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1. Chirality and Chemical Engineering 

A chiral object is one that is non-

superimposable on its mirror image by 

rotational and translational operations. 

Chirality has unifying fundamental 

importance for physics, chemistry, 

astronomy, mathematics, biology, and 

pharmaceuticy.1,2 It is important to 

emphasize that the discovery of 

chirality and subsequent proliferation in 

these sciences were prompted by 

chemical engineering research. The 

phenomenon of chirality was discovered by Louis Pasteur (Figure 1), who 

Figure 1. Louis Pasteur in laboratory of 
University of Strasbourg studying 
fermentation. Reproduced from 
https://www.britannica.com/biography/Lo
uis-Pasteur. 
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at that time was investigating the causes of wine spoilage. Pasteur's studies 

were commissioned by the chemical engineering practitioners at that time – 

wine and spirit makers of France.3 At age 25, Pasteur discovered the optical 

implications of chirality in 1848 while analyzing sodium ammonium 

tartrate crystals under a microscope.4 He observed two types of crystals that 

were similar but not identical because these crystals were non-

superimposable mirror images of each other. A few years later, Pasteur 

made a conclusion, which became the foundation of stereochemistry: 

molecular structural asymmetry produces non-superimposable mirror-

image structures, and organic solutions of these compounds are optically 

active, that is, they rotate the plane of linearly polarized light in equal 

magnitude but in opposite directions.4 Subsequently, in 1874, van’t Hoff5 

and Le Bel6 independently proposed that molecular asymmetry could result 

from the tetrahedral arrangement (configuration) of four different groups on 

an atom. The formal definition of chirality was given later by Lord Kelvin 

in the Baltimore Lectures on Molecular Dynamics and the Wave Theory of 

Light in 1904: “I call any geometrical figure, or group of points, chiral, and 

say that it has chirality if its image in a plane mirror, ideally realized, 

cannot be brought to coincide with itself”.7 Note that this definition was 

given many years later after the actual discovery of the role and some 

practical implications of chirality in chemical processes. 
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Since then, molecules with non-superimposable mirror images are 

referred to as enantiomers. Among many possible mirror-asymmetrical 

geometries, chemical technologies are associated with two of them more 

often than others – tetrahedrons and helices. When an sp3 carbon with 

tetrahedral geometry has four different substituents, it is chiral and is 

typically referred to as an optical center, a stereocenter, or a chiral carbon. 

Simple molecules with one optical center, such as proteinogenic amino 

acids (AAs), are designated as L- or D-enantiomers according to the 

Fischer-Rosanoff convention established in 1906.8 Sugars and amino acids 

with the same relative configuration as (+)-glyceraldehyde are assigned D 

(from the Latin dexter, meaning “right”), and the same as (-)-

glyceraldehyde are assigned L (from the Latin laevus, meaning “left”). 

Because only relative polarization rotation data and chemical 

configuration of optical centers could be determined at the beginning of the 

20th century, limited information was available about the relationship 

between optical polarization rotation and the chemical structure of the 

compound giving rise to the rotation. L- or D-notations can not be used to 

determine the absolute geometric configuration or the rotation of polarized 

light, and, thus, a list of chirality descriptors for chemical structures was 

eventually expanded to include optical properties and other chiral 

geometries. While D- and L- notations correspond to the spatial 
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arrangement of atoms around the chirality center (or molecule 

configuration), the prefixes (+) or (-) used above refers to the actual optical 

activity of the substance: whether it rotates the plane of polarized light 

clockwise (+) or counterclockwise (-). In 1951, Bijvoet et al.9 established 

the absolute configuration (the exact spatial arrangement of atoms 

independent of other molecules) of sodium rubidium (+)‐tartrate 

tetrahydrate using X-ray crystallographic methods. This finding was 

reconfirmed in 2008 by Lutz and Schreurs using up-to-date techniques.10 In 

1956, Cahn, Ingold, and Prelog proposed a convention11 (i.e., Cahn-Ingold-

Prelog rule) that allowed the designation of the absolute configuration at 

chiral centers in organic molecules in three-dimensional space. According 

to a specific set of rules based on atomic numbers, the absolute 

configuration is designated either as R (from the Latin rectus, meaning 

“right, in the sense of being correct”) or S (from the Latin sinister, meaning 

“left, improper”). Note that R/S designations cannot be used to predict the 

direction of polarization rotation. 

Axial chirality is a standard geometry of mirror-asymmetric molecules 

exemplified by allenes and substituted biphenyls.12 These molecules do not 

have a chiral center but an axis of chirality, about which a set of substituents 

is held in a spatial arrangement that is not superposable on its mirror image. 

The enantiomers of axially chiral compounds are usually designated as Ra 
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and Sa, where the asymmetric element is referred to as an improper axis. 

Molecules may have an improper axis of symmetry but not being chiral, 

with the best example being the tetrahedral CH4 molecule. 

Helices represent another standard chiral geometry encountered in 

biomolecules, biological assemblies, tissues, and organs.13 In organic 

chemistry, helices are widely presented by helicenes and their derivatives,14 

in inorganic chemistry – by multiple inorganic nano- and micro-

structures.15,16 Helices rotating in a counterclockwise manner are typically 

referred to as left-handed or Λ-enantiomers, whereas those rotating 

clockwise are referred to as right-handed or Δ-enantiomers. All of these 

geometries are unified by the possession of a screw axis of symmetry, a 

typical element of chiral structures at the macro scale. 

 

2. Variety of Scales for Chiral Inorganic Nanostructures 

 Several extensive reviews on chiral inorganic nanoparticles (NPs) 

and their assemblies were published over the last few years that described, 

in various degrees of detail, the chiral nanostructures known today.17–30 

Along with the chiral nanostructures preparation and optical properties, 

these works also discuss their potential applications which include but not 

limited to chiral catalysis, enantiospecific separation, biosensing, chiral 

memory, chiroptical devices, and compact broad band circular polarizers. 
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The most important properties of chiral nanostructures that can ensure their 

technological applications are (1) strong absorption of circularly polarized 

light with one polarization direction, while allowing the transmission of the 

photons with the other one and (2) enantioselective interactions with 

biological objects. For brevity, we will not repeat the common points 

between these reviews but rather focus on the foundational concepts 

(Section 2), optical properties (Section 3), and chemical methods (Section 

4) being used for engineering their structures and properties. To accomplish 

this, we must first describe the nature of chirality in inorganic 

nanostructures and their properties. There are distinct similarities and vast 

differences in the ways chirality manifests in nanostructures compared to 

traditional chemical compounds and biomolecules. 

Molecular-scale chirality: Mirror asymmetry in NPs and their assemblies is 

nearly always present at multiple scales and with numerous geometrical 

elements, making the traditional notations used in organic and inorganic 

chemistry (R, S) only partially applicable. Except for a few notable cases 

where the chirality of the nanoscale structures is imparted by illumination 

with circularly polarized photons,31–34 the primary contribution to the 

chirality of nanostructures is associated with organic molecules that are 

chemically bound to their surface. These organic molecules, or surface 

ligands, represent molecular scale asymmetry embedded in NP structures 
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and are directly relevant to the engineering of all nano- and microstructures. 

Mirror asymmetries at the same scale can also arise from the binding of 

achiral molecules to  the NPs, creating an optical center that is topologically 

similar to those in L- and D-AAs.35 

The secondary contribution to chirality is related to the NPs organic-

inorganic interface; this engenders new hybrid electronic states formed 

between the organic molecules on the surface and the NPs inorganic core. 

The molecular orbitals describing these electronic states can be strongly 

asymmetric, which gives rise to the quantum level of chirality. The 

existence of such orbitals was first established for CdSe NPs,36 revealing 

the hybridization between the highest occupied molecular orbitals of 

surface atoms with those of the chiral ligand. This phenomenon was 

subsequently found in other nanomaterials as well.37–39 

Nanometer-scale chirality: As the physical dimensions of chiral geometries 

are increased, the third contributor to the chirality of nanostructures arises 

from the surface itself. The surface distribution of stabilizing ligands is non-

random and can be mirror-asymmetric, which becomes especially obvious 

for small nanoscale clusters.40 It is worth mentioning that individual surface 

facets of even highly bulk symmetric solids can be chiral and many complex 

metal oxides can also exhibit low-energy chiral surfaces.41,42 
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 The scale of chiral geometries transitions to nanoscale in at least two 

dimensions while remaining at the molecular scale in the third. In this sense, 

surface chirality can be treated as semi-dimensional because it is dominated 

by planar asymmetry. Applying methods of non-Euclidean space geometry 

allows for the description of the mirror asymmetry of the NPs in curved 

space. 

The next level of chirality, also associated with nanometer-scale 

geometries, is the crystal lattice of the NPs. Atomic packing in the inorganic 

phase during the formation of NP cores is affected by the chirality of the 

surface ligands, which can be particularly strong for small NPs (e.g., 2–3 

nm).43,44 The evidence of chiral distortions of the inorganic lattice of NPs 

was also observed experimentally for CdS NPs stabilized with 

penicillamine (Pen),45 cysteine methyl ester hydrochloride-stabilized CdTe 

NPs,46 and Co3O4 NPs stabilized with cysteine (Cys).43 The chiral 

distortions of the atomic lattice in small NPs can also be observed 

computationally (Figure 2a), for example, in Co3O4 and WO3-x NPs.43,47 

The Ramachandran plots, used extensively in structural biology, can be 

applied to visualize and analyze such distortions (Figure 2b). 

All of these contributions to mirror asymmetries have characteristic 

dimensions of these chiral elements, that is, ~1–3 nm. As the NPs become 



 

9 
 

larger, the distortions of the crystal lattice caused by surface ligands 

disappear for the core, but they may be retained in certain situations. 

 
(a) 

 
(b) 

 
Figure 2. (a) L-Cys and D-Cys Co3O4 NPs; (b) Ramachadran plots for chiral Co3O4 NPs 
functionalized with either M-D-Cys (left) or P-L-Cys (right). Note: three ligands on each 
corner of the tetrahedral model NP formed ringlike structures with either a clockwise (M) 
or a counterclockwise (P) sense of rotation with respect to the C3 axis. Adapted with 
permission from Ref.43 Copyright © 2018 The Authors, some rights reserved; exclusive 
licensee American Association for the Advancement of Science. 
 

Mirror asymmetry of the surface ligands can also preferentially bias the 

chiral defects in the inorganic core, which can be exemplified by screw and 

edge dislocations for various semiconductor NPs (Figure 3a), nanowires, 

dendrites, carbon nanotubes, and Au nanoplates.48–53 Recent studies 
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revealed that screw dislocations mediate chirality transfer between crystal 

structure and morphology of model tellurium nanocrystals, and geometrical 

chirality is not an outcome of the chiral crystal structure or ligands.54 

 

 
Figure 3. (a) TEM images of CdSe/ZnS NPs. The arrows indicate possible screw 
dislocations. Adapted with permission from Ref.48 Copyright © 2015, American Chemical 
Society; (b) High-resolution TEM images of truncated tetrahedron-shaped (white dashed 
areas) L-Cys and D-Cys stabilized CdTe NPs. Adapted with permission from Ref.55 
Copyright © 2018, The Author(s). 
 

The next level of nanoscale chirality is related to the overall geometry 

of the NPs that is sometimes referred to as intrinsic or geometrical chirality. 

Small NPs with zinc-blende crystal lattices were shown to have truncated 

tetrahedral shapes,31,35,56,57, which is geometrically homologous to an sp3 

carbon in optical centers.35 Consequently, mirror-asymmetric tetrahedrons 

emerge at the nanometer scale when all four corners of the NP tetrahedron 

are different. For example, the small CdTe NPs can have truncated 

tetrahedral shapes and have been observed using transmission electron 

microscopy (TEM, Figure 3b). Considering that non-spherical NPs are 
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commonly found in Nature, the chirality of NPs is not surprising. When the 

shapes are random, the particle dispersions are racemic.32 The presence of 

the chiral bias ether due to AAs, circularly polarized photons, or 

intrinsically chiral crystal lattices changes the NP growth patterns and shifts 

the distribution of the NP shapes during synthesis toward one or the other 

chiral geometry.32,58 For example, this effect can be seen for complex chiral 

shapes with propeller-like geometries because of the preferred growth on 

high index planes.59 

Meso- and micro-scale chirality: Mirror-asymmetry of chiral molecules and 

individual NPs can be transferred into the chirality of their assemblies, 

which represents the next scale and contribution to chirality in 

nanostructures. In the simplest case, it leads to mirror-asymmetric 

superstructures from nanoscale components with the characteristic scale of 

chirality in between ~ 20 nm60–64 to ~10 µm65–67. For example, the 

observation of twisted nanosheets with a 1300 nm pitch is a remarkable 

observation of the disparate length scales from molecular to “extended” 

structures.65 

 The chirality of NP assemblies can be governed by hydrogen bonding, 

entropic, and dispersive interactions. The interactions at NP-NP interfaces 

may result in enantiopure chiral helices68,69 or twisted ribbons.31 
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 A large class of chiral assemblies of NPs can also be created via 

templating by biomolecules.17 In this case, the NP building blocks may be 

racemic or nearly achiral (spheres, rods, triangular nanoplates), and mirror 

asymmetry emerges during their preferential organization due to 

geometrically specific interactions between, for example, segments of 

DNA, proteins, peptides, lipids, sugars, etc. The chiral shapes of these 

structures can be nanorod pairs,70–72 that can also develop into helical ‘log-

stacks’73 as more nanorods are added. Other geometrical shapes include 

left-handed (Λ) and right-handed (Δ) helices obtained by folding DNA 

strands.74 Complex chiral shapes can also be obtained by interconnecting 

NPs with multiple ‘springs’ represented by DNA.75 Their chirality may not 

be initially obvious by visual comparison with familiar mirror-asymmetric 

shapes, such as helices, but they can be identified using chirality measures, 

for instance, Osipov-Pickup-Dunmur index, which changes sign depending 

on the handedness of the structure.76 

Continuing the consideration of scale, one can foresee the translation of 

the chirality of NPs into sub-millimeter, millimeter, and macroscale.77 

Connection with biology: Considering the rapid expansion of chiral 

nanostructures toward biology and medicine, it is instructive and insightful 

to draw parallels between hierarchical chirality in biological compounds 

and inorganic nanostructures. As a result of hydrogen bonds and other 
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intermolecular interactions, AAs molecular scale chirality is transferred to 

the nanoscale chirality of proteins. Proteins are organized into four levels,78 

with chiral motifs at different scales (Figure 4a). The further self-assembly 

and aggregation of proteins can result in complex chiral structures at larger 

scales, for example, helical protein fibrils.79 These phenomena demonstrate 

the distinct correlation between biological compounds and chiral inorganic 

NPs – hierarchical chirality (Figure 4b). 

 

(a) 

 
 
(b) 

 
 
Figure 4. Hierarchical organization of (a) proteins and (b) self-assembled micron-scale 
Boerdijk−Coxeter−Bernal helices. Adapted with permission from Ref.80 Copyright © 
2013, Royal Society of Chemistry. Adapted with permission from Ref.68 Copyright © 
2020, American Chemical Society. 
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However, there are many differences, too, that researchers are in the process 

of understanding. One of them is the transfer of handedness of building 

blocks to the higher-order structures.   While bioorganic molecules have the 

apparent stereochemical bias at the secondary structure level (Figure 4a), 

where right-handed helices are strongly preferred over left-handed helices, 

the usage of L-Cys as a chiral bias in the self-assembly of chiral inorganic 

nanostructures can result in both right-handed68,81 and left-handed68 helical 

structures. 

 

3. Optical Properties of Chiral Inorganic Nanostructures 

Chirality can be utilized as a metric for engineering NP and their assemblies. 

Before we discuss the engineering of chiral nanostructures, in this Section, 

we discuss what the nanoscale design will be for, that are physical, 

chemical, and biological properties of the nanostructures related to their 

mirror asymmetry. These properties are derivatives from the chiral 

geometry at multiple scales and reflect the profound effects of chirality on 

optical, electrical, and magnetic effects specific to chiral materials. 

Chemical manifestations of chirality can be observed in catalysis, 

recognitions, separations, polymerization.23 Chirality of NPs is also 

expected to have multiple implementations in biology that include their 

effect on drug delivery, cytotoxicity, cell signaling, cell adhesion.82 For this 
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article, we will restrict the discussion to optical properties because they 

were investigated the best so far. 

Chirality and optical activity: The optical effects of chirality are typically 

observed by circular dichroism (CD) spectroscopy, which is based on 

differential absorption of left- and right-hand circularly polarized light 

(CPL) by chiral compounds.83 State-of-the-art CD spectrophotometers can 

measure across a wide spectral range, from far-ultraviolet (far-UV) to near-

infrared (NIR). Other spectroscopic methods for measuring chirality 

include optical rotatory dispersion (ORD), Raman optical activity (ROA),84 

vibrational circular dichroism (VCD), and more recently, terahertz circular 

dichroism (TCD).85 These methods cover various ranges of energies, linear 

and non-linear optical processes, and numerous reviews describe their 

experimental techniques and applications.86–90  

Circular dichroism: CD spectra of NP dispersions or thin films in the visible 

(Vis) or NIR range (units are expressed in millidegrees) are often used to 

measure chiroptical activity. For quantitative analysis of the chiroptical 

activity, the dissymmetry factor, or g-factor [g = Δε/ε = (εL − εR)/(εL + εR)] 

is used, where Δε is the molar CD, ε is the molar extinction, and εL and εR 

are the molar extinction coefficients for left- and right-hand CPL, 

respectively. This parameter reflects the strength of polarization rotation 

compared to the strength of light extinction, which is essential for multiple 
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applications because it directly relates to the intensity of transmitted 

polarized light (rather than being dissipated) for a chiral material. 

 A valid CD experiment for comparing the chiroptical activity of two 

dispersions of enantiomers involves measuring the amplitudes of spectral 

bands with nearly equivalent extinction coefficients to avoid multiple 

concentration-depended processes such as agglomeration and scattering. 

For thin films, acquiring CD spectra requires even greater care to avoid 

artifacts from linear dichroism and circular birefringence. These 

measurements should be performed using Mueller matrix polarimetry91 as 

it offers an unambiguous and mathematically robust platform for the 

analysis of light-matter interactions.92 

Engineering chiroptical properties of materials includes maximization 

of CD amplitude and g-factor as well as ‘tuning’ of the chiroptical bands to 

specific wavelengths. Starting with the latter, the optical properties of 

nanostructures greatly expand the wavelength/frequency range of 

chiroptical activity compared to traditional chiral materials. While the 

typical range for the CD bands of AAs, proteins, and other biomolecules is 

in the UV region, organic dyes and metal coordination compounds can 

expand to the Vis and NIR ranges,93–96 typically at the cost of chemical 

stability. The current palette of chiral inorganic nano- and microstructures 

includes materials with chiroptical activity in UV,97 Vis,98 NIR,68 medium 
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IR,99 reaching as far as terahertz part of the electromagnetic spectrum.85 

Furthermore, the position of the bands and their simultaneous occurrence in 

different spectral windows can be fine-tuned by all the elements of chirality 

discussed in Section 2. Besides some nanomanufacturing techniques, 

resulting nanostructures can be economically produced by self-assembly 

using methods described in Section 4. 

Inorganic chiral nanostructures have stronger chiroptical activity than 

that of similarly sized organic objects because of their high electrical 

polarizability and magnetic susceptibility.100,101 While polarizabilities of 

some organic molecules can be ~ 2-100 Å3, those of semiconductor NPs are 

~ 104 – 105 Å3, magnetic and metal NPs have polarizabilities of ~ 106 Å3. 

The polarizabilities of NPs increase with their size,101 which results in a 

marked increase of chiroptical activity in most cases. For example, increase 

of g-factors observed when transitioning from semiconductor NPs (g = 10−5 

– 10−4)102 to semiconductor nanorods (g = 10−4)102 and semiconductor 

nanoplatelets (g = 10−3).103 This is particularly true for CD amplitudes based 

on the cumulative effects of light absorption and scattering.31 However, this 

does not necessarily mean that with NP size increase, the CD strength of 

chiral NPs will increase. According to the Rosenfeld equation,104 

polarizability is only one of the multipliers that could affect the rotatory 
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strength of matter. Therefore, decreasing other parameters while increasing 

NP size will not result in optical activity increase.36,102 

An increase of optical asymmetry, that is, the ability of the material to 

rotate the polarization of light without dissipating it, is limited by scattering 

from nanostructures.105 Most NPs and their assemblies are strong scatterers, 

leading to low g-factors, and many exciting breakthroughs in this area were 

discovered recently. Theoretical works demonstrated that, due to the 

presence of a screw dislocation, nanocrystals of cylindrical shapes, such as 

semiconductor quantum disks, can have high g-factors up to 0.234,106,107 

which significantly exceed those of chiral molecules (~ 0.0001)108 and are 

comparable with those of chiral plasmonic nanostructures (~ 0.3).109 

Inorganic crystals can also have an intrinsic chiral arrangement of 

atoms. Non-centrosymmetric materials are not “exotic” with the hundreds 

of known non-centrosymmetric oxides.110 Other bright examples are quartz, 

β-AgSe, 𝛼𝛼-HgS, selenium, tellurium. It is expected that nanocrystals based 

on this arrangement should exhibit much stronger chiroptical activity 

compared to nanocrystals with achiral space groups. Indeed, it was 

demonstrated that 𝛼𝛼-HgS nanocrystals synthesized in the presence of chiral 

surface ligands, such as Pen, exhibited g-factors up to 0.012.111 At the same 

time, the chiroptical activities of CdS, CdSe, CdTe, and ZnS NPs with 

tethered chiral surface ligands were several orders of magnitude smaller, 
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with g-factors less than 0.001.111–113 The combination of chiral lattice and 

shape can increase the g-factors of nanomaterials even further.114 An 

increase of g-factors can also be attained by increasing the long-range order 

in the NPs assemblies.105 

At the quantum and molecular levels, the optical effects of chiral 

inorganic nanostructures observed by CD spectroscopy are weaker than 

those that arise from other chiral structural components. In other words, the 

contributions to CD from mirror asymmetries are more significant in scale 

and more substantial. For instance, individual CdTe NPs typically have 

weak chiroptical activity and low g-factor values on the order of 10−5.81 

CdTe NPs assemble into mesoscale helices that exhibit g-factors up to ~0.01 

at λ = 900 nm.81 

Circularly polarized light emission: The presence of chiral centers on the 

surface of NPs significantly contribute to their light-emitting properties and, 

in particular, the appearance of circularly polarized luminescence.115 For 

example, L- and D-Cys ligands induced circularly polarized luminescence 

in the dispersions of CdSe NPs.36 After emission, the polarization of the 

photons can be modified by the scattering from the NPs and other particles 

in the dispersion, as was observed for chiral complex structures.65 In 

particular, at 650 nm, the polarization rotation of the emission from the 

quantum states in twisted Au-S nanosheets with L- or D-Cys surface ligands 
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changed its sign but not the wavelength when the dispersed scatterers 

disassembled from micron-sized chiral complex structures to twisted 

nanosheets with ~ 1300 nm pitch. Therefore, along with mirror asymmetry 

of molecular orbitals giving rise to circularly polarized light emission from 

chiral nanostructures, one should also include practical and theoretical 

considerations on circularly polarized scattering that may also be referred 

to as differential scattering.71,116 

 

4. Chemical Processes Used in Engineering of Chiral Nanostructures. 

Based on the understanding of the multiscale chirality of inorganic 

nanostructures (Section 2) and the optical characteristics that one wants to 

attain (Section 3), let us now discuss how to create a wide range of chiral 

inorganic nanostructures. In this Section, we will consider their engineering 

starting from quantum and molecular scale to nanometer and micrometer 

scale using typical established and emerging chemical techniques. 

Examples of practical implementations for concrete chiral nanostructures 

will be provided for each method. Note that in many cases, and especially 

for the processes involving structures with chirality at nano-, meso-, and 

microscale, the chemical processes are intertwined, and the resulting 

structures are the products of chiral interactions at multiple scales occurring 

simultaneously. Among optical characteristics, we will pay special attention 
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to the g-factor because it can be universally applied across different scales, 

concentration ranges, and has direct practical significance. 

Chirality transfer from surface ligands: Chiral NPs are commonly 

synthesized as dispersions in liquid media in the presence of chiral ligands, 

which serve as chiral bias. These ligands also act as stabilizers by imparting 

colloidal and thermodynamic stability to nanoscale colloids. Chirality 

transfer from chiral ligands to NPs occurs during the nucleation and arrested 

growth of NPs and a bright example of this is the chirality transfer from 

biological compounds to inorganic materials. This transfer occurs when 

chiral molecules attach to the NPs nucleating seeds and surface. 

Alternatively, this may take place when chiral molecules remain free in 

solution and generate the chiral environment around growing NPs.117 

Chirality of individual NPs can be further translated to complex structures 

and assemblies based on them. Despite the intensive studies in the field of 

chiral growth of NPs,100 the correlation between the actual geometrical 

arrangements of atoms and corresponding optical activity of the resulting 

NPs is yet to be established. 

The presence of chiral components during the crystallization process of 

relatively small NPs (~ 1-10 nm) leads to their asymmetric growth because 

various crystalline planes of achiral crystal lattices display different ligand 

density, ligand-NP bonds, and surface energy, which creates a powerful 
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toolbox for imparting the chirality of the stabilizer into inorganic 

nanostructures. The optical activity of these nanostructures can be tuned by 

careful adjustment of synthesis conditions, where both types of chiral 

molecules and their concentration were shown to be critical factors 

determining the growth of chiral nanocrystals.68,118,119 

 As demonstrated with NPs from tellurium,114 structures with chiral 

lattice and achiral shape are almost chiroptically silent. However, NPs of ~ 

140 nm in length with both chiral lattice and shape have g-factors ~0.003. 

The significant contribution of the chiral shape rather than chiral lattice 

towards the chiroptical activity of NPs was supported by simulations of 

their optical properties. The type of chiral molecules used for the synthesis 

of tellurium nanostructures and their order of addition was found to affect 

the final shape of NPs. For instance, the addition of glutathione followed by 

hydrazine yielded long tellurium nanorods with small g-factors, while 

hydrazine and glutathione added in a reverse order resulted in tellurium 

nanocrystals, with higher g-factors. 

Decoupling of chirality at atomic and nanometer scales in inorganic 

nanostructures can be achieved through epitaxial growth based on a two-

step synthesis (Figure 5a)58 starting with 12 nm ⍺-HgS seeds. These 

nanocrystals had well-defined crystallographic chirality due to the helical 

arrangement of Hg and S atoms along the c axis (Figure 5b). Slow, co-
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addition of Hg and S precursors ensured successive ion layer adsorption and 

reaction onto the seeds in excess of D- and L-Pen serving as chiral surface 

ligands. As a result, twisted triangular bipyramid nanostructures with chiral 

morphologies were obtained (Figure 5c). These structures had an average 

length and aspect ratio of 76.9 nm and 1.90, respectively. The optical 

properties of these nanostructures were compared to those of 𝛼𝛼-HgS 

nanostructures, which also possessed crystallographic chirality but had 

achiral morphologies (nanocubes, nano-ellipsoids, nanorods, and 

nanowires), revealing that the optical activity of 𝛼𝛼-HgS nanostructures with 

achiral morphologies originated from the chiral crystal lattice. At the same 

time, the chiral morphology of twisted triangular bipyramids could induce 

an additional CD response in the UV-Vis spectral range, which is 

qualitatively related to the characteristic length of the twisted shape. Thus, 

a suggested synthetic mechanism allows the control of crystallographic and 

geometric chirality of nanocrystals, tailored to different length scales. In 

turn, this opens new horizons for studies of cooperative chirality in various 

inorganic systems, including NP assemblies. 
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Figure 5. (a) Schematic of the growth process based on epitaxial principle with 
involvement of chiral molecules to tailor the chirality of morphology; (b) atomic model of 
cinnabar HgS lattice along crystallographic c axis, showing helical arrangement of atoms. 
The top image shows the side view, and the bottom image shows the top view. Grey and 
yellow spheres are Hg and S atoms, respectively; (c) TEM images of right-handed (left 
image) and left-handed (right image) as-synthesized 𝛼𝛼-HgS nanostructures made by the 
synthetic route in (a). The average length and aspect ratio of nanostructures in both samples 
are 76.9±5.8 nm and 1.90±0.15, respectively. Blue dashed curves are added to guide the 
eyes for different twisting orientation in a nanostructures. Adapted with permission from 
Ref.58 Copyright © 2017, Springer Nature. 
 

To create morphologies of semiconductor core/shell superstructures so 

they could be applied in a wide range of cases, a thermodynamically 

controlled growth regime is needed. For example, the morphology of ZnS 

shells deposited on ZnSe quantum rods could be tuned from flat to islands-

like by decreasing the shell growth rate120 (Figure 6a and Figure 6b). In 

this case, the interfacial strain energy is also decreased. Interestingly, 

further reduction of growth speed up to thermodynamic limit could lead to 
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the formation of helical-shell morphology, which minimizes the sum of the 

strain and surface energy. Interestingly, unlike the other morphologies, 

ZnSe/ZnS nanorods with helical shells maintain bandgap emission due to 

their coherent core/shell interface without traps (Figure 6c). As-

synthesized ZnSe/ZnS nanorods, even with helical shells, did not show any 

CD signal, which could be due to a lack of predominantly preferred 

handedness for the helical ZnS shell. However, optical activity was induced 

in these nanorods by replacing initial nanorods ligands with chiral D- and 

L- Pen molecules (Figure 6c). In this case, optical activity appeared due to 

the interaction of the surface zinc atoms with Pen.102 While the shape of CD 

spectra was similar for ZnSe/ZnS nanorods of different morphologies, the 

helical-shell ones manifest the highest CD values. 
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Figure 6. (a) Schematics of the controlled shell growth of ZnS on a ZnSe nanorod. Step I: 
initial uniform ZnS shell growth when below critical thickness. Step II: further ZnS growth 
leads to flat-, islands- and helical-shell morphologies by controlling the ZnS growth rate 
via tuning the precursor reactivity; (b) 1 - TEM image of ZnSe/ZnS core/flat-shell nanorods 
in Step II; 2 - TEM image of ZnSe nanorods with thin uniform ZnS shell before islands 
growth starts; 3 - high-resolution high angle annular dark field (HAADF) scanning TEM 
(STEM) images of ZnSe/ZnS core/islands-shell nanorods in Step II; 4 - high-resolution 
HAADF STEM images of ZnSe/ZnS core/helical-shell nanorods in Step II; (c) left: 
normalized emission quantum yield. The normalization is performed based on the 
respective highest values; right: CD spectra after chiral ligand exchange. The core/shell 
nanorods samples were transferred to water by using L- and D-Pen. Adapted with 
permission from Ref.120 Copyright © 2019, The Author(s). 
 

Also, mixed micelles adsorbed on gold nanorods could form 

quasihelical patterns that direct seeded growth into NPs with pronounced 

morphological and optical handedness (Figure 7).121 Tomography 

reconstructions (Figure 7D) allowed to establish NPs surface topography, 

and selected orthoslices show the growth of wrinkles from the gold nanorod 
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seeds and the internal structure of the wrinkle network. The g-factors of 

these structures were size-dependent and ranged from 0.1 to 0.2 

(Figure 7F), which are among the highest values reported for colloidal 

plasmonic NPs in the Vis and NIR spectral range. 

 

 
Figure 7. (A) TEM image of gold nanorods 130 nm in length and 29 in width used as 
seeds. (B) High-magnification HAADF-STEM image of a chiral gold nanorod grown in 
(R)-BINOL displaying a complex surface containing wrinkles. (C) HAADF-STEM image 
at low magnification of gold nanorods obtained in the presence of (R)-BINAMINE 
displaying a complex surface containing sharp wrinkles. Gold nanorods of 165 × 73 nm 
[(D) and (E)], grown in (R)-BINAMINE-surfactant mixtures were analyzed by HAADF-
STEM. (F) Spectral evolution of the anisotropy factor for chiral gold nanorods with 
increasing particle size: 165 × 73 nm (red), 210 × 112 nm (blue), and 270 × 175 nm 
(magenta). Adapted with permission from Ref.121 Copyright © 2020 The Authors, some 
rights reserved. 
 

The effect of the Cys concentration on chiral distortion was 

demonstrated for chiral plasmonic nanostructures based on a rhombic 
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dodecahedron shape118 (Figure 8a). The increase of Cys concentration from 

0.1 mM to 0.15 mM was accompanied by, first, a translational shift of the 

fourfold edge from the central line and, second, a generation of bent edge 

that deviated from the central line. The 0.2 mM Cys concentration led to 

significantly curved arms. These highly curved edges resulted in a strongly 

enhanced CD spectrum with the highest g-factor of 0.02, which is almost 

ten times larger than that observed for the 0.1 mM Cys concentration. 

Simulations of this system revealed that the noticeable chiroptical property 

originated from the high-order mode of plasmonic nanoparticles. However, 

further increase of Cys concentration to 0.3 mM led to overgrown edges 

characterized by the considerable decrease of CD signal. This was 

associated with the fact that the uniformity of the chiral structure and axial 

symmetry in the helicoid significantly degenerated. For NPs viewed along 

the <111> direction, a random direction of bending was observed due to the 

uneven growth of chiral edges that were connected. These convoluted edges 

were expected to be the reason for the decreased CD signal. Also, at high 

Cys concentrations, the interaction of Cys with the metal surface interfered, 

resulting in reduced enantioselectivity and the formation of random arms,59 

which could be a reason for a decreased CD intensity. 

The strong effect of AA concentration on the morphological 

development of gold nanostructures with outspreading petal shape is 
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demonstrated in Figure 8b. Note also that the same synthetic parameter also 

changes the ability of NPs to self-assemble and for complex superstructures 

via non-classical crystallization pathways.122 Different concentrations of 

AAs were shown to change the reduction rate of gold ions. When the 

concentration of AA was low (0.5 mM), the growth of branched structures 

with short (~ 150 nm) and broad (~ 100 nm) curly petal-like structures 

complex mesoscale assemblies were observed. The number of these 

branches was relatively small, implying that the protrusion trend in NP 

growth is small when the concentration of AA is low. When the AA 

concentration is increased (10 mM), the development of branched rods with 

elongated features as well as an increased number of branches were 

observed. The length and width of each branched rod were about 200 nm 

and 40 nm, respectively. Notably, the branched rod was faceted with a 

twisted pillar structure in the clockwise direction, which corresponded to a 

right-handed configuration. Thus, high AA concentration provides fast 

kinetic growth, which, in turn, results in twisted pillar structures. The 

authors noted that according to the literature, under the fast reduction kinetic 

condition, branched structures are mainly synthesized due to the facilitated 

deposition rate of the metal atoms.123,124 At the same time, reduced kinetics 

produces a broadly curved surface. These results demonstrate that the 

deposition rate of gold atoms mediated by AA concentration could 
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influence the growth of branched nanostructures and modulate their curved 

petal geometry in accord with chiral preferences of NP-NP interactions.125 

 

 
Figure 8. (a) Left: SEM images of Au NPs under different Cys concentrations ranging 
from 0.1 mM to 0.3 mM. The particles are aligned with the same <100> orientation. The 
centerlines (white dashed lines) and corners (red dots) of the NPs are displayed in the SEM 
images to clearly show the deviation of the edges from the centers. The highlighted edges 
of each NP are represented at the bottom of the SEM images, and the edge deformation is 
directly compared based on the same black standard lines. Scale bars, 100 nm; Right: the 
g-factor spectra of NPs prepared with different Cys concentrations. Adapted with 
permission from Ref.118 Copyright © 2020, Springer Nature; (b) the effect of AA 
concentration ranging from 0.5 mM to 10 mM on the morphological development of gold 
NP. Corresponding models of petal geometry are shown in right panels. Adapted with 
permission from Ref.119 Copyright © 2015, Royal Society of Chemistry. 
 

Assembly of chiral nanostructures using biological interactions: 

Biomolecules (DNA, peptides) are widely used for the preparation of chiral 

inorganic nanostructures. Biomolecule-mediated chiral nanostructures have 

been comprehensively discussed in several reviews.24,28,100,126,127 Here, we 

will only briefly discuss the chirality engineering method specific to the 
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biomolecules. Note that for many of them, the same mechanisms, such as 

the ligand effect, are still applicable when NPs are synthesized in the 

presence of biomolecules, such as the case with Ag NPs grown on the chiral 

poly(dG)-poly(dC).128 TEM analysis of Ag NPs grown on the DNA 

template revealed a large number of twinning defects indicative of the 

transfer of chirality from the surface of the NPs to its inorganic core. 

 What is special about the biomolecular approach to the engineering of 

chiral structures is that one can reliably make nanostructured assemblies 

with nano-, meso,- and microscale chirality from achiral and racemic 

components using the specificity of biomolecular interactions. Sometimes 

the terms ‘structural’, ‘geometric’, or ‘extrinsic’ chirality are used to 

describe nanostructures whose assembly is guided by the biomolecules. 

Although these terms are tautologies or misnomers in the context of chiral 

structures, they nevertheless convey an important point that the observed 

optical properties are related to the mirror asymmetry of NP collection 

overall rather than their individual geometries or electronic effects at their 

interface. 

 Starting from the DNA-driven assemblies made by polymerase chain 

reaction (PCR) where strong CD peaks were observed but the actual 

assemblies were the mixture of dimers, trimers, and tetramers 

(Figure 9a),63 the well recognized chiral shapes with pyramidal 
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(Figure 9b)64 and helical (Figure 9c, d)129–131 placement of NPs in 3D 

space were obtained. More intricate assemblies of nanorods pairs with 

scissors-like,132 (Figure 9e, f) and propeller-like geometry were obtained133 

using hybridization of designer DNA strands that is often referred to as 

DNA origami. Note that this type of chiral assembly is known for strong 

circular dichroism but not for high values of the g-factors because their 

optical asymmetry is limited by strong scattering. Recently it was shown 

that these limitations could be eliminated by the long-range organization of 

nanorods in a manner similar to the liquid crystals.105 Helices obtained by 

self-assembly of ~ 35 gold nanorods driven by the affinity of polypeptides 

(Figure 9g) increased optical asymmetry of individual nanorods by 4600 

times leading to the cumulative g-factors of ~ 0.12. 

 

 

(a) 

 

(b) 
 

 

(c) (d) 
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(e) 

 

(f) 

 
(g) 

 
Figure 9. (a) Schematics of chiral NP superstructures (top) and CD spectra of products of 
PCR for increasing number of cycles (bottom). Adapted with permission from Ref.63 
Copyright © 2009 American Chemical Society. (b) Scheme of the synthesis of chiral NP 
pyramid. Reproduced with permission from Ref.64 Copyright © 2012 American Chemical 
Society. (c) TEM images of Au NP double helices. Adapted with permission from Ref.131 
Copyright © 2008 American Chemical Society. (d) Plasmonic helices created by arranging 
Au NPs on origami bundles and the measured CD spectra. Reproduced with permission 
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from Ref.129 Copyright © 2012 Nature Publishing Group. (e) Representative TEM images 
of the assembled Au and Ag NPs heterodimers made using antibody−antigen bridges. The 
insert shows their TEM tomography image. Adapted with permission from Ref.132 
Copyright © 2013 American Chemical Society. (f) Plasmonic nanostructures with 
dynamically controlled optical responses enabled by stimulus-driven DNA origami 
templates. Reproduced with permission from Ref.127 Copyright © 2018 American 
Chemical Society. (g) g-factor spectra and representative TEM images for helices from 
various sizes of NRs assembled under identical conditions. The numbers in the legends, 
e.g., 37/8.4, represent the average length (37 nm) and diameter (8.4 nm) of the NRs. 
Adapted with permission from Ref.105 Copyright © 2021 The Authors, some rights 
reserved; exclusive licensee American Association for the Advancement of Science. 
 

Non-classical growth of chiral crystalline nanostructures: A mechanism of 

non-classical crystallization is oriented attachment (OA),134,135 during 

which particles spontaneously assemble by first aligning along a common 

crystallographic orientation and then merge to create a crystallographically 

coherent interface.136–139 From a thermodynamic point of view, OA leads to 

a decrease in the surface energy of primary particles when they merge into 

a single crystal.140 

The steps involved in OA have been well-established through high-

resolution transmission-electron-microscopy (HRTEM) imaging.141,142 

Penn and Banfield reported OA for assembly of titanium dioxide 

nanocrystals143,144 and nanocrystalline iron oxyhydroxides,145 while Kotov 

and coworkers independently reported it for CdTe NPs.135 These studies 

were followed by similar observations for ZnO and Mn-doped PbSe 

NPs.146,147 
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OA can be mediated by many factors, including the shape, faceting, and 

the ligand coverage of NPs,148 giving rise to perfect interfaces149. However, 

in some cases, incoherent interfaces have been observed.142,144,150 In 

particular, HRTEM revealed dislocation formation during early growth that 

involved attachment between two or more TiO2 NPs144 (Figure 10a). Since 

the initial NPs were defect-free, the dislocation appearance was attributed 

to the growth process itself. Thus, even a small misorientation in the 

interface during the particle growth, known as imperfect OA, can result in 

nanocrystals with screw dislocations. Also, b = a/2[110] edge dislocations 

occur as a result of the imperfect attachment of PbTe nanocrystals on both 

{100} and {110} facets (Figure 10b).149 In addition to screw and edge 

dislocations, twins and stacking faults can also break the symmetry of the 

crystal. As shown in Figure 10c, asymmetric one-dimensional silver cones 

grown by OA exhibited mixed twins and stacking fault domains along the 

{111} direction.151 Other defects also appeared during the organization of 

single orange- and red-emitting CdTe NPs into crystalline nanowires upon 

controlled removal of the protective shell of the organic stabilizer 

(Figure 10d).135 
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(d)

 
Figure 10. (a) HRTEM image of three attached TiO2 particles. Arrowheads mark interfaces 
between primary NPs. The edge dislocation at the upper interface is reproduced below, 
with lattice fringes around the terminating plane (arrowhead) highlighted for clarity. 
Adapted with permission from Ref.144 Copyright © 1998, The American Association for 
the Advancement of Science. (b) Top: experimental HRTEM image and corresponding 
FFT of three PbTe NPs that have attached perfectly on the {100} facets. Bottom: 
Experimental HRTEM image and corresponding FFT of PbTe NPs attached imperfectly 
on {100} facets with a b = a/2[110] Burgers vector. Red dotted arrows outline the Burgers 
circuit with the Burgers vector shown with a white outlined black arrow. Adapted with 
permission from Ref.149 Copyright © 2018 American Chemical Society. (c) TEM image 
(top) and HRTEM image (bottom) of the center part of an individual silver cone. Twins 
and stacking faults are designated as T and S, respectively. Adapted with permission from 
Ref.151 Copyright © 2013 American Chemical Society. (d) High-resolution TEM of 
nanowires made from (A) orange- and (B) red-emitting CdTe quantum dots. Reproduced 
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with permission from Ref.135 Copyright © 2002, The American Association for the 
Advancement of Science. 
 

 It has been recently demonstrated that imperfect OA of lanthanum 

hydroxide La(OH)3 NPs assembling into highly anisotropic nanosheets was 

accompanied by multiple surface defects and dislocations (Figure 11a), 

including point defects, screw dislocations, edge dislocations, tilt and twin 

boundaries, as well as stacking faults.152 

 

(a) 

 

(b) 
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Figure 11. (a) a) Lattice fringes of La(OH)3 NPs, b) point defects in La(OH)3 nanosheets, 
c) screw dislocations in La(OH)3 nanosheets, d) edge dislocations in La(OH)3 nanosheets, 
e) tilt and twin boundaries in La(OH)3 nanosheets and f) stacking faults in La(OH)3 
nanosheets. Reproduced with permission from Ref.152 Copyright © Royal Society of 
Chemistry. (b) Role of dislocation emergence and evolution during the crystallization 
process of an Ag NP dimer interface along the 100 facets. In the visualizations, the all-
atom view is accompanied by a filtered image in which all atoms, except the hcp ones, are 
made translucent. Blue ribbons indicate perfect, 1/2 ⟨110⟩ dislocations. Green ribbons 
indicate 1/6 ⟨112⟩, Shockley partials. Red ribbons indicate unstable dislocations. At 20 ns, 
one node centered at the middle of the interface from which Shockley partial dislocations 
emerge in the contact plane spawns four hcp stacking faults that stabilize the structure in a 
lightly twisted imperfect OA. Reproduced with permission from Ref.153 Copyright © 2021 
American Chemical Society. 
 

Analysis of the OA process between silver (Ag) NPs through molecular 

dynamics (MD) simulations153 revealed that the OA between 100 facets of 

Ag NPs leads to imperfect OA, forming a final structure that is twisted 

(Figure 11b). These findings indicate that a single type of achiral NP can 
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be involved in the growth of different complex structures, some of which 

may become chiral. 

While there are a number of cases where OA and other types of NP 

assembly lead to chiral structures, they may not lead to the preferential left- 

or right-handed nanostructures, where the overall system remains racemic 

and chiroptically silent. Here we are primarily interested in the processes 

that lead to chiral preferences in the final structures. For example, 𝛼𝛼-HgS 

NPs with well-defined handedness of both crystal lattice and morphology 

can self-assemble into collinear chains and propellers154 (Figure 12). The 

assembly process was induced by silver ions, where the ion concentration 

determined the type of final structures. While low Ag+ concentration led to 

collinear chains, high Ag+ concentration resulted in the formation of 

propellers (Figure 12a). Highly collinear chain-like nanostructures were 

formed using two types of individual nanocrystals, 25 nm long 𝛼𝛼-HgS nano-

ellipsoids that have chiral lattice but achiral morphology (Figure 12b) and 

60 nm long twisted triangular bipyramid 𝛼𝛼-HgS that have both chiral lattice 

and morphology (Figure 12c). Ag+ ions selectively attack the ends of nano-

ellipsoids that have a low density of capping molecules. The Ag+ ions then 

exchange with Hg2+ ions on the surface to form soluble Ag2S, which etched 

and exposed fresh 𝛼𝛼-HgS surface for assembly. These {003} facets of 𝛼𝛼-

HgS are terminated with either Hg or S, which in turn leads to a polar 
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surface with large dipole moments along the [001] axis (Figure 12b). Thus, 

seamless straight-chain superstructures were assembled via an oriented 

attachment mechanism, driven by both large longitudinal dipole moments 

and new facets. The same mechanism was seen for the assembly of twisted 

triangular bipyramid 𝛼𝛼-HgS (Figures 12c). A high concentration of Ag+ 

ions used for the assembly of bipyramid resulted in propeller-like 

nanostructures (Figures 12d), in which three or four bipyramids cross-

linked and coalesced with a spherical domain feature in the center, which 

was an alloy of Hg0.64Ag0.36S. These structures were formed by a different 

mechanism compared to that of collinear chain-like assemblies. In 

particular, self-assembly of the structures with continuous crystallinity was 

shown to take place for the assembly of propeller-like nanostructures. This 

process occurred due to the formation of an eutectic mixture of Ag2S and 

HgS when the concentration of Ag+ ions increased (Figure 12a). This leads 

to the deformation and recrystallization at the ends of bipyramids, thus 

activating and promoting linkage of bipyramids under steric hindrance.  The 

chain-like assemblies appeared to be optically active in a UV-Vis spectral 

range (Figure 12e). CD peaks of building blocks and their chains are the 

same around 540 nm and different below 500 nm. Therefore, CD bands 

around 540 nm correspond to the chiral crystal lattice, while CD bands less 

than 500 nm relate to the interplay between chiral morphology and chiral 
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lattice.58 Thus, chiroptical properties on nanostructures can be carefully 

tuned by varying chirality of crystal lattice and morphology of their building 

blocks. 

 

Figure 12. (a) Schematic illustration assembly of chiral 𝛼𝛼-HgS nanocrystals into collinear 
chains and propellers assisted by Ag ions; (b) Top: TEM image and structural model of a 
collinear chain assembled from six 𝛼𝛼-HgS nano-ellipsoids. Scale. Scale bar, 25 nm. 
Bottom: HR-TEM image of the interconnection between two nano-ellipsoids in a chain. 
Scale bar, 5 nm; (c) Top: model and TEM image of a chain assembled from three left-
handed twisted triangular bipyramid 𝛼𝛼-HgS. Scale bar, 20 nm. Bottom: HR-TEM image of 
the interconnection between two bipyramids in a chain. Scale bar, 5 nm; (d) TEM image 
(top) and model (bottom) of a propeller-like nanostructures assembled from left-handed 
twisted triangular bipyramid 𝛼𝛼-HgS. The three blades and central domain are pure HgS and 
alloyed Hg0.64Ag0.36S, respectively; (d) Experimental CD spectra of building blocks 
(dashed line) and their assembled chains (solid line) for the nano-ellipsoids (top) and 
twisted bipyramid (bottom) building blocks, respectively. Adapted with permission from 
Ref.154 Copyright © 2017 American Chemical Society. 
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Light-induced chirality transfer: Left- and right-handed CdS/CdTe 

nanoribbons can be formed with equal probability under the illumination of 

unpolarized light.155 At the same time, illumination of dispersions of CdTe 

NPs of a truncated tetrahedron shape and stabilized by the achiral TGA 

molecules, with right- and left-handed CPL with a wavelength of 543 nm 

led to the formation of right- and left-handed twisted nanoribbons, 

respectively.31 These ribbons have mirror-imaged CD spectra with g-factors 

~ 3∙10-5. Due to the truncated tetrahedron shape, the dispersion of CdTe NPs 

was a racemic mixture. When this NP racemate was irradiated by left- and 

right-handed CPL, left- and right-handed NPs, respectively, absorbed light 

more effectively. Then, TGA ligands of photoactivated NPs underwent 

photooxidation, which transformed CdTe NPs into ligand-free CdS NPs. In 

turn, these bare NPs assembled into twisted nanoribbons, where the helicity 

resulted from the chirality of individual building blocks. Interestingly, the 

enantiomeric excess (an imbalance of the quantity of right and left 

enantiomers in a mixture) of nanoribbons was about 30%. Enantiomeric 

excess is determined by the equation: ee = (R − S)/(R + S), where R and S 

are the concentrations of right- and left-handed enantiomers in a mixture, 

respectively. This is much higher than that of a 0.5 – 2% enantiomeric 

excess in organic reactions stimulated by light.156 In another recent work, 

circularly polarized light induced a photochemical reaction in CdSe/ZnS 
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NPs, which led to the appearance of mirror-image CD signals in initially 

chiroptically inactive NPs.34 

Along with semiconductor NPs, plasmonic nanostructures can also be 

made optically active under circularly polarized light illumination. In 

particular, circularly polarized light could make ∼ 2 nm gold NPs assemble 

into chiral nanostructures with complex shapes and dimensions of ∼10−15 

nm. Even though the nanostructures formed under left-handed and right-

handed CPL were complex in shape and were not perfect mirror images of 

each other, their CD spectra were mirror-imaged, and g-factors were 

reaching up to ~ 5∙10-5. This phenomenon was related to the asymmetric 

displacement of NPs in dynamic assemblies by plasmonic fields followed 

by OA of NPs. In other work, light-induced chirality in gold nanocuboids, 

serving as precursors on a semiconductor, by localized electric fields at 

specific corners of the cuboids depends on the light's handedness and 

deposited dielectric moieties as electron oscillation boosters by the 

localized electric field.33 These studies demonstrate that chirality can also 

be transferred from light to matter and result in chiroptically active 

nanostructures with high enantiomeric excess. They also open new horizons 

to develop large-scale and cost-effective fabrication of chiral nanomaterials 

and devices based on them. 
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Magnetic and electric fields-induced chirality transfer: Magnetic and 

electric fields could also serve as driving forces for the assembly of NPs 

into complex nanostructures. Since an external magnetic field could control 

magnetic NPs, magnetic superparticles were formed through 

electrostatic/magnetic field co-assisted assembly, called magnetic layer-by-

layer assembly.157 In particular, Fe3O4 or Ag@Fe3O4 assemblies consisting 

of hundreds of magnetite nanocrystals (diameter ~ 10-20 nm) were 

magnetically aligned into linear nanochains with a high aspect ratio (up to 

102), that then fixed on the substrate surface through electrostatic 

attractions.157 The chirality of the magnetic field could be transferred to the 

assembled structures. Indeed, the phenomenon of helical magnetic field 

(hB)-driven symmetry breaking of light was used to induce self-assembly 

of magnetoplasmonic Ag@Fe3O4 core-shell NPs (diameter of the Ag core 

is ~ 61.4 nm and the Fe3O4 shell thickness is ~ 54.3 nm.) (Figure 13a) into 

helical superstructures with tailored, tunable, and switchable chiroptical 

properties in real-time.158 In Ag@Fe3O4 NPs, Fe3O4 magnetic shell was 

used to guide plasmonic materials onto the magnetic flux. Due to the 

polycrystalline structures of the magnetic shell, Ag@Fe3O4 NPs possess 

soft ferromagnetic properties and, in turn, could be assembled along the 

magnetic flux under an applied external magnetic field (Figure 13b). In the 

case of hB, assembled superstructures could obtain helical configurations 
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(Figure 13c), which are chiroptically active (Figure 13d). CD spectra of 

assembled Ag@Fe3O4 superstructures were measured for different rotation 

angles, θ (0° ≤ θ < 180°), which represents the angle between the z-axis and 

the long axis of the magnets used in custom-built modulator for the hB 

generation. CD spectra demonstrated two strong CD peaks at 650 nm and 

770 nm, which correspond to plasmonic resonance wavelengths of 

Ag@Fe3O4 NPs. The positions of CD peaks could be manipulated by 

varying the plasmonic resonance or coupling by controlling the size of the 

Ag core and magnetic flux density. The handedness of helices could be 

dynamically switched by the hB at the millisecond level. This study opens 

the potential for technological advances in magnetic self-assembly and 

magnetoplasmonics. 

Electric fields could also drive the assembly of particles. For instance, 

an alternating current electric field was used to assemble colloidal 

polystyrene dimers with asymmetric lobes (R1 = 1.27 μm and R2 = 0.89 μm) 

(Figure  13e.1) into chiral clusters.159 These chiral clusters were  

responsible for unbalanced electrohydrodynamic flow surrounding them 

and therefore behave as micro propellers, which rotate in opposite 

directions according to their handedness. Each cluster consists of four 

dimers, three of which lie on the substrate and form the "petals". Depending 

on the rotation direction of the petals, tetrameric clusters could be right- and 
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left-handed (Figure 13e.2 and Figure 13e.3, respectively). Clusters with 

two, three, and four petals could also be formed with almost equal 

probability of being right-handed and left-handed (Figure 13f.1). The 

further increase in the number of petals up to five led to only a few chiral 

clusters. Six petals resulted in only achiral clusters (Figure 13f.2). Central 

dimer in those clusters orients its large lobe toward the substrate. It was 

concluded that observed chirality emerges from the geometric asymmetry 

of dimer particles. Clusters can be assembled from dimers with different 

aspect ratios (Figure 13f.3). When the aspect ratio was zero (for sphere) 

and one (for symmetric dimer), achiral clusters were formed. Only 

intermediate values of aspect ratios led to the formation of chiral clusters. 

This approach of getting chiral clusters using an electric field could be 

projected to different asymmetric particles and used to develop micro 

engines. 

 

(a) 

 

(b) 

 
(c) (d) 
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Figure 13. (a) TEM image of Ag@Fe3O4 NPs; (b) SEM image of nanochain structures 
assembled from Ag@Fe3O4 NPs. The inset shows the magnified image; (c) scheme of hB-
induced chiroptical property; (d) CD spectra of assembled Ag@ Fe3O4 superstructures with 
varying θ (0° ≤ θ < 180°). Color legend depicts the handedness of the magnetic field: left-
handed is red, right-handed is blue. Adapted with permission from Ref.158 Copyright © 
2020 American Chemical Society. (e) chiral colloidal clusters assembled from asymmetric 
dimers under alternating current electric fields (peak-to-peak voltage Vpp = 11 V and ω = 
600 Hz): (1) large field of view of chiral tetramers. The inset shows SEM image of 
asymmetric dimer building blocks. (Scale bar: 5 µm.) (2 and 3) z-scans (unit: micrometers, 
moving away from the bottom substrate) of the right- and left-handed chiral tetramers, 
respectively; (f) The chirality depends on both the geometry and orientation of dimers: (1) 
chiral clusters (trimer, tetramer, and pentamer) with an increasing number of petals. The 
central dimer orients its small lobe toward the substrate. (2) chiral/achiral clusters with five 
and six petals. The central dimer orients its large lobe toward the substrate. (3) colloidal 
tetramers formed from dimers with different aspect ratios, α=R2/R1. (Scale bars for 1–3: 
5 µm). Adapted with permission from Ref.159 
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Self-limited assembly of nanostructures. Stemming from the studies on self-

limited growth of electrostatically restricted layer-by-layer assembled 

multilayer films,160–165 self-limited assemblies of nanostructures emerged as 

a new direction in nanoscale research in the last decade, offering rich 

opportunities for engineering complex geometrical nanostructures.166–171 

Water-soluble NPs with short capping ligands, such as AAs or dipeptides, 

have strong electrostatic repulsions and attractions to each other. In this 

regime, the NPs behave similarly to amphiphilic molecules (e.g., 

surfactants) and produce micelle-like aggregates termed supraparticles.167 

Their size is limited by the repulsive interactions that lead to high 

uniformity of the supraparticles typically containing 50-300 highly size-

polydispersed NPs. Besides various NPs, supraparticles may include 

proteins and other biopolymers that retain their biological activity,168,172 

while other biomolecules may inhibit it.173 For instance, CdTe NPs 

stabilized with 2-(dimethylamino)ethanethiol (DMAET) produce 

supraparticles with redox-active cytochrome C.168 

Notably, the symmetric relations retained by all NPs in the dispersion, 

regardless of the polydispersity, are transferred into these multiparticle 

assemblies.174 The importance of symmetric relations originates from the 

correlated motion between the NPs preceding the assembly, which is typical 

for the critical states and near-critical conditions in the system. Prior studies 
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in thermodynamics, including the critical states in assemblies of surfactants, 

indicate that the symmetry of the system components plays a more 

important role than its polydispersity in determining the pathway for its 

evolution. Consequently, the polydispersity of the NPs does not inhibit, and 

may probably facilitate, the assembly of the superstructures. An example of 

such translation of chirality from NPs to their complex assemblies is the 

formation of the uniformly sized left- and right-handed helices from chiral 

CdTe NPs stabilized with L-Cys and D-Cys, respectively (Figure 14a).68 

CdTe NPs of tetrahedron shape assembled into enantiopure Boerdijk– 

Coxeter-Bernal helices as a result of the face-to-face attraction of the NPs 

that maximizes the number of coordination bridges and hydrogen bonds 

between them. The enantiomeric excess of these helices was 100% because 

the face-to-face contacts between NPs have angular displacement with 

respect to each other. 

Also, D- and L-enantiomers of Asp and Glu AAs could induce the 

growth of chiral vaterite toroidal superstructures, which have a right-handed 

spiraling morphology induced by L-enantiomers of Asp and Glu, whereas 

left-handed morphology was induced by D-enantiomers (Figure 14b, 

14c).175 Such assembly pattern is related to NP tilting in the process of self-

limited assembly.175 This process occurs over various length scales and 

creates oriented inorganic platelets and chiral vaterite superstructures. 
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Figure 14. (a) SEM images of helices made with L-Cys and D-Cys. Adapted with 
permission from Ref.68 Copyright © 2019 American Chemical Society. (b) and (c) 
pseudocoloured SEM images of vaterite superstructures grown with the addition of 
enantiomers of L-/D-Asp and L-/D-Glu, respectively. Adapted with permission from 
Ref.175 Copyright © 2017, The Author(s). 
 

Another interesting type of system showing how chiral hierarchically 

organized architectures could arise from chiral molecules by non-classical 

pathway is optically active chiral supraparticles decorated with spikes or 
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sheets.176–179 For example, right-handed twisting rod-like cellulose 

nanocrystals (CNCs) were used as a chiral template and building block for 

the formation of chiral CuO/CNC composite supraparticles (Figure 15a).179 

These CNCs had three levels of chirality: (i) molecular chirality of glucose 

units; (ii) structural chirality of the right-handed nanorods; and (iii) chirality 

of cholesteric liquid crystal structure. The supraparticles formed from 

helical nanopetals (Figure 15b) had a broadband chiroptical activity 

(Figure 15c) with anisotropy g-factors are small - 0.002. After removing 

CNCs by calcination, the calcined CuO maintained the architecture and 

demonstrated intense chiroptical activity. As revealed later, these 

supraparticles could also be used for the preparation of circularly polarized 

luminescence materials.176 

 

Figure 15. (a) TEM images of calcined supraparticles and (b) the nanosheets there are 
comprised of; (c) CD spectra of CNCs: supraparticles (a3) and calcined supraparticles (a5). 
The g-factor exceed 0.002 for a3 (~380 nm) and 0.005 for a5 (~415 nm). Adapted with 
permission from Ref.179 Copyright © 2009, Royal Society of Chemistry. 
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CuO NPs self-assemble into spiky supraparticles  that are often referred 

to as flower-like particles,  with diameters that range from 1.0 to 2.5 μm can 

also be prepared via a surfactant-mediated hydrothermal synthesis using 

sodium dodecyl sulfate as a structure-directing agent, amino alcohol as a 

symmetry-breaking agent, and cupric salt as the inorganic source.177 In 

particular, CuO assemblies were synthesized with (S)-(−)- and (R)-(+)-2-

amino-3-phenyl-1-propanol (S)-(−)- and (R)-(+)-APP) at 75 min and 135 

min, respectively (Figures 16a – 16d). Supraparticles from CuO assembled 

with many nanosheets stacked in a single direction and alternately 

connected, revealing the handedness of the helical structure. CuO 

assemblies  formed with the (S)-(−)- and (R)-(+)-APP had the same 

structure but assembled in the opposite directions. Bands of diffused 

reflection circular dichroism (DRCD) spectra of these structures appeared 

to be in the CuO absorption region, confirming that the chiroptical activity 

of supraparticles originates from the chiral structure of the CuO 

(Figures 16e). The g-factors of CuO supraparticles do not exceed 0.08 

(Figures 16f). 

 



 

53 
 

 
 

 
Figure 16. (a-b) SEM images of CuO supraparticles synthesized with (S)-(−)-2-amino-3-
phenyl-1-propanol at synthesis times of 75 min and 135 min; (c-d) SEM images of CuO 
supraparticles synthesized with (R)-(+)-2-amino-3-phenyl-1-propanol at synthesis times of 
75 min and 135 min. (e) DRUV–Vis absorption and DRCD spectra and (f) g-factor spectra 
of the antipodal (S- and D-CuO) chiral CuO supraparticles Adapted with permission from 
Ref.177 Copyright © 2014 American Chemical Society. 
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Hierarchically organized nanoarchitectures made in the presence of 

chiral molecules can be designed with complexity higher than in their 

biological counterparts.65 Figure 17 demonstrates the diversity of 

hierarchically organized particles, which were formed under different 

temperature regimes with an enantiomeric excess of chiral molecules. Some 

of these structures are coccolith-like particles with g-factors ~ 0.005. The 

anisotropy factors for emitted photons were 0.0016 and 0.005 for Au/Cu-

Cys and Au/Ag-Cys structures, respectively. 
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Figure 17. SEM images of Au-Cys supraparticles assembled at different values of 
nucleation temperatures (tn) and enantiomeric excess (χ). Adapted with permission from 
Ref.65 Copyright © 2020 The Authors, some rights reserved. 
 

4. Conclusions and Outlook 

Chiral inorganic nanostructures have distinct fundamental importance 

but they are also essential for futher development of chemical, 

pharmaceutical, environmental, and biomedical technologies.  Starting from 

the observation of exceptionally strong polarization rotation,180 chiral 

nanostructures approach commercialization as biosensors due to favorable 

signal-to-noise ratio.181 Shortly behind them in the commercialization que 

are their applications as catalysts,39 polarization detectors,182 and drug 

discovery platforms.105,183 For example, in the period from 1983 to 2001, 

the proportion of approved chiral versus non‐chiral phar maceuticals 

increased from 60% to 75%. Moreover, the proportion of chiral 

pharmaceuticals approved as pure enantiomers increased from 

approximately 30 to 100%.184 It is anticipated that 95% of the marketed 

synthetic pharmaceuticals will be pure enantiomers.185 Also, some other 

industries (e.g. polymers, insecticides) utilize chiral intermediates  and 

chiral NP or their complex assemblies (Fig. 17) can assist in their 

production and purification.  

Chiral inorganic nanostructures can also be the products themselves, for 

instance due to their strong chiroptical activity. Chiral nanomaterials have 

strong chiroptical activity due to polarizability of inorganic phase and 

multiscale chirality. Cumulative analysis of their chiroptical properties in 

Figure 18 indicates that the g-factors of these materials significantly 

surpass those of individual chiral organic molecules. 

 Based on the clear trend of increased g-factor for longer wavelengths 

observed in Figure 18, chiral nanostructures provide particularly interesting 
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prospects for the engineering of optical material in NIR and IR parts of the 

spectrum.68 Even comparatively small metal NPs with 30 nm diameter can 

have g-factors ~ 0.02 at 450 nm.186 The increase in size and complexity 

makes metal nanostructures to have g-factors up to 0.3 at 750 nm.109 

Semiconductor nanostructures also can be designed to have strong 

chiroptical activity, including 10-15 nm HgS NPs with g-factor ~ 0.012 at 

750 nm58 and self-assembled microscale long helices with g-factor ~ 0.06 at 

1100.68 Theoretical considerations also support the notion that g-factors of 

chiral semiconductor nanostructures can be increased up to 0.2 at ~ 124 µm 

by creating screw dislocations inside them.107 This rich scientific 

background will allow to find new ways to compensate relatively low 

polarizabilities of some substances and get novel technologically 

advantageous materials. 
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Figure 18. Maximum of the g-factor spectra reported for various chiral 

inorganic nanoparticles and their assemblies. The data are from 

Ref.31,58,179,186,187,65,68,81,105,109,118,121,177 

 

The engineering tools discussed in this review can expand the field of 

chiral inorganic nanostructures within the next 10 years. The strong 

chiroptical activity of chiral inorganic nanostructures and tunability of their 

circular dichroism and g-factor spectra will broaden the field of chiral 

photonics. While many of the mechanisms responsible for chiroptical 

activity can be described with some degree of clarity, there is still a lot of 

room for their improvement reaching, for instance g-factors approaching 

the theoretical maximum of 2. Note that most current displays and similar 

devices utilize chiroptical properties of liquid crystals produced from chiral 

molecules. Their long-range organization enhances their optical activity and 

asymmetries by multiple orders of magnitude compared to their molecular 

components. Recent data on inorganic chiral assemblies with liquid-crystal-

like order indicate that the same effects can also be achieved for assemblies 

of chiral NPs.105 In order to accomplish it, we need to understand and 

control the complex interplay of electrostatic, van der Waals, ionic 

interaction, and hydrogen bonding responsible for their formation better.  A 

detailed account of the multiplicity of these interdependent interactions as 

a part of non-additivity theory125 of nanoscale forces will constitute a large 

step forward both from fundamental and practical point of view. 

Another research direction is the development of novel hierarchically 

organized nanostructures with reconfigurable chirality. Also, the discovery 

of chiral biases that ensure high enantiomeric excess, stability, and 

enhanced chiroptical activity is expected to be of importance. This can 

include studies on the formation of chiral structures using circularly 
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polarized light, electric and magnetic fields.31,33,60,157,159 Pathways to create 

chiral nanostructures with low polydispersity at large scale will make a step 

forward technological applicability of these materials. 

The field of chiral nanostructures and their assemblies is actively 

growing, and there are many discoveries to be made. Among other 

promising directions that is starting to emerge, chiral inorganic 

nanostructures also represent a promising materials platform for 

enantioselective catalysis and various biomedical applications. In 

particular, the high efficacy and robustness of chiral inorganic 

nanostructures make them better catalysts than traditionally used materials. 

Also, chiral inorganic NPs can be designed as nanoscale agents with 

designed strong biological activity, for example, for regulation of immune 

system response. Discovered enantioselective biological activity of chiral 

nanoparticles require (i) a deeper understanding of their interaction with the 

immune system, (ii) large-scale production of nanostructures, (iii) search of 

ways to increase nanostructures biocompatibility, and (iv) decrease of their 

cytotoxicity. All of these will allow healthcare to benefit from new 

approaches and medical devices as well as next-generation drug delivery 

vehicles and imaging and therapeutic agents. 
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