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Imprinting chirality in inorganic nanomaterials for
optoelectronic and bio-applications: strategies,
challenges, and opportunities

Prakash Chandra Mondal, ) ** Deepak Asthana,*® Ranjeev Kumar Parashar® and
Sakshi Jadhav®

Chirality, ubiquitous in biological systems, is the property of the non-superimposable structures found in
both macroscopic and nanoscopic objects. In the last ten years, the research on chiral inorganic
nanomaterials has witnessed tremendous growth due to their shape, size, crystal facets-controlled
unparalleled physical, chemical, optoelectronic, and bio-compatibility features. Due to the quantum
confinement, the chiral nanomaterials exhibit high anisotropy factors and, therefore, there has been an
upsurge in research activities around the chiroptical and (bio)recognition properties of optically active
inorganic nanomaterials. Advancements in synthesis and characterization technologies have made it
possible to prepare complex multi-functional materials. Inorganic nanoparticles are known to exhibit
fascinating semiconducting or metallic behavior and when combined with chirality, their usability in
various devices is enhanced drastically due to an additional degree of freedom over achiral systems.
In this review, we discuss different chemical routes to transfer chirality from intrinsic chiral systems into
achiral nanomaterials for optoelectronics and bio-applications, in the light of recent experimental
findings. Despite the progress in the research field of nanomaterials, imprinting chirality, device
fabrication, scalability, long-term stability, and reproducibility remain challenging tasks that need to be
addressed. Since the synthesis and growth mechanisms of chiral inorganic systems can be found in
literature, here, we shed light only on the complimentary metal-oxides semiconductors (CMOS), and
bio-compatibility of either intrinsic or imprinted chiral nanomaterials and their potential applications in
next-generation chiroptical devices. We also discuss feasible strategies to resolve existing issues related
to the integration into devices and their operational aspects.

(1) Origin of homochirality and chirality transfer from intrinsic chiral systems to achiral inorganic nanomaterials.

(2) Various routes to functionalize chiral nanomaterials for governing size, shape, and optical properties.
(3) Recent trends in optoelectronic devices and bio-applications.
(4) Future scopes, challenges, and possible solutions.

1. Introduction

In other words, an object that has non-superimposable mirror
images is called chiral. The concept of chirality in molecules

Chirality or handedness refers to materials, molecules, and was first demonstrated by Louis Pasteur in 1848," while the
architectures that lack, a plane, center, or axis of symmetry. phrase ‘chirality’ was first coined by Lord Kelvin in the year
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1894.> This finding has paved a new avenue for discovering
many hidden phenomena at the macroscopic and also nano-
scopic levels. Chirality appears as a ‘holy grail’ that can help us
understand why nature prefers homochirality, which is a 100%
enantiomeric excess (ee).” In the recent past, chiral molecules
have attracted the immense attention of researchers, particularly
for their diverse applications in chiral optical switches,
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bio-sensors, and optoelectronic devices.*” Chiral systems show
a high degree of chiral anisotropy that stems from strong
resonance upon interacting with the electromagnetic waves.
Thus, the chiral systems can rotate the plane-polarized electro-
magnetic waves (light in general) in either the left or right
direction, depending on the optical configuration of the system.
Of late, through the lenses of experiments and theoretical
studies, Ron Naaman and others have found that organic chiral
molecules such as DNA, oligopeptides, proteins, and polymers
are capable of filtering the spin when a spin-polarized current
passes through them.®*' However, chiral inorganic nano-
materials are relatively less explored than (bio)organic
molecules.”>™® Unlike the chiral organic materials, the exact
understanding of the source of chirality in inorganic materials,
including metallic or semiconductors, is still in the development
stage."®'7'® It has been observed that in many cases during the
nanoparticle formation, the metal atoms in the cluster attained a
lower symmetry and exhibited chiral effects.">>" For instance,
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the Whetten group developed a method to prepare an optically
active thiourea-based gold cluster compound Au,g(SG);6 (Where
SG = N-y-glutamyl-cysteinyl-glycine).>”> The circular dichroism
(CD) spectrum of this cluster exhibited a peak in the gold
absorption band regions, which is an exciting feature observed
with a chiral metal nanoparticle system. The Kelly group demon-
strated that the microwave-assisted preparation of chiral
luminescent CdS quantum dots (QDs) utilizing racemic and
enantiomerically pure penicillamine.”® The CD spectra of semi-
conductor chiral CdS QDs display distinct signatures in the UV
region (200-390 nm). Dynamic monitoring of the CD signals and
quantum mechanical modeling by density functional theory
(DFT) calculation suggest that the nanoparticle (NPs) core
remains achiral whereas the surface acquires chirality and
contributes to new signals in the CD spectrum.

A rather simpler approach to imprint chirality in an
inorganic nanoparticle is to coat its surface with optically
active moieties by performing surface engineering or ligand
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exchange. Surface engineering has found special applicability
in the field of (chiral)nanoparticles (NPs)."*?*2” Two
approaches are generally adopted for surface functionalization:
one in which the nanoparticle core is coated with some
inorganic shell such as ZnS or ZnSe to give core/shell or
heterostructures, and the second in which the nanoparticle
surface is protected with organic ligands.?®*° While core/shell
type modification helps in removing surface defects, improves
photo-stability and quantum efficiency, ligand exchange plays a
vital function in controlling the overall usability of the induced
chirality either in NPs or nanocrystals (NCs).>**' Ligand
exchange helps to tune the solubility or stability against
aggregation, and further functionalization of nanoparticles.*>**
The nanoparticle surface can be modified with an intrinsic chiral
ligand generally containing functional surface-active head groups
such -NH,, -COOH, -SH, N3, etc., which would allow the further
attachment of any desired moiety around the NP’s surface.>*™*° In
general, the choice of functionalizing reagents depends very much
on the nature of the nanoparticles; for example, thiol derivatives
for gold and silver nanoparticles, carboxylic or phosphoric
derivatives for metal oxides, and silane-based compounds for
silica nanoparticles. This approach has been widely used in the
field of biosensing and imaging and has been reviewed
elsewhere.”*?”*1*> Here, we mainly focus on the three sections,
the first section deals with the chirality transfer and surface
engineering, the second part talks about optoelectronic device
integration, and the third section discusses bio-applications
of the chiral inorganic nanomaterials. A schematic overview
encompassing the subject matter of this review is illustrated in
Fig. 1.

2. Origin of chirality and the surface
engineering of chiral nanomaterials

The chirality in any object appears due to the non-zero numerical
function of the dot product between two components, electric
dipole moment transition x, and magnetic dipole moment
transition m, according to the Rosenfeld equation.”

R = Im(jem) W

R denotes the CD intensity at a given transition, and Im is the
imaginary section of the scalar product. The concept of
inducing chirality in the achiral inorganic NPs enriches the
fundamental science domain and various applications.
Inorganic chiral NPs originating from noble metals like gold
and silver, or CdS/CdSe have emerged as appealing candidates
for biocatalysts, sensing, optoelectronics, and spintronic appli-
cations, to name a few.**™*®* Gold NPs have high Miller indices
represented by ({hkl}, h # k # [ # 0), e.g., (321) and (17 11 9),
which exhibit either intrinsic or induced chirality. However,
chirality in an achiral nanoparticle can also be induced by
capping its surface with intrinsic chiral moieties such as amino
acids, proteins, peptides, and DNA, etc.**">> To exploit chiral
materials in practical applications, in-depth knowledge about
chiral morphology at the atomic level is highly desired.>*™®
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Fig.1 A synopsis of the scope and applications of chiral inorganic
nanomaterials, which is the key subject of the present review.

In this regard, a systematic theoretical description to compre-
hend the interaction between chiral/achiral ligands and metal
surfaces can help to attain a rational design, preparation, and
better understanding of the chirality imprint phenomena.>”>
Aliphatic or aromatic thiols or dithiols are known to be strongly
adsorbed on Au surfaces, forming stable Au-S interfaces and,
therefore, are one of the most widely used NP surface modifier
ligands.’*®® Though many theoretical studies were made to
predict the chirality transfer mechanisms and dynamics, the
studies discussing enantioselectivity remain sparse.®*"*® This
void was nearly filled by the work from the Ortufio group who
carried out computational simulations using density functional
theory (DFT), providing a profound understanding of the
enantioselective interaction at an atomic level. Their study
included different forms of chiral amino acids such as
L-cysteine (neutral, ionic, zwitterion) adsorbed on both the
chiral enantiomeric Au facets, Au(321), Au(321) and achiral
Au(111), Au(110), Au(100) NPs surfaces.”” In their theoretical
framework, 4 atomic layers were considered for (111) and (110),
8 for (100), and 16 for (321) and (321) facets. L-Cysteine growth
adsorption energies on the multifacets Au NPs, E,qs were
computed according eqn (2):

Eaqs = Es.L — Es — nEy (2)

where Es_j, denotes the energy of L-cysteine deposited on Au, Eg
represents the energy of the Au NPs, nE, signifies the energy of
n no. of L-cysteine units. While the different forms of r-cysteine
grafted on Au(111) are endothermic, the zwitterionic form A2,
in which a negative charge resides on the sulfur linked to the
Au(321) surface through S~ moieties, is the most stable form,
having an adsorption energy of 0.58 eV (Fig. 2). From the
quantum mechanical calculations, they concluded that the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Pictorial representation and comparison of the simulated surface adsorption energy, E,qs (eV), of different forms of intrinsic L-cysteine amino acid
(neutral, ionic, zwitterion) adsorbed on various crystal facets, including achiral Au(111), and chiral Au(321). Reprinted with permission.”® Copyright 2019,

American Chemical Society.

adsorption energy of the chiral amino acid, r-cysteine on the
Au(321) facet increased as compared to the case when adsorbed
on the Au(321) at a relatively lower surface coverage.
This observation can help to rationalize the design of enantio-
selective experiments at the nanoscale. However, in their
investigation, the computational studies on p-cysteine were
not performed. The authors concluded that the computational
tool might have immense potential to elucidate many complex-
ities associated with the origin of chirality.

Recently, Yang and co-workers employed a new strategy for
chirality transfer in achiral Au NPs superlattices.”* The group
utilized the chiral porphyrin-based supramolecular assembly
and exploited the van der Waals interactions to induce
chirality. It was also claimed to be the first report of its kind

(R)-PP-Au assemblies

— (S)-PP-Au assemblies

(R)-PP-Au assemblies
— (S)-PP-Au assemblies

CD (mdeg)

300 400 500 600 700 800 900

Wavelength (nm)
Fig. 3

on chirality transfer employing van der Waals interactions.
Remarkably, it was observed that the chiral porphyrin supra-
molecular structure adopted J-type stacking and, upon metalli-
zation with zinc metal ion, changed to H-type stacking while
maintaining its chirality. To induce the chirality in achiral Au
NPs, first, the metallic NPs were functionalized with achiral
n-octadecanethiol, resulting in core/shell heterostructures.
Second, the chirality was introduced to the core/shell hetero-
structures by adding alkyl-terminated porphyrin or Zn-porphyrin
solution. The presence of a new absorption band in the
wavelength range of 500-800 nm in the UV-visible spectra
(Fig. 3(a and c)) indicated the formation of two enantiomers
such as (R)/(S)-PP-Au and (R)/(S)-ZnPP-Au assemblies. The
additional spectral features appeared due to the extinction of
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(a) UV-Vis spectra recorded on (R)/(S)-PP-Au NPs, (c) (R)/(S)-ZnPP-Au NPs illustrating the appearance of new spectral features in the range of

500 to 800 nm. (b) CD spectra of (R)/(S)-PP-Au NPs, (d) (R)/(S)-ZnPP-Au NPs confirming the chirality transfer into metallic Au NPs. Reprinted with

permission.”* Copyright 2021, Wiley-VCH.
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metallic chiral Au NPs. More specifically, the CD spectra
confirmed the induction of chirality, as positive and negative
cotton effects revealed by (R)/(S)-PP-Au and (R)/(S)-ZnPP-Au
assemblies could be seen (Fig. 3(b and d)). The TEM image
(not shown here) revealed that the Au NPs formed spindle-like
structures controlled by the chiral porphyrin. For a deeper
understanding of the evolved chirality, the group performed
additional experiments by changing the solvent, size, and
functional group of the capping reagent. From this experiment,
it was concluded that interactions between porphyrin moieties
and alkyl chains play a crucial role in transferring chirality.
Furthermore, the Zn porphyrin supramolecular structure was
coordinated with that of oleylamine, which led to a stronger
interaction between Au NPs due to the alkyl chain present in it,
resulting in enrichment in the chirality. Key findings in the
present work include that both the J-type chiral porphyrins and
H-type chiral metalloporphyrins can imprint chirality into
Au NPs.

Chirality can be transferred from chiral nanocluster to
bound achiral ligand. Thus, the creation of intrinsically chiral
metallic or semiconducting nanoparticle surfaces is crucial for
many fundamental studies.”>””* For instance, the Salassa group
recently demonstrated chirality transfer from an intrinsically
chiral Au nanocluster to the achiral ligand.”” Chiral nanocluster
Auzg was functionalized with the achiral 2-phenylethylthiolate
(PET) ligand to form Aujg(SR),4, and homochirality transfer
took place making the achiral ligand VCD (vibrational circular
dichroism) active. The induction of chirality was ascribed to
asymmetric forms of gauche conformations. Moreover, it was
observed that the chirality transfer relies on the site-specific
binding on the surfaces of Auzgs. The dynamic behavior of
chirality transfer phenomena was probed by the combined
experimental (NMR techniques) and computational studies.
Such chirality transfer can be harnessed in chirality-driven
nanoscale molecular recognition, sensing, and catalysis.
Self-assembly is a very simple yet extremely effective technique
that has been extensively used to link the ligands and NPs.”®7°
Chen and co-workers utilized the self-assembly method to attach
achiral organic molecules rather than the traditional bio-
molecules to create Janus chiral Au NPs.®® They used organic
linkers such as hexanethiolates and 3-mercapto-1,2-propanediol
to produce vesicle-like, hollow nanostructures. As the surface
coverage by the ligand 3-mercapto-1,2-propanediol and
concentration of the NPs increased, the plasmonic circular
dichroism (PCD) signals were enhanced. The PCD technique is
advantageous over the CD, in particular, to detect the signals
in the visible range."®®" To support the experimental findings,
first-principles calculations were performed to elucidate the
genesis of chirality. The authors inferred that the nanoparticle
dipoles that form a vertex on the hollow sphere surfaces are
the prime reason for the initiation of chirality in Au NPs.
Furthermore, the chiral NPs were able to differentiate between
p-alanine and r-alanine.

Nam and co-workers have made an outstanding contribution
towards imprinting the chirality in achiral metallic nanoparticles
by embedding biomolecules and exploring optoelectronics,
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catalysis, chiral sensing, and biomedical aspects of such
systems."”*"#2787 Recently, the Nam group unraveled the key
roles played by the organic chiral inducer, cetyltrimethyl-
ammonium bromide (CTAB), and ascorbic acid (AA) in imprinting
the chirality, controlling crystal facets, and growth mechanism.®®
A two-step growth method that involved seed-mediation to pre-
pare 3D chiral Au NPs was chosen. This stepwise growth process
ensured the foundation of a chiral surface with a high miller-
lattice index in the initial step and that maintained the interaction
between molecules and highly enantioselective surface. Their
method relies on the application of chiral amino acids and
peptides as shape-controlling agents. In this stepwise growth,
the Au NPs of around 150 nm size, which have high index facets
exposed, were prepared. Amino acids or peptides were introduced
in the system during the second step of the growth. Induced
chirality leads to the direction-specific growth of the metallic NPs.
They could prepare chiral NPs that display the highest g-factor in
the visible region. The absorbance spectra of frehly prepared
L-cys-Au NPs and p-cys-Au NPs are shown in Fig. 4a. The g-factor
spectra recorded under different ratios indicate that L and
p cysteine heavily affect the spectra when the concentration is
varied from 100 to 0 (Fig. 4b). The formation of chiral NPs was
ensured by CD and scanning electron microscopy (SEM) studies
(Fig. 5a-c). Depending on the cysteine’s handedness, 1- or
p-cysteine, the optical response of the NPs could be tuned. The
NPs prepared using 1-Cys exhibited an absorption peak at 534 nm
for right-circularly polarized light, and an absorption peak at
638 nm for left-circularly polarized light. The CD spectra of Au
NPs formed by the p-Cys-based displayed similar behavior with
inverted peaks. Interestingly, the edge of the prepared rhombic
dodecahedral nanoparticles showed twisting depending on the
chiral nature of cysteine. The twisting angle of the edge(o)
changed its direction with a change in cysteine chirality. Using
an equimolar mixture of 1-Cys and p-Cys (1:1) formed achiral
NPs and caused the disappearance of the CD signals. The
present study is crucial for understanding small-molecule-
induced chirality growth for future nanoscale optoelectronic
applications.

Among the biologically important systems, dipeptides are
one of the most relevant systems having intrinsic chirality
suitable for use in chirality transfer reactions. The Nam group
has employed this impressive methodology and considered two
different dipeptides, gamma-glutamyl-cysteine (y-Glu-Cys) and
cysteinyl-glycine (Cys-Gly), to induce chirality in 3-dimensional
(3D) metallic Au NPs.*” The strategy is schematically illustrated
in Fig. 6. As a result of chirality induction after the introduction
of y-Glu-Cys the Au NPs attained a cube-like morphology, while
the Cys-Gly enforced a rhombic dodecahedron shape with
elliptical cavities in each face. The SEM images show the
reflection of surface-engineered Au NPs encoded with bio-
molecules and the resulting crystal facets (Fig. 7). To probe
the origin of crystallographic chiral surfaces in Au NPs, 3D
geometric models were employed, which entail the formation
of chiral intermediates that drive the ultimate chirality. The
present study demonstrates the dipeptide-mediated induction
of the chirality in 3D Au NPs that can diversify their

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Absorbance spectra of L-Cys—Au NPs (solid black line) and p-Cys—Au NPs (solid red line). (b) The spectra affecting the g-factor of Au NPs

recorded in different concentration ratios of L-Cys and b-Cys. Reprinted with permission.®8
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Copyright 2020, Springer Nature.

(a) Visible-region CD spectra recorded on the L/p-cysteine-induced chiral metallic Au NPs. (b) SEM images of L-cysteine, and (c) b-cysteine

induced chiral Au NPs. Reprinted with permission88 Copyright 2020, Springer Nature.
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Fig. 6 (a) A schematic diagram indicating the preparation of chiral shape

modifier-induced Au nanoparticles formation. (b) Chemical structures of
the dipeptides are used as chirality inducers. Reprinted with permission.®”
Copyright 2020, Wiley-VCH.

applications in several ways. The examples discussed so far fall
in the category that discusses the induction of chirality in noble
metallic NPs. However, such induction of chirality can also be
used with inorganic semiconductor NPs. There are only limited

© 2021 The Author(s). Published by the Royal Society of Chemistry

y-Glu-Cys

Cys-Gly

Fig. 7 (a) SEM images reveal crystal facets of chiral Au NPs generated by
y-Glu-Cys, and (b) Cys—Gly, respectively. Reprinted with permission.®”
Copyright 2020, Wiley-VCH.

examples of Chiral CdSe nanocrystals (NCs) that exhibit chiral-
ligand-induced morphology and chiroptical behavior.®** He
and co-workers could successfully modify the surface of CdSe-
dot/CdS-rod NCs with the chiral amino acids such as 1- and
p-cysteine.”” The chirality in semiconductors was induced via
a ligand-exchange method where 1- and p-cysteine produced
1-/p-Cys-CdSe/CdS chiral quantum nanocrystals that display
exceptional CD and CPL characteristics. The study showed a
remarkable anisotropic factor (gjum) equal to 4.66 x 10~ * in CPL
spectra with positive and negative line shapes obtained for
p- and 1-Cys-CdSe/CdS NCs, respectively. The anisotropic factor

Mater. Adv,, 2021, 2, 7620-7637 | 7625
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(glum) can be expressed as eqn 3:°°

2(IL — Ir)

(IL + Ir) )

&glum =

I, Iy signify the corresponding intensities of the left- and
right-handed CPL. Both the CD and CPL characteristics are
significantly dependent on the concentration of chiral L/D
cysteine, as at higher concentrations CD and CPL signals get
suppressed. They further performed the DFT study and
concluded that the orbital hybridization of either r- or b-
cysteine with CdSe/CdS is the key factor of chirogenesis.
Cheng and co-workers utilized surface functionalization to
prepare CdSe/CdS nanocrystals (NCs) of various morphologies
including nanoflowers, tadpoles, etc. with precise shape control
(Fig. 8).°' The detailed study provided a correlation between
the shape and chirality induced by the ligand. In a typical
procedure, CdSe/CdS NCs were first prepared followed by a post-
synthesis ligand exchange reaction in aqueous media, NCs were
modified with Lr-/p-cysteine. The UV-vis and photoluminescence
(PL) spectral analysis of CdSe/CdS nanostructures were performed
before and after ligand exchange. The formation of the CdS
shell caused a red-shift in the absorption peak from 539 nm to
606 nm depending upon the morphology. Transmission
electron microscopy (TEM) confirmed that the shape-directing
agents successfully fine-tuned the morphology of the CdSe/CdS
nanocrystals (Fig. 9). As can be seen from images (a—f), changing
the concentration and nature of the ligand, nano-shapes such as
nanoflowers, tadpoles, and dot/rods could be obtained. The
obtained CdS shell phase was in agreement with the previous
studies that suggest a wurtzite phase CdS growth when wurtzite
CdSe seeds are used. It was observed that when the
concentration was low or alkylphosphonic acid ligands were
absent, the formation of spherical nanocrystals was favored
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Fig. 8 A schematic diagram showing that chiral ligand-induced shape
variations resulting in various anisotropic shapes can be achieved.
Chemical structures of the chiral ligands are shown. Reprinted with
permission.* Copyright 2020, American Chemical Society.

7626 | Mater. Adv, 2021, 2, 7620-7637

View Article Online

Review
(Fig. 9a-c). To explain the chiroptical changes in various
morphologies, a quantitative comparison of CD responses

was performed. The CdSe core used to prepare different
morphologies of NCs was from the same batch and has been
subjected to identical ligand exchange reactions. This implies
that any change in CD spectra could be linked to the change in
the nanostructure’s geometry. As shown in Fig. 10, nanoflowers,
tadpole and long dot/rod (DR) shaped structures, which have
relatively thicker shells (>1 nm) and large CdS volumes,
exhibited CD signals corresponding to CdS only. Conversely,
the CD signal for the CdSe core was still present in the short DR
sample. It was also observed that the anisotropy factor is
enhanced as the morphology changes from the nanoflower
shape to the tadpole shape.

3. Optoelectronic applications

Optoelectronic devices are used to either modulate or detect
light under an external electric field. Such devices enable
photons to be used in the same fashion as electrons in an
electronic device.””°® Compared to conventional bulk systems,
optical properties of nanomaterials benefit from a broad
absorption window, higher quantum yields, narrow emission
wavelengths, and fewer photo-bleaching risks, thanks to the
strong light-matter interactions.””'®® Unlike chiral (bio)-
organic materials, which usually contain a narrow absorption
cross-section, display weak optical responses, and exhibit
optical responses in the UV-region only, chiral plasmonic
nanostructures are associated with stronger chiroptical
responses and can interact with visible or near-infrared (NIR)
light. These appealing features of chiral NPs significantly
enhance their applicability in sensing, recognition, and opto-
electronic devices. Avoiding any need for delicate (bio)molecular
assembly, the Tatsuma research group successfully constructed a
system based on gold nanorods deposited on a TiO, surface in
which handedness could be reversed via a photo-induced
process.'®" Interestingly, the chirality switch achieved by irradiating
either with left or right-CPL could be maintained even in the
absence of external stimuli. Sites with localized electric fields were
then deposited with PbO, making use of the plasmon-induced
redox process to yield chiral nanostructures. Precursor gold
nanorods (Au NRs) were first synthesized and were then adsorbed
onto a TiO, surface (film thickness ~60 nm) present on a glass
plate coated with indium-tin-oxide. As shown in Fig. 11, characteristic
transverse and longitudinal mode extinction peaks (550 and
815 nm, respectively) and the absence of CD signals was
observed. An electrochemical cell composed of two compart-
ments (Fig. 11c) was used to illuminate the photo-responsive
ITO/TiO,/AuNR-modified electrode in the presence of Pb(NO;),
solution (50 mM) for 24 h. Illumination causes the formation of
electron-hole (e-h) pairs at resonance sites on surface s of Au
NRs. The holes formed around the resonance sites lead to the
oxidation of Pb** and deposition of PbO,. Concurrently, excited
electrons from the electron-hole pair systems are transferred
from the lower energy valence band (VB) to the higher energy

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a—f) TEM images of CdSe/CdS NCs obtained in a variety of shapes including nanoflowers, Tadpole-Ill, Tadpole-II, Tadpole-I, short dot/rods, and

long dot/rods. Reprinted with permission.® Copyright 2020, American Chemical Society.
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(a—f) Mirror symmetry CD spectra of the L-/p-CdSe/CdS NCs having different shapes such as (a) nanoflowers, (b) Tadpole-Ill, (c) Tadpole-Il,

(d) Tadpole-I, (e) short dot/rods, and (f) long dot/rods. Reprinted with permission.’® Copyright 2020, American Chemical Society.

level conduction band (CB) of the TiO, substrate. Irradiating the
system with left-CPL, a red shift in the extinction bands could be
seen. CD spectra showed peaks at around 500-600 nm, 600-
700 nm, and 750-900 nm. The CD spectral profile for the irradia-
tion (L-CPL light) of AuNRs prepared using different aspect ratio
exhibited similar CD signals. Scanning electron microscopic
images (Fig. 11f and g) show the existence of one or two PbO,

© 2021 The Author(s). Published by the Royal Society of Chemistry

moieties on most AuNRs and the use of L-CPL and R-CPL produced
mirror image geometries. The enantiomeric excess (ee) was found
to be around ~50%. The authors also successfully performed the
chiral switching in air medium. The device is highly reproducible
and thus allows the reversible switching of chirality.

Circularly polarized luminescence and chirality are closely
related properties. Materials that can detect CPL are of great

Mater. Adv., 2021, 2, 7620-7637 | 7627
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device integration showing the formation of a chiral nanostructure. (e) CD signals of AuNRs after PbO, deposition, (f and g) the corresponding SEM
images of AuNRs. Reprinted with permission.1% Copyright 2020, American Chemical Society.

importance for many applications at the nanoscale. Normally,
the detector is coupled with the optical polarizer to achieve
CPL detection. This requirement causes compromise with the
sensitivity and resolution limits. Optically active systems
interact differently with left or right-CPL and, therefore, display
different absorption coefficients. Chiral metal halides are
potentially important for the direct detection of CPL. Recently,
a two-terminal device based on one-dimensional and quasi-two-
dimensional perovskites has been demonstrated to be capable
of direct photodetection of CPL.'°>'%* However these devices
suffered from the need for high operational voltage and incap-
ability of producing high output currents. One of the major
issues associated with devices based on low-dimensional chiral
metal halide semiconductors is low or sometimes even
negligible conductivities/photoconductivity. Lu, Blackburn,
and co-workers proposed a two-step strategy to circumvent this
and prepared a device for the direct detection of CPL, which is
comprised of chiral copper chloride and a carbon nanotube
heterostructure.'® 1In the first step, zero-dimensional (0D)
chiral copper chloride hybrids (R-/S-MBA),CuCl,, where R/S-
MBA stands for methylbenzylammonium, are prepared and
characterized by CD spectroscopy. These hybrids are insulating
in nature. Copper chloride hybrids thus formed are then

7628 | Mater. Adv, 2021, 2, 7620-7637

coupled with single-walled carbon nanotubes (SWCNTSs).
The heterostructure MBA,CuCl,/SWCNT helps in transducing
the CPL signal into electrical output while maintaining high
anisotropy. The functioning of this junction based on spin-
selective interfacial charge transfer is hugely facilitated by the
excellent carrier transport properties of the SWCNT. The
complete process involves the absorption of CPL photons by
MBA,CuCly, followed by electron transfer to the SWCNT. This
system could work at voltages as low as 0.01 V with an
anisotropy factor as high as 0.21. To ensure an effective electric
current response, it is important to have a highly conductive
material interface. A 10 nm thick highly enriched (6,5) SWCNT
was spin-coated with a chiral MBA,CuCl, layer making a 50 nm
thick heterojunction. Linear absorption spectra and CD
measurements for SWCNT and chiral heterojunctions are shown
in Fig. 12. Field-effect transistor (FET) measurement was per-
formed to investigate the direction of charge transfer. When
illuminated with 405 nm laser light a significant decrease in
source—drain current and a negative shift in threshold voltage is
observed (Fig. 13). For optoelectronic detection of left (L) and
right (R) CPL, a set-up consisting of a laser diode source
generating 405 nm continuous-wave L/R-CPL, a polariser, a
neutral density filter and a quarter-wave plate was prepared

© 2021 The Author(s). Published by the Royal Society of Chemistry
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under an inert atmosphere (Fig. 14a). The detection system was
calibrated to generate identical excitation L/R-CPL intensities.
The CPL detection experiment for the heterojunctions of
R-MBA,CuCl,/SWCNT exhibited a clear difference in photocurrent
responses for right and left-handed CPL light. The photocurrent
response (I,n) as a function of time (s) under applied bias for R-CPL
was found to be larger than that for L-CPL (Fig. 14b and c). When
S-MBA,CuCl,/SWCNT was tested, the photocurrent anisotropy was
reversed.

In the recent past, molecular spintronics has seen immense
activity. A spintronic device utilizes both the spin and charge of
the electron. Molecular chirality can be used in spintronic-
based devices to control the spin-selective charge transport
studies; however, the mechanism by which spin and chirality

regulate the charge transport is still not fully understood."®>*°

Findings from the Faraday rotation experiments suggested that
spin-polarized excitons could be generated if circularized polar-
ized light is used to photoexcite the quantum dots (QDs).""”
Waldeck and co-workers investigated the profound effect
that chiral QDs can exhibit spin-selective charge transport
phenomena using molecular-scale spintronic devices.'*® Chiral
CdSe QDs were employed as electron acceptors templated on
silica surfaces (SiO, microbead, Fig. 15). Upon illumination
with circularly polarized light, the QDs initiated the electron
transfer. Corresponding electron-transfer rates for left and
right CP light photoexcitation were measured and then used
to calculate the electron-transfer rate asymmetry (P.) and a
15-fold difference was observed. As can be seen in the scheme
depicted above, the acceptor QD is ligand exchanged with
cysteine making it chiral, whereas the donor QD is left achiral.
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Fig. 13
(rac-MBA),CuCls/(6,5) SWCNT. (C) A comparison of the effects of dark and

(A) UV-Vis-NIR absorption spectra of SWNT, R- and S-MBA,CuCl,/SWCNT. (B) CD signals of R- and S-MBA,CuCl,/(6,5) SWCNT and

photoresponse conditions on the FET transfer curve. (D) The photocurrent

response of (R-MBA),CuCl,/SWCNT over time. (E) A schematic description of a three-terminal FET device. Reprinted with permission.2®* Copyright 2021,

American Chemical Society.
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The CD spectra, which show a very distinctive band around
475 nm, indicated that ligand chirality is imprinted on QD
(Fig. 15B). The fluorescence lifetime for QD dyad assemblies
containing achiral donor QD and acceptor QD (ligand
exchanged with chiral capping ligand r-cysteine/p-cysteine or
achiral ligand mercaptopropionic acid) were studied using
excitation light as linear, clockwise (CW), and counterclockwise
(CCW) circularly polarized forms (Fig. 16). It was found that
when polarized light was used, the lifetime decay profile
remained almost unchanged for the achiral acceptor and
changed significantly for the chiral acceptor dyad assembly.
For the p-cysteine functionalized acceptor QD, the decay was
fastest when excitation light was CW-CPL and slowest when
CCW-CPL was used. The r-cysteine capped acceptor QD dyad

7630 | Mater. Adv., 2021, 2, 7620-7637

assembly showed the opposite behavior. The authors further
demonstrated that asymmetry in electron transfer rates (Pe) is
not only influenced by the chirality of the capping ligand but
also depends on the QD exciton’s CD intensity. The results
confirmed that in quantum dyads comprised of chiral acceptor
QD and achiral donor QD, electron transfer varies with the
direction of circularly polarised excitation light and acceptor
chirality. This work unequivocally demonstrates that not only
bio-molecules but also chiral QDs can show spin-selective
electron transfer processes supporting the chirality-induced
spin selectivity (CISS) phenomena.?*1%97111

Hybrid perovskites, where a cationic methylammonium is
incorporated within the metal-halide structure, have attracted
great attention for their applications in solar cells and other

© 2021 The Author(s). Published by the Royal Society of Chemistry
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organic electronic devices." In this context, a lack of inversion

symmetry and an additional feature of optical activity in chiral
systems, particularly in hybrid perovskites obtained by using
chiral organic cations, make them an apt system for spin-
optoelectronic device fabrications. A recent perspective article
by Wei and Ning discusses the design and application of chiral
perovskites towards spin-optoelectronic and spintronic
devices."*® Although chiral perovskites have been applied in
spin-optoelectronic systems and there has been an increase in
such devices, the theoretical aspects behind the work principle
and factors affecting its efficiency have not been explored
much.""*" In this regard, Ning and co-workers performed
theoretical calculations on a Pb-I-based structure and studied
the impact on the spin filtering property of the system by
changing halogen substitution on the chiral part, which is
methylbenzylammonium (MBA), of the hybrid perovskite.''®
In their study, they focused on the structure of chiral molecules
responsible for inducing chirality in the hybrid perovskite.
Following experimental results from (R-MBA),PbBr, that
indicated an increase in CD intensity upon halogen substitution
at the para-position, the Ning group first studied the hybrid
perovskite systems obtained by substituting the para-position
H-atom of S-MBA with F, Cl, and Br, and then substituting the
H-atom that is near to the chiral carbon of S-MBA, respectively.
Their investigation revealed the enhancement of the spin
splitting energy from 13 meV to 73, 90, and 105 meV when the
H-atom was substituted with F, Cl, and Br, respectively. This
indicates the possibility of significant modulation of the output
in spin-optoelectronic devices based on the chiral perovskites.
So far, we have discussed the induction of chirality mostly
through the surface functionalization of the nanoparticles. We
know that it is also possible to induce plasmonic chirality in the
nanoparticles from the chiral molecules adsorbed on the
surface through a dipole-dipole interaction so, in some cases,
chiral induction could be achieved even in the absence of any
chiral adsorbate.'® An interesting review by Liz-Marzan and
co-workers discussed the recent progress in the templated assem-
bly of achiral plasmonic nanoparticles exhibiting chiroptical
activities.""® In an impressive example of utilizing supramolecular

© 2021 The Author(s). Published by the Royal Society of Chemistry

nanostructures to build a variety of nanoparticle assemblies in the
cylindrical confinements, Xu and co-workers successfully
prepared nanoparticle stacked-rings and helical nano-patterns.'*°
These assemblies displayed a chiral plasmonic response that was
superior to the original material. A supramolecular assembly
consisting of polystyrene-block-poly(4-vinylpyridine) with 3-n-
pentadecylphenol was mixed with 9 vol% of dodecanethiol-
capped gold nanoparticles of 4 nm. The mixture was drop-
casted on the 35 nm Al,O; membrane and annealed at 110 °C.
The supramolecular part formed cylindrical hexagonal
structures that were used to form one-dimensional nanowires
of Au-NPs (Fig. 17). As can be seen in the in-plane TEM image
(Fig. 17b), Au-NP forms a single helix having a pitch between
20 to 50 nm. By modifying the NP loading, the assembly pattern
could be varied to yield stacked rings or single/double-helical
structures. Nanoparticle helices generally display chiroptical
activity in the 500-600 nm range. Using dark field-particle CD
spectroscopy, the optical activity of a helical NP assembly was
measured. A designated dip-peak was observed at around 800-
1000 nm with a dissymmetry factor of 0.31 at A = 895 nm, and
0.17 at 2 = 960 nm. Near-infrared (NIR) chiral activity is highly
promising towards the bimolecular application of nanoparticle-
based devices.

Lin and co-workers investigated the formation of chiral
assemblies of nanocomposites comprised of the achiral block
copolymer and nanoparticles."*! They used theoretical calculations
to get the predicted chirality and CD responses of the nano-
particle assembly in block copolymer nanochannels and then

a ) AAO Template b) : &
Nenocomposit ’r% ;
X
B . b Eg{}*
(%% - 100 nm &‘

Fig. 17 (a) Schematic diagram showing the steps leading to the formation
of Au-nanowires; (b) TEM image of a single-helical nanowire. Reprinted
with permission.?2° Copyright 2017, American Chemical Society.
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compared with experimental findings, which turned out to be
in great agreement with the theoretical suggestions. A hybrid
particle-field model was applied to study the obtained self-
assembled nanostructures. In the bulk, block copolymers were
assembled into hexagonal cylinders and when nanoparticles
were added, these self-assembled nanostructures functioned
as scaffolds and guide the nanoparticle’s distribution.
Nanoparticles followed the block copolymer self-assembled
nanostructures, indicating that the block copolymer could
be used to program the nanoparticles’ spatial distributions.
Simulations revealed that the lower loading of nanoparticles
led to the formation of one-layer single and double helical
structures. Increasing the loading caused the formation of
double-layer helices, whereas further increments in loading
destroyed the chiral nanostructure and did not form a triple-
layer helical structure of the nanoparticles.

3.1 Bio-applications

Due to the exciting optical features and biocompatibility, chiral
inorganic NPs have emerged as a tremendously efficient and

View Article Online

Review
productive framework to simplify biological complexities.'** ™2
This innovative domain contributes to improving the diagnostic
strategies and exploring ways to promote a notable recovery.
As such, it has effectively bridged the gap between the ever-
growing challenges existing today and the solutions to overcome
them. It could be a promising strategy for the evolution of
diagnostic development. This section reveals some of the recent
examples highlighting the capable execution of this principle.

The effective approach to uplifting the treatment of
Alzheimer’s disease (AD) is by precluding the aggression of
amyloid-beta (AB). In this context, Tang and co-workers
synthesized the achiral Au NPs, followed by the induction of
chirality by functionalization with the chiral 3.3 nm - and b-
glutathione (GSH) (abbreviated as 1L3.3 and D3.3
respectively).'”” Chiral Au NPs have been observed to enantio-
selectively curb the AP aggression and permeate the blood-
brain-barrier (BBB) through several GSH channels that reside in
the brain, resulting in the treatment of AD. The thioflavin
T (ThT) fluorescence assay elucidated the free - or p-GSH,
indicating the sparse hindrance on AP42 fibrillization.
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(a) Fluorescence spectra of Ap42 illustrate a considerable reduction of up to 63% in the maximum ThT intensity for (AB42 + D3.3) and 60% for

(AB42 + L3.3). (b) CD spectra of AB42 show a positive peak at 195 nm and a negative peak at 215 nm, indicating the formation of the B-sheet structure, and
a considerable reduction in both peaks was obtained on the addition of chiral Au NPs. (c) The intactness of protein secondary structure, (d) AFM images of
free AB42 and with L3.3, D3.3, and (e) TEM images of free AB42 and with L3.3, D3.3. Reprinted with permission.'?” Copyright 2020, Springer Nature.
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Conversely, the inhibitory effect exhibited by the chiral
GSH-stabilized Au NPs was huge and it greatly prevented
AP42 fibrillization (Fig. 18a). The conformational transition of
AB42 due to Au NPs was analyzed using circular dichroism (CD)
spectroscopy showing 1- and p-glutathione capped AB42 reverse
optical features (Fig. 18b). It was further demonstrated that
upon capping with the - and p-glutathione AuNPs, the protein
secondary structures, such as helix, beta, turn, and random,
remained intact (Fig. 18c). The morphological changes of AB42
aggregates, which were the result of Au NPs and their inhibitory
action, were investigated by atomic force microscopy (AFM)
and transition electron microscopy (TEM) (Fig. 18d and e).
Furthermore, in vivo mice experiments showed that the chiral
NPs cross the BBB with ease due to their convenient size
through simple intravenous injection. In particular, D3.3
improved the cellular viability by 80%, while L3.3 achieved
the survival of 72%. The author inferred that the establishment
of the chiral GSH ligand favored gold NPs and the extraordinary
capacity towards the chiral recognition and enantioselective
inhibition of AP fibrillization. Indeed, the observations and
results proved that the employment of chiral nanomedicine will
unlock the door to the treatment of AD. This arrangement of
NPs with chiral activity makes it an apt candidate for the
diagnosis of AD.

Plasmonic metallic NPs are capable of amplifying the quality
of chiral signals through surface plasmonic resonance (SPR),
and this has captivated many researchers."**"*° A methodology
has been formulated, based on the chiroptical activity of
plasmonic gold NPs, for the identification of amyloids in the
scrambled protein. The detection of amyloid fibrils, which are
end products in several protein aggregation pathways, at low
concentrations may reduce the risk of Parkinson’s disease (PD).
Liz-Marzan and co-workers employed gold nanorods (Au NRs)
to probe the formed amyloid fibrils based on a-synuclein.'**
There was no clear interaction shown by the Au NRs with the
monomeric proteins but on the other end, the efficacious
adsorption of Au NRs was observed on the helical protein
fibrils by means of non-covalent interactions. The electrostatic
interactions generated strong optical action near the SPR
wavelengths. Concentration-dependent Au NR solutions (0.5
and 2.0 nM) revealed the different arrangements of a-synuclein
fibrils confirmed by TEM images (Fig. 19). Moreover, when the
concentration of NRs was increased, the TEM images displayed
improved and extended coverage, which led to the infiltration
of the a-synuclein fibrils surface, and thus extra NRs were most
likely available in the solution (Fig. 19D).

The concept of chiral inorganic NPs has made a considerable
contribution in the field of microbiology."**'** In this regard,
Yan and co-workers engendered chirality into gold NPs by
capping the surfaces with L-/p-cysteine for in vivo therapeutic
applications.>® The cysteine (1/p)-capped chiral Au NPs mani-
fested noteworthy inhibition of E. coli in vitro, as well as in vivo,
as compared to the free 1-/p-cysteine moieties. The lethal action
of 1-/p-cysteine-capped Au NPs towards the formation of E. coli
was observed to be higher than that of the free 1-/p-cysteine or
the pristine Au NPs. Living organisms are known to show special

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 TEM images of (A) a-synuclein fibrils, (B) a-synuclein fibrils mixed
with 0.5 nM Au NRs, (C) 2.0 nM Au NRs, and (D) 3D chiral structure of Au
NRs. Reprinted with permission.**! Copyright 2018, the National Academy
of Sciences of the United States of America.

selectivity towards specific chiral molecules. For example, amino
acids and phospholipids are found in r-forms, whereas the
nucleotides exist in their p-forms. Therefore, while designing
new chiral biomaterials or drugs, it becomes important to have
suitable chirality to minimize any opposite therapeutic effects
that may result from the unfavoured chirality match. Recently,
the Jiang group demonstrated the effects of positively charged/
cationic gold nanocluster (GNC) surface functionalization with
p- vs. L-forms of glutathione ligand on the toxicity and pharma-
cokinetics, which have been studied in great detail."**
Nanomaterials consisting of positive charges are expected to
exhibit enhanced interactions with cell membranes that carry a
negative charge. For this reason, cationic nanomaterials have
found a range of biological applications. However, being cationic,
such nanomaterials suffer from severe cytotoxicity and quick
elimination from the blood plasma. To improve the clinical
applications of cationic nanomaterials, it is desirable to reduce
the cytotoxicity and decrease their clearance time. In this study,
Jiang and co-workers used gold nanoclusters because they allow
simple surface functionalization and can be easily cleared
through renal pathways. The surface of GNCs was modified with
p/t-glutathione and 4,6-diamino-2-pyrimidinethiol to make the
surface positively charged (Fig. 20). To evaluate the biosafety of
the prepared p-/1-GNCs, various cells were used. Experiments
showed 1-GNCs to be much more toxic than p-GNCs under similar
conditions. Biocompatibility tests obtained by exposing p-/.-GNCs
to the blood showed that p-GNCs perform much better than their
t-counterparts. The difference in the biological behavior of p-/i-
GNCs was studied by performing intravenous (i.v.) injection into
mice. It was found that p-GNCs displayed a much longer retention
time in blood plasma than the :-GNC or pr-GNC (achiral). The
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Fig. 20 (A and B) Chemical structure of chiral ligand p-/L-glutathione,

(C and D) TEM images, and the corresponding elemental mapping analysis
of the corresponding GNC's. (E) and (F) show the characterization of p-/L-
GNCs by CD and X-ray photoelectron spectroscopy (XPS). Reprinted with
permission.** Copyright 2021, Wiley-VCH.

long retention time increases the circulation time in the blood
and hence leads to a broader organ distribution of GNCs.
The study demonstrated that by utilizing surface functionalization,
the nanomaterials’ chirality could be reversed and their biosafety
and in vivo performance could be drastically improved.

4. Conclusion and outlook

In summary, benefiting from controllable nanoscale size, large
surface area, morphology, and quantum confinement, the
metallic or semiconductor NPs have manifested excellent
performance in various aspects of optics, physics, material
science, and life science. The application of nanomaterials
becomes more widespread when chirality is induced in achiral
nanomaterials or intrinsic chiral nanomaterials are employed.
Small chiral organic ligands are employed to induce chirality
in achiral NPs, which act as symmetry breakers. Chiral nano-
materials possess intriguing optical features represented by
circular dichromism, circular plasmonic luminescence, etc.
The recent advances in this area have revealed that besides
their optoelectronic device applications, chiral NPs are a boon
towards the fields of disease diagnosis and therapies. The
chiral NPs have been proved to be excellent candidates for
the treatment of Alzheimer’s Disease. In addition, the 3D chiral
Au NRs-protein hybrid structures can act as a rich source for
amyloid detection and expand the scope for the implication of
template-driven plasmon chirality. Designing capable and
influential antibacterial nano-scale agents that can cure bacterial
infection is now possible due to the availability of such NPs.
The future scope of this line of research is to study the
applied mechanisms demonstrated by the chiral NPs in detail
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to comprehend the micro-steps and variations. The premise of
this research is to evolve the application of this phenomenon
and boost its activity for better results. Though the research
progress made with the chiral NPs is laudable, this domain is
still in the nascent phase, as the systematic understanding of
chiral imprinting is crucial. Therefore, more experimental and
theoretical studies are needed. During the process of nanoim-
printing by chiral inducers, the formation of the cluster may
occur instead of distinct NPs development. To prohibit such
cluster formation, the concentration of the corresponding metal
salt solution can be diluted. This induced chirality study
has been experimentally performed on selected metals and
semiconductors with mostly L and b cysteine amino acids. Thus,
more experimental and theoretical studies are welcome with
various other metals such as Cu, Ni, Fe, using chiral inducers, to
understand their growth mechanisms. To make them fruitful
bio-applications, more such studies are also necessary using
such chirality-induced NPs. There is relatively little known about
the magnetic field effect on chiral NPs, which is crucial for the
rational design and construction of nanoscale spintronic
devices. It seems that this domain is quite challenging because
all the ferromagnetic metals (Fe, Co, Ni) are prone to oxidation
during the formation of NPs. A feasible solution could be the
electrochemical reduction of such metal salts followed by
capping with such chiral ligands. Furthermore, this concept
can be deployed to build heterostructures where at least two
different NPs can be assembled. Since semiconducting NPs can
conduct electricity and display good charge carrier concen-
tration, NPs can also be applied in making electrode materials
for devices. However, scalability, reproducibility, and operational
aspects can be of major concern and would need to be resolved.
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