact close to exponential.

2.3.2 Shell thickness

The physical and chemical properties of semiconductor
QDs can be modified via the growth of a shell of another
semiconductormaterial [83]. For example, if the shell of the
QDs is made of a material with a larger band gap energy
than the core, and the band offset is correctly positioned, a
type I band alignment results, in which the exciton is
confined to the core and the probability of electron trans-
fers and other nonradiative processes become much lower
(Figure 5B). As a result, the PL quantum yield of QDs in-
creases. QDs of reverse type I have instead a core material
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with a larger band gap energy covered with the shell made
of a material with a smaller band gap energy, with an
appropriate band alignment and results in partial exciton
delocalization in the shell. In addition, as the exciton is
transferred to the lower energy level of the shell, the ab-
sorption red shifts with the shell growth.

Several studies were devoted to the effect of shell
thickness on the induced optical activity in CdSe/CdS [62,
68, 69] and CdS/CdSe QDs [62]. In all cases, QDs were syn-
thesized by a hot injection method and then transferred to
aqueous phase using chiral cysteine ligands. From this, it
was found that the CD signal intensity of CdSe/CdS QDs
decreased with shell thickness [62, 69]. In the report by
Purcell-Milton et al. [69], an exponential decrease of CD
intensity was unambiguous (Figure 5B), while in the study
by Ben-Moshe et al. [62], the dependence was more

complicated. The observed behavior is easy to explain by
thehybridization theory [62],where chirality originates from
the hybridization of the energy level of the QD hole and
HOMO level of the chiralmolecules. In CdSe/CdS, the hole is
localized in the CdSe core and the shell works like a spacer
between holes and chiral ligands (Figure 5C). An increase of
the shell thickness reduces the interactions between holes
and ligands exponentially. The deviations from the expo-
nential trend can be explained by the influence of other
factors, e.g., dependence of CD signal on ligand concen-
tration [84], discussed in Section 2.3.4. The addition of shell
layers can also reduce the confinement energy of the hole
and pushes it close to the molecule level, increasing inter-
action between them [62]. In the case of CdS/CdSe QDs, no
such sharp drop in CD intensitywith shell growthwas found
as for CdSe/CdS. This trend was observed due to the hole

Figure 5: (A) g-factor graphs of D-cysteine (blue) and L-cysteine (green) functionalized CdSe/CdSquantumdots (QDs) with varying thickness of
CdS shell,markedS1–S5. (B) Dependenceofg-factor (green) andphotoluminescent (PL)QY (blue) of CdSe/CdSQDson the amount of CdS shall
layers. On the bottom: schematic representation of CdSe/CdS QDs with 1–5 layers of CdS shell. Reprinted with permission from a study by
Purcell-Milton et al. [69]. Copyright 2017 American Chemical Society. (C, D) Diagrams showing effective mass calculations of the electron and
holewave functions for thefinal samples of each serieswith the thickest shell. In the diagramof CdSe/CdS (C), the hole is completely localized
in the core. For the diagram of CdS/CdSe (D), it is localized in the shell. Reprinted with permission from a study by Ben-Moshe et al. [62].
Copyright 2016 American Chemical Society.
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localized in the CdS shell, as demonstrated in Figure 5D, and
therefore contact with molecules on the surface is main-
tained regardless of the shell thickness [62].

2.3.3 Shape of quantum nanocrystals

Spherical QDs are the most typical representative of the
quantum confined colloidal nanocrystal family; however,
by adjusting the reaction conditions a variety of different

anisotropic nanostructures may be formed, including QRs,
nanotetrapods and NPLs [67, 85–87]. Anisotropic NPs can
also be heterogeneous, for example, dot in rods, which
consist of a spherical CdSe core and rod shape CdS shell.

The first work on the preparation of LIC anisotropic
NCswas reported in 2010 [67]. CdS tetrapodswere obtained
by aqueous synthesis in the presence of L- and D-penicil-
lamine. Since then, there have been several reports on the
study of semiconductor anisotropic nanostructures with
LIC, including detailed investigations of the effect of
various anisotropy factors on the shape and intensity of CD
spectra [28, 74, 76, 77]. All these studies involved NPs ob-
tained by hot injection synthesis, with the subsequent
replacement of ligands with chiral alternatives, with most
cases utilizing cysteine or penicillamine as the chiral
ligand. It has been shown that structural anisotropy
significantly affects the optical and chiroptical properties
of semiconductor NPs.

It is worth noting several general patterns have been
reported in literature:
I. G-factor increases with the transition from spherical

QDs to QRs [76], and then from QRs to NPLs [77] by
about an order of magnitude. For spherical QDs, the
g-factor is usually in the order of 10−5–10−4, for QRs
10−4, and for NPLs – up to 10−3.

II. After the exchange of original ligands for chiral alter-
natives, the absorption peaks and associated CDbands
of anisotropic particles have much larger red shifts
than spherical QDs. The rods and NPLs have a red shift
of approximately 10–15 nm, sometime even up to
about 30 nm for NPLs [77], while the shift of spherical
QDs is approximately 1 nm [74].

III. The red shift and the increase in g-factor, change
dramatically at lowaspect ratio (length/width/height),
and then alter more slowly or remain at the same level
with the increase of aspect ratio (Figure 6).

IV. The exciton absorption bands correspond to the de-
rivative shape peaks (Cotton effect) in the CD spectrum
of spherical QDs and rods, and to the single nonde-
rivative peak in the case of NPLs. The origin of the
Cotton effect is explained in Section 2.2, and the
appearance of an undifferentiated CD peak in NPLs
will be discussed below in this section.

V. Usually, increase of the rod lengthorNPL lateral size and
thickness results in the red shift of the exciton absorption
bands and consequently CD peaks. Moreover, the bath-
ochromic shift occurs after the shell growth, both in the
case of dot in rod and core/shell NPLs.

Here, we are going to discuss more particular patterns
noted in the recent innovative papers not covered by

Figure 6: The dependences of g-factor in the excitonic region (A) of
L- and D-cysteine stabilized (blue and red curves, respectively) CdSe
quantum dots (QRs) on aspect ratio; (B) of L-cysteine-stabilized
CdSe nanotetrapods and nanoplatelets (NPLs) on the lateral sizes.
The QRs and NPLs are schematically depicted on the (A) and
(B) figures, respectively. (A) is adapted with permission from a study
by Gao et al. [76]. Copyright 2017 American Chemical Society. (B) is
adapted with permission from a study by Yang et al. [74]. Copyright
2018 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim.
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previous reviews [2–6, 8, 15]. We consider the influence of
various anisotropy factors, such as the aspect ratio, the
presence and thickness of the shell, the type of the crystal
lattice of the NPs and the configuration of the ligands on
the position, shape of the peaks, and the magnitude of the
CD signal and describe the physical mechanisms under-
lying these phenomena.

2.3.3.1 Homogeneous anisotropic nanocrystals
It was demonstrated that the ratio of the length, width, and
height of anisotropic NCs has a great influence on the
chiroptical properties. Tang et al. [76] investigated CdSe
rods with different aspect ratios. It was shown that the
g-factor increased strongly in the range of aspect ratio from
1 to 1.7, and further changed just slightly (Figure 6A). The
shape of the CD spectra in the exciton region remained
approximately the same. Yang et al. [74] studied in detail
the zinc-blende CdSe NPLs with different lateral size
and thickness. As the g-factor of the NPLs decreased
(Figure 6B), the red shift of CD bands increased with the
lateral size. Both effects were more pronounced for small
particles. The shape of CDpeaks almost did not change, but
the dip in the CD spectrum corresponding to the first
excitonic peakwas broadened. Then authors compared the

CD spectra of CdSe NPLs with thickness of three, four and
five monolayers. A regular red shift was observed for ab-
sorption and CD, with the increase in NPL thickness, while
the CD intensities were approximately at the same level. In
addition, the thinnest NPLs have shown a significant
broadening of the exciton.

2.3.3.2 Heterogeneous anisotropic nanocrystals
In heterogeneous anisotropic CdSe/CdS NCs, the exciton is
localized in the core, and the shell separates the core from
direct contact with chiral molecules, which affects chi-
roptical properties, both for spherical particles (this was
discussed in section 2.3.2) and for anisotropic structures.

He et al. [28] studied CdSe/CdS dot in rods and the
influence of the absorption ratio of shell to core (ARSC),
Ashell/Acore on chiroptical properties. The ARSC is not
directly related to the length and thickness of the dot in
rods, but it affects the ratio of optical densities at the CdS
shell and at the CdSe core exciton absorption wavelengths.
However, in spite of this the CD signal did not have an
unambiguous correlation with geometric parameters, with
an increase in ARSC, the CD intensity in the core absorption
area decreased. It was suggested that dot in rods with
smaller ARSC values should have larger absorption cross

Figure 7: (Top) CD spectra and schematic representation and (bottom) absorption spectra of (A) CdSe-CdS core–shell NPLs with 0–3 layers of
shell; and (B) CdSe core NPLs and CdSe-CdS core-crown NPLs. Reprinted with permission from a study by Yang et al. [74]. Copyright 2018
WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim.
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sections of the core, leading to stronger orbital and
Coulomb couplings between the excited chiral ligands and
the excited dot in rods, which results in strong CD activity.
The CdSe core, prior to the extension of the rod shell, had a
CD signal of lower intensity than with the shell.

Oron et al. [74] investigated heterogeneous CdSe/CdS
NPLs with two types of CdS shell: sandwich-like core–shell
and core-crown structures. These two types of structures
behaved fundamentally differently. In the sandwich NPLs,
the CD signal of the cores in the exciton region dropped
sharply with an increase in the shell thickness (Figure 7A),
while in the core-crown NPLs it practically did not change;
the CD signal of the entire structure was a superposition of
core and shells CD independent of each other (Figure 7B). It
was suggested that induced CD was associated primarily
with in-plane dipoles coupled with the surface layer of li-
gands. Then, in the case of a sandwich structures, the shell
layers separated the core from the ligands and therefore
reduced overlap of the carrier wave function with the
ligand molecules; hence, the CD signal dropped, as in the
case of spherical QDs [69], but more significantly. In
contrast, in the case of the core-crownNPLs, the interaction
of the corewith the ligands remainedunchanged relative to
the growth of the shell.

2.3.3.3 Crystal lattice of the NPLs and ligand coordination
Tang et al. [77] had demonstrated that cysteine function-
alized CdSe NPLs of the same thickness, but different
crystal structure – wurtzite (WZ) and zinc blende (ZB) –
differed in the intensity of the CD signal and the shape of
the CD spectrum. The CD signal intensity of wurtzite was
7.5 times stronger than zinc-blend NPLs. Each exciton en-
ergy transition of the NPLs corresponded to a single
nonderivative CD peak for both structures, but direction
and ratio of peaks were different.

These patterns were explained using the NDCOmodel,
described in section 2.2 of the present review. Cysteine
attached to the surface of wurtzite and zinc-blende CdSe
NPLs in different ways. Cysteine bound to wurtzite with
one Cd–O and one Cd–S bonds (Figure 8A and D), together
with the C=Odouble bond, they formed three CDbands: the
C=O and Cd–Owere directed downward, and the Cd–Swas
directed upward because the dipole of this bond was
directed opposite to the others (Figure 8C). The CD spec-
trum of the zinc blende NPLs was more complicated: the
Cd–O bond had two alternative positions with different
energies, but unidirectional dipoles (Figure 8F), therefore,
the Cd–O formed two unidirectional CD peaks (Figure 8H).
The Cd–S was a bridging bond between two cadmium ions

Figure 8: Simplified view of L-Cys-wurtzite (WZ) (A) and L-Cys zinc-blende (ZB) (F) CdSe nanotetrapods and nanoplatelets (NPL). Electronic
energy band structure ofWZ CdSe along the [1120] direction (B) and of ZB CdSe along the [100] direction (G). Charted CD spectrum of L-Cys-WZ
(C) and L-Cys-ZB (H) CdSe CdSe NPLs. Model of possible configuration of L-cysteine on surface of WZ CdSe NPLs (D) and ZB CdSe NPLs (I). CD
spectra of cysteine stabilized WZ (E) and ZB (J) CdSe NPLs. Adapted with permission from a study by Gao et al. [77]. Copyright 2018 American
Chemical Society.
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with two dipoles of opposite orientation, therefore, this
bond corresponded to two CD peaks with opposite sign.

The CD spectra in the NPL excitonic absorption region
can be explained by the interaction of exciton transition
dipoles with the dipoles of cysteine bounds. NPLs possess
three exciton transitions: first heavy hole–first electron
(1hh–1e), the first light hole–first electron (1lh–1e), and the
first spin orbital coupling–first electron (1SO–1e) transi-
tions, respectively. Wurtzite CdSe NPLs have a quantum

confinement direction along the low symmetry [1120] di-
rection. The dipoles of all exciton transitions in thewurtzite
NPLs have the same orientation, and in the CD spectrum
they corresponded to three peaks with a positive CD value
(Figure 8C). In contrast, for zinc-blende NPLs, the quantum
confinement direction is along the [100]. In this case, 1hh–
1e exciton transition has different polarization with 1lh–1e
and 1SO–1e transitions, therefore their CD peaks corre-
spond to a negative and positive signal, respectively
(Figure 8H). The authors also analyzed the CD spectrum of
CdSe rods in a similar way in a different paper [76].

2.3.4 Ligands: chemical composition, binding mode

Choice of chiral ligands is crucial for adjusting the optical
activity of NCs. The chemical nature of the ligands,
together with their binding mode to the QD surface, in-
fluences the shape and intensity of the induced CD signal.
Thiol-containing amino acids such as cysteine, penicilla-
mine and glutathione were traditionally used as chiral li-
gands for the induction of optical activity in QDs. However,

recently, there have been several reports inwhich thiol-free
chiral compounds containing several carboxyl groupswere
used successfully to induce CD signals, using such ligands
as maleic and tartaric acid.

For now, there is no unified theory which connects the
ligand structure and composition to the induced CD spectra,
with reports sometimes giving contradicting results on trends
regarding induced CD signals. For example, Puri and Ferry
[72] showed that carboxylate compounds bound to CdSe QDs
in DMF yield more intense and sharp signals than their thi-
olate counterparts. In contrary, Balaz et al. [71] found that
g-factor of cysteine functionalized CdSeQDs inwater was 2–3
times higher than in maleic acid capped QDs. It should be
noted, that the authors used different exchange methods:
Puri and Ferry et al. [72] added an excess of the solid ligand to
the QD toluene solution, while Balaz et al. [71] carried out the
phase transfer using an aqueous solution of chiral carboxylic
acid.However, it is difficult to comparedifferent ligands since
even close derivatives of soft carboxylic acid can induce up to
30-fold increase in g-factors depending on the exact chemical
structure [72].

The peak positions of the CD spectra of QDs with
different ligands often do not match, although the position
of the absorption peaks is almost the same [72]. It has been
suggested that chiral ligands, depending on the chemical
structure and conditions, split the excitonic levels of QDs
with different efficiency. Therefore, due to this, the sum of
the CD derivative peaks corresponding to exciton transi-
tions of QDs forms a CD spectrum with different peak po-
sitions and intensities [72].

CD spectra of QDs can vary not only due to the different
functional groups of chiral ligands binding but also due to
minor derivatives of the same compound. In addition, even
the same ligand can induce a different CD spectrum
depending on conditions. In many cases, this can be
explained by the different ligand binding mode and geomet-
rical configurationon theQD's surface. For example,N-acetyl-
L-cysteine and L-homocysteine lead to formation of mirror
image CD spectra in CdSe QDs [70] (Figure 10). According to
DFT calculations, L-homocysteine bound to cadmium ions on
the QD surface through the thiol and carboxyl groups, while
N-acetyl-L-cysteine attached through a thiol and acetyl
groups. These configurations of the ligands were shown to be
diastereoisomers in relation to the ligand surface (Figure 9).

Importance of ligand binding mode was confirmed
further in a number of other papers [71, 73, 84]. For
example, CdSe QDs functionalized with thiol-free chiral
carboxylic acids containing two carboxyl groups with a
similar structure but with different substituents were
studied [71]. In this study, not all considered acids pro-
duced aCD signal in theQDs, in fact onlymoleculeswith an

Figure 9: Simulated circular dichroism (CD) spectra for model CdSe
complexes with two L-HomoCys and N-Ac-L-Cys ligands. CD spectra
of the L-HomoCys-CdSe complex bound through carboxylate
compared to the CD spectra of the N-Ac-L-Cys complex bound
through acetyl group. Schematic representation of the possible
binding arrangements for two bidentate ligands, with S (thiol) and O
(carboxyl or acetyl) binding sites, on the model QD fragment.
Adapted with permission from a study by Choi et al. [70]. Copyright
2016 American Chemical Society.
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additional oxygen donor atom, for example, a hydroxyl
group, were effective. DFT calculations revealed that these
ligands can be bound to Cd atoms on the QD surface in two
different ways and therefore could give the opposite CD
spectra depending on the binding mode, similar to other
reports [70]. Ligands containing three oxygen atoms of
carboxyl or hydroxyl groups have a greater energy

difference between the stereo enantiomeric forms than the
others due to anchoring. The authors suggested that li-
gands without a third oxygen do not induce a CD signal
because the two forms continually convert into each other
and therefore the CD signal is compensated. However, it
was found that lactic acid containing two oxygen atoms
can induce a weak CD signal in CdSe QDs [72].

Figure 10: Circular dichroism (CD) and absorption spectra of CdSe quantum dots (QDs) with different sizes, chiral ligands and solvents.
Adapted with permission from a study by Choi et al. [70] and and Varga et al. [71] and Puri and Ferry [72]. Copyright 2016 American Chemical
Society. Adapted with permission from a study by Choi et al. [70] and and Varga et al. [71] and Puri and Ferry [72]. Copyright 2017 American
Chemical Society. Adapted with permission from a study by Choi et al. [70] and and Varga et al. [71] and Puri and Ferry [72]. Copyright 2017
American Chemical Society.
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Similar results were reported in another paper by
Kuznetsova et al. [84], showing that cysteine has different
binding modes to the surface of CdSe/CdS QDs, dependent
on ligand concentration. At low concentrations, cysteine
bound to the QD through three functional groups, thiol-,
amino-, and carboxyl, but with increasing ligand concen-
tration,more cysteinemolecules attached via the thiol- and
amino groups, while the carboxyl group remained free. In
this case, the CD signal of the QD firstly increased with the
cysteine concentration, and then decreased at higher
concentrations. The authors suggested that the cysteine
molecules were bound to the CdSe/CdS QDs differently,
and therefore had the opposite stereo conformations,
which produced an inversion of the CD signal. Therefore,
superimposed CD signals quenched each other, and this
led to an overall decrease in the CD signal. In addition,
these results were supported by DFT calculations.

L- and D-Cys was added to the solutions of L-/D-Cys
functionalized CdTe QDs to create hetero- or homochiral
complexes [73]. Formation of heterocomplexes resulted in
the large decrease of CD intensity and PL enhancement,
unlike the formation of homocomplexes which resulted in
values renaming almost at the same level. Authors sug-
gested that it can be explained by the transformation of
binding configuration of chiral cysteine molecules.

Another paper reported [72] studies of CdSe QDs with
chiral carboxylic acids as ligands. Measurements revealed
that g-factors for CdSe QDs bound by D-(+)-malic with two
carboxylic groups were three times larger than QDs with
L-(+)-lactic acid, an acid which contains only one carboxylic
group. Increasing the number of stereocenters of the chiral
ligand also produced an increase in the QD induced g-factor,
therefore the tartaric acid appeared to be twice as effective
relative to maleic acid. Although in another paper by Varga
et al. [71], it was found that the difference in the g-factor of
CdSe QDs induced by these two acids was much lower, it is
worth noting that in the paper [71], the authors used the
classical ligand exchangemethod, while in another work [72]
ligands were added to a solution of QDs in toluene in a very
large excess in dry form. This second approach producedQDs
witha g-factors of oneorder ofmagnitude larger than in report
[71] for the same carboxylic acids. Overall, the authors of the
study [72] achieved a 30-fold range in QD g-factors by varying
the exact chemical structure of the chiral carboxylic acids.

Another interesting study covered the effects of ligand
conformation on the chiroptical properties of CdSe NPs
capped by cysteine [77]. Briefly, the CD spectrum was
considered as a result of the interactions of the ligand’s
electronic transitions dipoles with the dipoles of the NPs.
When cysteine bound to the surface of the CdSe NPs with

either a wurtzite [1120] or a zinc-blende [100] structure, the

dipoles of cysteine and the NPs were shown to have
different mutual directions. As a result, the signs and po-
sitions of the CD peaks were distinctly different between
the crystal phases, with authors analyzing in detail the
mechanism of formation of each peak.

Examples of the CDs of CdSeQDswith different ligands
are summarized in Figure 10.

2.4 Influence of QDs on optical activity of
chiral molecule

А lot of effort has been made to investigate LIC in QDs. At
the same time, only a few studies are devoted to the

Figure 11: G-factors at the lowest electronic transition of chlorin e6
in complexes with (A) CdSe/CdS quantum dots (QDs) with 1–5
monolayers of CdS shell and (B) CdSe QDs of different size. (C)
Circular dichroism (CD) spectra of chlorin e6 in a free form (red) and
bound to the QDs. Adapted from a study by Visheratina et al. [75]
with permission from The Royal Society of Chemistry.
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opposite effects: the influence of semiconductor NCs on
optical activity of surface molecules, nevertheless such
studies are crucial since chiroptical properties ofmolecules
can be significantly changed near NCs. In some reports it
was observed that the CD signal of chiral molecules altered
after binding with the QDs compared to that of free mole-
cules [25, 55]. In many publications, it was shown that the
conformation of chiral ligands is altered on the surface of
the QDs [70–72, 84], which can possibly affect themolecule
optical activity. Moreover, it has been theoretically pre-
dicted by Govorov et al. [88–90] that a nonchiral planar
molecule can become optically active when it forms a
complex and couples via dipole and multipole Coulomb
interactions with achiral NCs.

In another important piece, it has also been demon-
strated that CD signal intensity of the chiral molecule
chlorine e6 can be significantly increased due to interac-
tion with QDs [75, 91]. Visheratina et al. [75] has shown that
the effect of QDs on the chlorin e6weakenswith increase in
size of CdSe QDs and with an increase in CdS shell thick-
ness of CdSe/CdS QDs. This was explained by a decrease in
the efficiency of hybridization of the electronic levels of the
QD and the chiral molecule [62].

Tang et al. [76, 77] studied the manner in which the
cysteine ligands bonded with various anisotropic CdSe
NPs. Depending on the shape and crystal structure of the
NPs, the number of CD bands of the cysteine, their position,
sign and intensity varied significantly. The CD spectra and
detailed description of the mechanism in the term of NDCO
model are given in sections 2.2 and 2.3.3.

Potentially, the change in optical activity and spatial
configuration of a molecule can be accompanied by a trans-
formation of its functional properties, such as biochemical
activity in sensing or drug delivery, and catalytical activity in
asymmetric synthesis. Furthermore, cells contain a large
number of chiral molecules, which can attach to the NP
surface and alter the enantioselective biochemical processes.
Therefore, this interaction can be one of the causes of NP
cytotoxicity, which has not yet been sufficiently investigated.
Therefore, studying NP influence on the chiral properties of
organicmolecules is of great interest froma fundamental and
applied point of view (Figure 11).

3 Applications

The unique properties of chiral semiconductor NCs open up
a range of applications in different areas. In this section, we
will discuss potential and existing applications of these NCs
including sensing, catalysis, generation of circular polar-
ized light and spintronics. A number of previously

published reviews on the applications of chiral nanocrystal
exist [3, 92]. In this section, we have focused on the most
significant practical results and review the latest
achievements.

3.1 Sensing

A multitude of studies consider semiconductor NCs as
promising components of optical sensors [93–95]. Chiral
ligands further extend the sensing capabilities of NCs via
chiral recognition, enabling enantiomer recognition and
separation [21, 22].

Generally, chiral recognition is based on the stereo-
specific binding of target molecules with nanocrystal li-
gands or surfaces. The complex formation leads to change
in PL intensity due to electron transfer or fluorescence
resonance energy transfer (FRET), while another type of
sensor is based on CD signal change in the presence of
specific targets (e.g., metal ions).

We summarized the reported chiral sensors in Table 1.
The range of analyte concentrations within linear sensor
response and limit of detection (LOD) are given where
available.

3.2 Circularly polarized light emitters

Another emerging photonics application of chiral lumi-
nescent nanomaterials are their use in CPL emissive de-
vices, e.g., components of CD spectrometers. The
availability of a direct source of CPL shows huge potential,
enabling device miniaturization, reduced energy con-
sumption and production cost. CPL sources can also be
used in 3D displays [112–114], chiral asymmetric photo-
synthesis [115, 116] and spintronics [30].

To estimate the degree of PL circular polarization, one
usually uses the luminescence dissymmetry ratio
glum= 2(IL− IR)/(IL+ IR), where IL and IR are the intensities of
left and right CPL, respectively. Most chiral samples, like
organic molecules, polymers, or biochemical systems,
exhibit glum of about 10−2 to 10−3 [117] which is too low for
practical applications. Therefore, recent trends in the en-
gineering of new materials for CPL generation focus on
maximizing glum.

The earliest reported chiral QDs prepared in the pres-
ence of chiral thiol ligands showed a CD signal but did not
display CPL [55]; however, the PL of those QDs was
attributed to surface defects states. Only a few works
demonstrate CPL emission by colloidal NCs after chiral
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Figure 12: (A) Sketch and Transmission ElectronMicroscopy (TEM) images of L-cys/D-cys CdSe/CdS DiR samples. Scale bars represent 20 nm.
(B) CPL and PL spectra of the L- and D-Cys-CdSe/CdS dot in rods (DRs). Numbers of spectra coincide with TEM image number. (C) Correlation
between photoluminescent (PL) and circular dichroism (CD) g-factors (blue circles). PL quantum yield (red triangles). The pont numbersmatch
with no of TEM images. (D) Plot of the glum at PL maximum of the L- and D-Cys-CdSe/CdS DiRs (TEM No. 1) against the cysteine/DiR molar ratio
and their linear fittings. The black dots and line represent the L-Cys-CdSe/CdS DRs, whereas the reds dots and line represent the D-Cys-CdSe/
CdS DRs. In all cases, sample concentration is 1 × 10−6 M. PL excitationwavelength is 400 nm. Adaptedwith permission from a study by Cheng
et al. [28]. Copyright 2018 American Chemical Society.

Figure 13: (A) Illustration of L-CPL reflection and R-CPL emission of circularly polarized light (CPL) photonic films through the coassembly of
cellulose nanocrystals and semiconductor quantum dots (QDs). (B) CPL and (C) DC – direct current (proportional to PL) spectra of cellulose
films doped with diааerent semiconductor QDs with PL of different colors. Adapted from a study by Xu et al. [120] with permission from The
Royal Society of Chemistry.
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ligand exchange, in all cases, the emission is assigned to
excitonic emission [27, 28, 118]. Balaz et al. [27] reported a
mirror image CPL signal for L-/D-cys CdSeQDswith a glum of
3–4 × 10−3. He et al. [28] demonstrated CPL of L-/D-cys CdSe/
CdS dot in rods with a glum of about 5 × 10−4 [28]. Mukhina
et al. [118] also reported CPL studies of L-cysteine–capped
CdSe/CdS dot in rods and ZnS QDs doped by Mn QDs
without giving glum values.

The investigation of a set of different CdSe/CdS dot in
rods (Figure 12A) [28] revealed that the value of glum linearly
increases with gCD growth (Figure 12B and C). PL quantum
yield also influenced the value of glum since PL quenching
leads to the decreasing of CPL intensity as well and
excellent example being CdSe QDs which showed the lack
of CPL because of PL quenching by thiol ligands [28].
Therefore, on one hand, the shell protects the PL from
quenching which is essential for CPL detection. On the
other hand, it was shown that gCD drops with inceasing
shell thikness [69], consecuently gCPL will decrease in
samples with a thin shell as well. The molar ratio of
cysteine to the dot-in-rods also influences the CPL in-
tensity. Similarly it was reported [84] that the excess of
cysteine molecules in aqueous solutions decreases the in-
tensity of both the CD and CPL signals (Figure 12D).

An attempt to increase glum value was also made in
another report [119], in which the authors reported CPL

signals with glum up to 0.008 in CdS QDs synthesized in the
presence of a chiral protein named horse spleen ferritin. It
was proposed that due to the chiral configurations of the
chelating amino acids in the ferritin, it might be transferred
to the QD crystal lattices during an anisotropic crystal
growth causing chiral distortions in the crystal structures.

To further enhance glum, NCs might be spatially ar-
ranged in a helix structure. For example, Duan et al. [29]
encapsulated achiral CdSe/ZnS QDs into a chiral peptide
dendron hydrogel through coagulation. These cogels dis-
played CPLwith glum up to 0.03 with the helix arrangement
of the QDs inducing chirality in the composite. Also,
assembled peptide dendrons can endow chirality to the
QDs through ligand exchange with mercaptoethylamine
on the surface of the QDs.

Strong CPL signals have been observed in photonic
films prepared from amixture of achiral semiconductor NCs
and lyotropic liquid crystals of cellulose using CdSe/ZnS
QDs [120] and CdSe/CdS QRs [121]. In both cases the for-
mation of a left-handed helical structure leads to the emis-
sion of right-handed circularly polarized luminescencewith
glumup to–0.3 forQDsand–0.45 forQRs. Schematic images
of the helical structure based on QDs and cellulose NCs
together with CPL and PL signals are shown in Figure 13.

Similar effect were observed for FeS2 QDs capped by
L/D-cysteine which can assemble within chiral hydrogels

Figure 14: (A) Illustration of the spin torque transfermechanism.When theNCsare excited, chargesoscillate between theNCsand the surface,
passing through the chiral molecules. Owing to the CISS effect, mostly electrons with spin of one type are injected into the Ni layer. The
electronswith opposite spins are transferredback in the opposite direction. Both effects together generate spin torque transferwith no charge
transport. Exciting light in the right direction of circular polarization can enhance the torque transfer. (B) Magnetic Force Microscope image of
Ni substrate decorated by CdSe quantum dots (QDs) through chiral molecules layers after RCP illumination through a light mask. Magnetic
phase image of the illuminated area displays a highly localized magnetic response. Reprinted with permission from a study by Ben Dor et al.
[129]. Copyright 2014 American Chemical Society. (C) Schematic illustration of solid-state structure composed of CdSe QDs of three sizes
interconnected by chiral linker (α-helix L-polyalanine) and PL lifetime decays under irradiation of RCL and LCL. PL decay lifetimes also given in
table. Reprinted with permission from a study by Fridman et al. [133]. Copyright 2019 American Chemical Society.
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[122]. The resulting superstructures have a shape of twisted
nanofibers and demonstrate both CD and CPL signals.
Nontwisted nanofibers have no optical activity and indi-
cate the absence of LIC in these FeS2 QDs.

The highest glum of 1.3 has been demonstrate by Nabiev
et al. [123] for the fluorescence emission of achiral CdSe/
ZnS QDs embedded in cholesteric liquid crystals. Degree of
PL polarization may be optically or electrically controlled
via conformational changes in the helical structure of the
liquid crystal matrix.

In conclusion, we can summaries that the degree of PL
polarization in NCs capped by chiral ligand is still quite low.
Only 0.025–0.4% of emitted light is actually circular polar-
ized. Chiral assembly of NCs might increase PL polarization
degree up to 65%. Experimentally observed linear correla-
tions between CD and CPL g-factors is quite predictable. Ac-
cording to Kasha’s rule, PL originates from the lowest energy
excited electronic state. For singlet states, the same dipole
transition moments (either electric or magnetic) govern the
phenomena of both CD and CPL. However, according to
theoretical calculations for electric-dipole-allowed transi-
tions given in a study by Berova et al. [124], gCPL factor is
inherently low. The highest gCPL factor occurs when the
transition is electric dipole forbidden and magnetic dipole
allowed. This situation is observed, for example, in chiral
lanthanide complexes which emit CPL with a polarization
degree up to 50% [125]. Therefore, precise engineering of the
QD electronic structure and searching for new more effective
materials might be the answer to demands for nanomaterials
emitting light with high degree of circular polarization.

3.3 Spintronics

Spintronics uses electron spins for information processing.
Carrying information in both the charge and spin of an
electron potentially offers devices with a greater diversity
of functionality. For these devices to be functional, it is
necessary to have materials in which electrons will main-
tain their spins during propagation. Chiralmolecules could
be used as filters for spin selective electron transport based
on the chiral induced spin selectivity (CISS) effect.

The CISS effect [126, 127] postulates that chiral
compounds have a preferred orientation of the electron
spin after charge polarization. Charge can polarize when
a chiral molecule approaches a substrate or another
molecule. After charge polarization, the resulting spin
density and spin direction are determined by the mole-
cule geometry. Upon chemical adsorption, electron spin
on the surface that is opposite to the spin on the electric
pole of the chiral molecule has the more stable spatial

orbital, meaning that adsorbate interactions with anti-
parallel spins (one on the surface and one on the mole-
cule) should be more stable. As a result, attaching chiral
molecules to surfaces might induce spin orientation in
the surface. This effect was previously used to magnetize
super paramagnetic iron oxide NPs (with size down to
∼ 10 nm) at room temperature by chiral surfactant ab-
sorption [128].

Chiral molecules also can transport selectively
photogenerated electrons between QDs and substrate.
For example, it has been shown [129, 130] that optical
excitation of CdSe QDs promotes spin torque to a thin Ni
substrate through an interconnecting layer of chiral
molecules (6 helix L-polyalanine) without charge trans-
fer. As a result, spins in Ni substrates align perpendicular
to the surface and induce local magnetization (Figure
14A and B). Therefore CISS effect may induce a local
magnetization without the traditional use of an external
magnet and therefore could form the basis for highly
localized nanometric spintronic 3D logic devices.

Magnetic surfaces can also have different impacts on
QD PL, depending on interconnecting ligand chirality and
substrate magnetization orientation. If spin orientation is
preferable for electron transport through a chiral linker, QD
PL is quenched [131], while reorientation of spins at a
magnetic substrate diminishes QD PL quenching.

L-/D-cysteine can act as a spin selective filter for charge
separation aswell. For example, cysteine-cappedQDswere
deposited on highly oriented pyrolytic graphite [132] and a
magnetic conductive probe of atomic forcemicroscopewas
used to apply a voltage through the QD layer. Interestingly,
the conductivity of this QD layer depended on chirality and
magnetization of the conducting probe tip, while for
achiral QDs, no spin filtering was found.

The CISS effect also allows for controlling the electron
transfer between QDs in a multilayer structure (Figure 14C)
[133]. In CdSeQD layers connected by chiral linkers, PL decay
time under excitation by right circular polarized light is 3.5
times longer than under excitation by left circular polarized
light. While in the structure with achiral linkers, PL decay
time was independent of polarization of the excitation
wavelength. This effect was explained by spin-dependent
electron delocalization through chiral molecules.

Finally, an emerging potential application for chiral two-
dimensional (2D) quantum nanomaterials is valleytronics,
which involves theuse of the electronwavequantumnumber
in a crystalline material to encode data by controlling the
photon angular momentum (circular polarization state) via
circular polarized light. This area is rapidly developing and so
far is mostly focused on the use of atomic layered transition
metal dichalcogenides, such as MoS2, while more recently
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new 2D quantum nanostructures have emerged as also very
promising materials for this field [31, 134–138].

3.4 Catalysis and asymmetric synthesis

The development of new asymmetric chemical reactions is
crucial for the synthesis of enantiomers of chiral drugs, fra-
grances, food additives and various biomolecules. NCs with
chiral ligands can be used as photocatalysts in these re-
actions. The basic mechanism of semiconductor photo-
catalysis involves three main steps [139]:

(i) photoexcitation of surface redox centers (electron–
hole pairs);

(ii) electron transfer between catalyst and working com-
pound (often coupled with proton transfer);

(iii) conversion of primary redox intermediates into
products.

A recent minireview [140] highlights the progress in ster-
eoselective photochemical reactions on the surfaces of
bulk semiconductors. Here, we will focus on recent prog-
ress of the use of chiral NPs in catalysis and asymmetric
synthesis.

Naaman et al. [141, 142] showed that chiral coating of
NPs may enhance the efficiency of water splitting in an
electrochemical cell.Water splitting is an energy consuming
process and the production of hydrogen peroxide as a by-
product also decreases efficiency of this process. According

to recent work [141], spin alignment of the unpaired elec-
trons in the intermediate radicals of ОН− might increase the
efficiencyof the reaction:OH−+OH−→H2+O2, since there is
no spin restrictions in forming an oxygenmolecule which is
triplet in the ground state. Hydrogen peroxide is a singlet in
the ground state and its production is suppressed in this
situation. To achieve spin alignment in OH− radicals, au-
thors of a study by Mtangi et al. [141] used TiO2 electrodes
linkedwithCdSeQDsby chiral linkers.Due toCISS (an effect
discussed in section 3.3), following photoexcitation, elec-
trons with only a particular spin are favoured to transfer
from the QD to the TiO2 through the chiral ligands. As a
result, holes with the same spin remain in the QDs. This spin
aliment is maintained during the further electron transfer
steps, which take place in the electrolyte. As a result, water
splitting overpotential is reduced and the amount of
hydrogen peroxide by-product is decreased.

Ma et al. [18] also demonstrate that chiral ligands in-
crease H2 production during photocatalytic water splitting,
using CdSe@CdS nanorods decorated by Au or Pt NPs. The
highest H2 outcome was detected for nanorods capped by
the mixture of cysteine and histidine enantiomers. Nano-
rods capped by the racemic mixture of these ligands or by
achiral 3-mercaptopropionic acid demonstrated lower H2

production (Figure 15).
NCs capped with certain chiral ligands also can be

used for photodegradation of different organic com-
pounds. L-arginine–capped CdS QDs effectively degrade
methylene blue and Rhodamine B under visible light irra-
diation [143]. Photogenerated holes possess high oxidative
potential which permits the oxidation of the dyes adsorbed
on the QD surface. In water, QDs also may generate hy-
droxyl radicals which also can be responsible for the
degradation of the dyes. Therefore, CdS QDs might be used
as potential photocatalyst to effectively treat the organic
pollutants under visible light irradiation. Taking into ac-
count enantioselectivity of adsorption of some chiral
compounds on QD surfaces (mentioned in Table 1), it is
potentially possible to use QDs for enantiomeric enrich-
ment of racemic mixtures of drugs or other artificial bio-
molecules. This approach was investigated by Zhang et al.
[144] for spherical MoS2 andWS2 QDs. These particles after
coating by chiral ligands demonstrate enantioselective
peroxidase-like activity in the presence of copper ions. It
was found that L-tyrosine displays higher binding affinity
to L-cys QDswhile D-tyrosine preferably binds to D-cys QDs.
As a result, during photoexcitation of a homochiral
mixture, L-tyrosinol was produced twice as much as
D-tyrosinol than was observed in heterochiral mixtures.

Photocatalytic decomposition of L- or D-tyrosine to
dityrosine inpores of chiralmicrosphereswas demonstrated

Figure 15: Schematic illustration of the chiral CdSe@CdS nanorod
decorated by metal nanoparticles and chart of H2 production by
nanorodswith different surface functionalization under illumination
by lenear polarized light. Adapted with permission from a study by
Ma et al. [18]. Copyright 2019 Elsevier.
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by Kotov et al. [19]. ZnSNPs covered by L- or D-penicillamine
andAuNPscoveredbyglutathionewere self-assembled into
70–100 nm spheres. Enantioselective decomposition of
tyrosine was determined by the chiral preferences of L- and
D-tyrosine to interact with individual NPs and penetrate into
the interstitial spaces between NPs in spheres. An addition
of Au NPs enhanced photocatalytic conversion of the sub-
strates. Au NPs improved electron–hole separation and
increased light absorption by the ZnS via plasmonic effects.

There is also an example of the use of ZnS QDs with an
induced chirality as a catalyst for asymmetric aldol conden-
sation reactions [20]. L-proline–capped ZnSNPswere used as
a catalyst for direct asymmetric aldol condensation reactions
between aldehydes and acetone. Acetone was used as a sol-
vent as well as a reactant. It was found that the selectivity of
ZnS NPs enables the production of only (R)-b-hydroxy
carbonyl compounds and restricted the reaction to the
aldolization stage only. Importantly, the ZnS catalyst was
recovered and reused several timeswithout any considerable
loss of activity.

3.5 Chiral biorecognition: interaction of
chiral nanomaterials with biological
objects

Chirality, in addition to affecting the polarization of light,
plays an important role in the interaction with biological

systems. This is because the response of cells to a certain
molecule depends on the stereospecific chiral recognition.
In the same way that the right hand fits only in the right
glove, certain cellular receptors recognize only one enan-
tiomeric form and not the opposite, or produce a different
response depending on the enantiomer. As past experience
has shown in the case of drug thalidomide [145], sometimes
not controlling the stereoisomerism of drugs can have
serious consequences. The racemic drug thalidomide was
widely used in the 1960s to treat nausea during pregnancy
in many countries. While the D-form of thalidomide was a
safe sedative, the L-form was later discovered to be harm-
ful, tragically causing severe birth defects [146]. Thus, the
use of single-enantiomer drugs is absolutely vital for
providing safe medical treatment.

The importance of controlling isomerism is not exclu-
sive to small organic molecules but can be extrapolated to
any chiral object that interact with biological systems
including QDs. The use of chiral QDs for medical purposes
is fairly recent and is likely the reason for minimal number

Figure 16: Adsorption orientation of HSA onto the surface of
D‐ and L‐penicillamine capped InP/ZnS QDs, determined using
fluorescence resonance energy transfer (FRET) data. Adapted with
permission from Qu et al. [147]. Copyright 2020 WILEY‐VCH Verlag
GmbH & Co. KGaA, Weinheim.

Figure 17: (A) Schematic representation of autophagy caused by
chiral CdTe quantum dots (QDs) coated with L‐ or D‐glutathione
(GSH) Reprinted with permission from a study by Li et al. [25].
Copyright 2011 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim.
(B) Schematic representation of the ZnS:Mn QDs capped with
L- and D-cysteine and difference between cell uptake and
cytotoxicity on A549 cells. Adopted from a study by Kuznetsova
et al. [26].

816 V. Kuznetsova et al.: Ligand-induced chirality and optical activity



of published articles in this field. Here we will review the
main in vitro experiments as well as the first in vivo results
obtained for chiral QDs.

As far as interactions with biological systems are
concerned, chiral QDs can have effects at three different
levels: (i) firstly via interactions with proteins or other free
molecules present in the medium; (ii) secondly via cell
recognition/internalization; (iii) thirdly due to the differ-
ences in the distribution inside the cell or in the in-
teractions with intracellular components. It is important to
note, that even greater complexity arises due to the extent
of these interactions being closely dependent upon each
other. Therefore, variations in the protein crown may lead
to differences in cell recognition/internalization and to the
subsequent effects depending on how these particles
interact with intercellular components.

1st level – Interactions with proteins or other free
molecules. Kotov et al. [40] reported that bovine serum
albumin adsorbed one enantiomer of TGA-stabilized CdTe
QDs with spontaneous chiral defects more effectively than
the alternative, which allowed chiral separation of the CdTe
QDs. Shang [147] has demonstrated that human serum al-
buminhaddifferent affinity andadsorption orientation onto
the surface of D‐ and L‐penicillamine capped InP/ZnS QDs,
which was confirmed by CD and FRET data (Figure 16).

2nd level – Cell recognition/internalization. A
study performed with CdSe/ZnS QDs functionalized with
L- and D-cysteine in Ehrlich Ascite carcinoma cells showed
that the internalization process was enantioselective,
observing twice asmuch internalization for L-Cys QDs than
for D-Cys QDs [23]. Li et al. [25] also studied the effects of
chiral glutathione (GSH)–capped QDs on cytotoxicity and
induction of autophagy in HepG2 cells. Regardless of size,
L-GSH-QDs induced greater autophagy and cytotoxicity
than the D-form, with greater effects observed for smaller

particles (Figure 17A). N-isobutyryl-D-cysteine–capped
β-HgS QDs were found to be more biocompatible to CCK8
cells than that of the L-form [38]. In a report by Kuznetsova
et al. [26], oppositely D-Cys–capped ZnS/Mn QDs were
found to be more toxic than the L-form (Figure 17A).
However, as evidenced by the investigations carried out by
Govan et al. [67], chirality does not always entail differ-
ences in behavior. These authors reported CdS nano-
tetrapods functionalized with enantiomeric forms of
penicillamine for which they did not observe significant
differences in either cytotoxicity or internalization. It
should be noted that the concentration of nanotetrapods
was relatively low and cytotoxicity did not exceed 10%. At
higher concentrations, the effect could appear.

3rd level–Differences in the distribution inside the
cell or in the interactions with intracellular compo-
nents due to chiral differences. In the search for an
effective treatment against bacteria, which is harmless to
mammals, Xin et al. designed Glutamic acid (Glu) func-
tionalized graphene quantum dots (GQD) that selectively
act onMurD ligase. MurD ligase is an enzyme present in the
cytoplasm of bacteria responsible for the synthesis of
peptidoglycan, one of the main components of the bacte-
rial cell wall. They observed that D-Glu-GQD penetrated
into the bacteria and bonded to MurD, inhibiting the syn-
thesis of peptidoglycan and damaging the bacteria. In
contrast, L-Glu-GQD showed negligible influence on bac-
teria [148].

Kuang et al. [149] reported the cleavage of BSA using
Cu2−xS QDs capped by D-/L-penicillamine, with this cleav-
age associated with generation of hydroxyl radicals as the
reactive species. L-pen QDs displayed the highest catalytic
performance under left- CPL irradiation, while D-pen QDs
worked better under the right CPL irradiation. In this study,
the authors proposed that light of a given chirality activates

Figure 18: Scheme of sensor design: (A) Zr
nanoparticles and reducing agent keep on
vial; (B) Zr quantum dots (QDs) formation;
(C) antibody conjugated QDs; (D) the
addition of antibody-conjugated MP NPs;
(E) formation of nanostructured magneto-
plasmonic fluorescent with the addition of
target, then separated (F); (G) the
nanohybrid-conjugated part was dispersed
and measure the optical properties (H).
Reprinted from a study by Ahmed et al. [151]
under the Creative Commons CC-BY-NC-ND
license.

V. Kuznetsova et al.: Ligand-induced chirality and optical activity 817



a larger number of QDs with a matching chirality than the
opposite, which leads to increased number of hot electrons
and therefore hydroxyl radicals.

In addition to the previously described differences in
the cellular interaction/response due to the chirality of the
QDs, certain QD-based systems have shown a greater ca-
pacity to detect or elicit a specific response due to their
chiral nature, regardless of the enantiomer used. Recently,
it has been reported that chiral cysteine modified CdTe
nanostructures can specifically recognize and cut, after
CPL irradiation, a characteristic double DNA strand. In this
case, both enantiomeric forms have the same cutting effi-
ciency, both in vitro and in vivo, but only when irradiated
with the appropriate polarized light [150].

In another report by Ahmed et al. [151], chiral zir-
conium QDs stabilized with L(+)-ascorbic acid have been
used for the optical detection of coronavirus. QDs were
conjugated with anti-infectious bronchitis virus (IBV)
antibodies of coronavirus to form an immunolink at the
presence of the target analyte and anti-IBV antibody-
conjugated magnetoplasmonic NPs (Figure 18). The
analyte bound to nanohybrid was separated using
an external magnetic field and fluorescent analysis
enabled the detection of coronavirus with a limit of 79.15
EID/50 μL.

4 Conclusions and outlook

Great breakthroughs have been achieved in the investiga-
tion of the nature and properties of LIC colloidal semi-
conductor NCs in recent years. Theoretical calculations
together with experimental observations have revealed
how chiroptical activity of these QDs depends on the many
properties of the ligands used including, ligand type,
binding modes and concentration. These studies provide a
deep understanding of chiroptical phenomena in QDs and
an opportunity to control their properties. However, the
following critical challenges still exist.
(i) Most of the studies of induced chirality have been

carried out on Cd-basedQDs, containing toxic Cd ions.
Nevertheless, at the present time, the main focus in
the field of QD research is the investigation of nontoxic
QDs, for example, Cu- and In-based binary, ternary
and quaternary semiconductors, which are poten-
tially more appropriate for biomedical applications,
and less harmful to the environment. It is crucial to
shift the studies to the interaction of chiral molecules
with exclusively nontoxic QDs.

(ii) The PL intensity of QDs significantly decreases after a
ligand exchange procedure. Therefore, there is a clear

need for a method of preparation of LIC QDs with high
PL quantum yield.

(iii) Colloidal QDs are very suitable for the incorporation in
different matrices. However, there is almost no infor-
mation on bulk nanocomposite materials based on
colloidal chiral QDs. Using appropriate matrixes and
the addition of extra components e.g. plasmonic or
magnetic NPs, can extend the functionality of chiral
NCs significantly.

(iv) Despite the fact that a number of studies demon-
strate the difference in biological activities of
L- and D-enantiomeric forms of LIC QDs, the devel-
opment of exact biochemical mechanisms that
explain the cause of this phenomenon is still a
significant challenge that must be addressed in the
near future.

(v) It has been shown that QDs affect chiral molecules
bound to their surface, changing their spatial config-
uration. As a result, the chiral molecules can be
transformed into the opposite stereoisomeric forms.
Since the biochemical activity of a substances is
strongly dependent on its stereoisomeric configura-
tion, NPs can change the biochemical properties of the
molecule. It is important to take this into account
when using QDs for drug delivery, photodynamic
therapy, enantioselective sensing and asymmetric
catalysis. Moreover, it can be one of the sources of QD
cytotoxicity: when ordinary chiral molecules inside
cells bind to a NP, their configuration and properties
can change and becomeunfavorable for the cell’s vital
functions. The investigation of the influence of QDs on
chiral molecules and their biochemical activity are
highly demanding.

In overall, chiroptically active NCs are promising candi-
dates for different practical application. In particular, the
demonstration of CPL emission by QDs with induced
chirality can find a range of potential applications in
various optical devices, components of chiroptical de-
tectors, polarimeters, CD spectrometers and possibly in the
long term even in 3D color displays. However, one of the
main roadblocks for all these applications is a very low
degree of PL polarization in NCs capped by chiral ligand,
when only 0.025–0.4% of emitted light is circular polar-
ized. Therefore, there is an urgent need in development of
new efficient circular polarized light emitters based on
chiral assemblies of QDs that might increase PL polariza-
tion degree by several orders of magnitude.

In addition, over the last years there have been sig-
nificant achievements in the development of applications
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of chiral QDs in sensing of various chiral organicmolecules
spintronics, valleytronics and photocatalysis. The reported
QD based chiral sensors are very promising but still require
further improvements of LODs and enantioselectivity
particularly when several different chiral species can be
present in an analyte mixture. The design of new QDs
functionalised with specific chiral ligands providing high
sensitivity and enantioselective recognition will be crucial
for further development of chiral sensing.

The use of chiral QDs has opened up new horizons in
spintronics enabling the use of the CISS effect to induce a
local magnetization without the application of an external
magnet and to control the electron transfer between QDs in
multilayer structures. The development of new layered
quantum nanostructures should also play a critical role for
design of new 2D heterostructures which are necessary for
further development of valleytronics.

The application of chiral quantum dots to photo-
catalytic water splitting, is another exciting new research
direction, particularly in regard to dihydrogen production,
photodecomposition and asymmetric synthesis. This is
possible due to the CISS effect and enantioselective
adsorption of chiral compounds on QD surfaces. However,
this area is still in its infancy and further detailed studies
and theoretical work are necessary to fully understand all
phenomena and develop new chiral photocalysts that will
be crucial for advancing of various chemistry and bio-
pharmaceutical sectors.

Since chirality plays a crucial role in chemical
recognition and interactions between chemical and bio-
logical species, it is essential to investigate and under-
stand the interactions of chiral quantum nanostructures
with various biological objects such as cell cultures,
bacteria and viruses. In particular, the current COVID-19
pandemic has revealed an alarming lack of access to cost-
effective, rapid diagnostic testing. It was recently
demonstrated that chiral metallic nanostructures can be
used to sense structural difference in biomolecules and
detect multiple proteins for each genus of virus, both
strain-specific surface proteins and the highly conserved
proteins internals of the virion [152–154]. The uses of
ligand induced chiroptically active quantum nano-
structures and their combinations with chiral plasmonic
nanostructures could open new opportunities in rapid
detection of influenza viruses at early stages and result in
new breakthroughs in medical diagnostics. In overall,
this important research is expected to have significant
impacts on further development of nanobiotechnology
area including nanotoxicology, nanomedicine and ap-
plications of NPs to medical diagnostics, drug delivery
and potential treatment of many diseases.
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