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Abstract

Chirality, as the asymmetric property of nature, cannot fit its mirror image by translation or rotation. It is widespread from
small molecules to the vast universe, including the asymmetric nanomaterials. Especially, chiral nanomaterials exhibit unique
optical and optomechanical effects, as well as the outstanding biological stereoselectivity, which have attracted great attention.
With the great progress made in chemical synthesis of nanomaterials, chiral plasmonic gold nanomaterials with various sizes
and morphologies have become increasingly accessible, putting forward the research and development of chirality. Recently,
the chiral molecular linkers, chiral templates, or chiral assembly of plasmonic nanomaterials have been rapidly developed,
promoting the great promise of plasmonic circular dichroism (PCD) from metal nanomaterials in enantioselective catalysis,
chiral separation, and sensitive detection. This work reviews various types of chiral nanostructures and their synthetic strate-
gies of typical chiral gold nanomaterials, and further introduces their biochemical sensing application.
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1 Introduction

One of the most fascinating properties of nature is chirality
[1-3], which plays an important role in the origin of life.
Just like DNA/RNA is composed of residues with the same
chirality, life on earth also exhibits the priority of L-amino
acids and p-sugars [4]. Moreover, many natural objects,
such as human hands, gourd tendrils, snail shells, and even
helix nebulae, exhibit chirality [5]. In addition, the biologi-
cal activity of many chiral molecules also depends on their
chirality. For example, one of the molecule enantiomer can
be used as medicine because of its high biological activ-
ity, but the other one is toxic [6]. In short, chirality plays a
crucial role in the structural properties of themselves and
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their interactions with external substances. Therefore, the
investigation of chirality is of great significance in various
fields, such as biology, physical chemistry, medicine, and
modern technology, including stereoscopic displays, data
storage devices, photon routers [7, 8].

Plasmonic nanomaterials present good and stable phys-
icochemical, optical, electrochemical, and biological prop-
erties, which have attracted great attention for a long time
[9]. Among them, gold nanoparticles (AuNPs) have been
widely studied because of their low toxicity and excel-
lent performance in various applications such as cataly-
sis, energy storage, separation, adsorption, and chemical
sensing [10-18]. Especially, the intrinsic localized surface
plasmon resonance (LSPR) feature [19, 20] significantly
enhances the photo-matter interaction at the nanoscale.
When chirality is introduced to AuNPs, they exhibit strong
chiral optical properties due to their LSPR, which endows
them with plasmonic circular dichroism (PCD) [21] over
a wide range from visible to near-infrared region [22].
Usually, the chiral plasmonic AuNPs could be effectively
used to investigate the chirality origin and applications
of nanoparticles (NPs) [1]. So developing more different
chiral AuNPs will offer favorable opportunities for chiral
applications, such as biosensing based on plasmonic chi-
ral response [23-27], biological imaging [27, 28], isomer
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separation and recognition [29], and disease diagnosis
[30-32].

The circular dichroism (CD) effect is related to the
molecular absorption of clockwise and counterclock-
wise circularly polarized light and CD spectra, which
is a potential signal for revealing molecular chirality
and conformational analysis in chemical reactions [33].
The chiral optical response of plasmonic NPs can be
adjusted and enhanced by the integration of LSPR prop-
erties [34], including (I) intrinsic chirality depending on
the geometric shape of NPs [35], (II) structural chiral-
ity of chiral nanoassemblies induced by chiral templates
or linkers [36], and (III) coupled chirality between chiral
molecules and non-chiral plasmonic NPs [37]. Due to the
interaction between weak molecular dipoles and plasmon
dipoles, simple chiral molecular attachment methods typi-
cally cannot obtain high PCD [1]. By taking advantage of
wet chemical synthesis or chiral self-assembly process,
nanomaterials with high discrete CD, which correspond
to these two types of synthesis methods, namely, discrete
chiral plasmonic nanostructures and chiral plasmonic
superstructure, can be obtained. [38]. This review briefly
describes the synthesis strategies of different types of chi-
ral gold nanostructures (Scheme 1), as well as their bio-
sensing applications in recent years.

2 Single Chiral Gold Nanoparticles

The synthetic approaches of nanostructures mainly include
hard film plate method based on photolithography technol-
ogy and the wet chemical synthesis method in solution [9].
The single chiral gold nanoparticles (CGNPs) synthesized
by the top-down method have limited applications due to
their poor crystal, single category, and high cost, which are
rarely used compared with other superior methods [39].
What’s more, biological green synthesis of CGNPs has not
yet been deeply conducted, and their homogeneity and pro-
duction capacity are also limited [40]. Therefore, nowadays,
CGNPs are mainly obtained through wet chemical synthesis.

Wet chemical synthesis includes chemical reduction,
electrochemical, and photochemical methods [7]. Among
these, the seed growth method in the chemical reduction
method and the photo-induced method in the photochemical
method are the most used in the synthesis of CGNPs. The
seed growth method employs ligand-mediated seed regrowth
to precisely and conveniently modulate the morphology and
size of NPs [41]. There are usually two representative path-
ways for obtaining CGNPs based on seed-mediated growth.
One is to utilize non-chiral NPs as seeds, embedding chiral
ligands at the hotspots of the interface or cavity through
shell growth or obtaining an irregular shell to adsorb chiral
molecules at the tip or gap hotspots. The obtained core—shell
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Scheme 1 The construction of chiral gold nanostructures

nanostructures exhibit significant chiral optical activity,
resulting from the hotspot enhanced chiral interactions, but
they may not necessarily present the chiral morphology. The
other also uses non-chiral NPs as seeds, the difference is that
the regrowth mediated by chiral molecules can lead to the
formation of chiral three-dimensional (3D) morphology. The
inherent chirality of the chiral morphology of nanomateri-
als is the main source of PCD signals. Regarding photo-
induced chemical synthesis, the chiral polarized light is used
to induce chiral growth of seeds, thus enabling the produc-
tion of NPs with enhanced chiral signals. However, chiral
ligands are not a prerequisite in this synthesis process [42].

2.1 Chiral Molecules-Coupled Gold Nanoparticles

Due to the weak interaction between molecular dipoles
and plasmons, simple adsorption or encapsulation of chi-
ral molecules on NPs surfaces can only induce a weak CD
response. However, the strong optical coupling between
plasmon and chiral molecules can be employed to obtain
enhanced chiral AuNPs. Liu et al. obtained gold nanorod @
chiral mesoporous silica core—shell NPs (GNR@CMS
NPs) by growing a mesoporous silica shell filled with chiral
molecules on the surface of gold nanorods (AuNRs) [43]
(Fig. 1a). Its unique plasmon-induced CD signal stems from
the powerful optical coupling between the embedded chiral
molecules and core—shell NPs. Further research has demon-
strated that modifying the aspect ratio of AuNRs can effec-
tively regulate the chirality of core—shell NPs across a broad
spectrum. The CD signal and surface-enhanced Raman
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scattering (SERS) of these materials could be employed for
the identification of chiral enantiomers. In addition, for sin-
gle NPs, plasmonic field enhancement can also significantly
improve PCD response by trapping chiral molecules in hot-
spots, because of plasmon coupling enhancing localized
field [44]. However, the reasonable design of such hotspots
still needs to be explored.

Usually, most gold core—shell structures do not present
the obvious chiral morphology. For example, Zheng et al.
constructed chiral AuNRs (c-AuNRs) with the mediation of
L-cysteine (Cys) and p-Cys (Fig. 1b) using a program similar
to a carambola-shaped AuNRs [45]. By adjusting the concen-
tration of Cys, c-AuNRs with different morphologies were
obtained. Among them, c-AuNRs with one or two spikes
were obtained at a lower concentration of Cys (4 nM), exhib-
iting a significant PCD response, which is due to the appro-
priate embedding of Cys in the hotspot cavities inside the
interfaces of core—shell. The change in morphology mostly
originates from the adsorbed chiral thiols on the surface, but
it is not the major chiral source of this type of CGNPs. Yan
et al. used chiral mercaptans (Cys) as modulation molecules
to obtain high PCD response carambola-shaped AuNPs with
anisotropic g-factor about -0.005 by overgrowth of AuNRs
[46] (Fig. 1c). It was found that the PCD signal mainly comes
from the contribution of the formation of hotspots of chiral
Cys molecules in the shell cavities, but the pre-adsorbed Cys
molecules did not contribute to the PCD signal, and their
role was mainly to manipulate the growth mode of Au. In
addition, the free Cys molecules were the chiral contributor,
resulting from the remaining Cys molecules on the shell to
form a hotspot. This work took advantage of chiral molecules
with thiol groups to modulate the interface of AuNRs sur-
face, providing a unique method for preparing AuNPs with
high chiral activity through a simple regrowth procedure.

Mediating the adsorption or growth of chiral molecules
within particle structures with surfactants is a straightfor-
ward process that can yield robust chiral signals [47]. The
underlying mechanism of chiral enhancement is attributed
to the formation of hotspots by the dipole—dipole interaction
between chiral molecules and plasmonic AuNPs. A number
of CGNPs employing hotspots have been developed, such as
the chiral hotspots of gaps between two or more non-chiral
AuNPs by Lin et al. [48] and Hiromasa et al. [49], the chiral
hotspots within nanopores on gold substrates by Wang et al.
[50], and the chiral application of hotspots between surface
folds of intrinsic chiral nanoparticles by Wu’s group [51].

2.2 Intrinsic Chiral Gold Nanoparticles
2.2.1 Seed-Mediated Regrowth Method

With the development of wet chemistry synthesis, it is more
convenient to accurately construct AuNPs with different

a
21 SERS
> 10 A >
£ 7 S| - = s | [\730
8 -10 i ) =
" 300 500 700 900 600 800 1000
Wavelength ’
avelength ("m) . ol GNR@CMS NPs  Raman shift (cm)
b
Encapsulated
= chiral molecules
o
7]
k=]
£
(=]
[$]
c

Fig. 1 Schematic illustration of single CGNPs with coupled chiral-
ity. a The structures and signals of GNR@CMS NPs (Reprinted with
permission from Ref. [43]. Copyright © 2013 American Chemical
Society). b The core-shell structures of c-AuNRs (Reprinted with
permission from Ref. [45]. Copyright © 2018 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim). ¢ The core—shell structures of star-
fruit-like chiral AuNRs (Reprinted with permission from Ref. [46].
Copyright © 2017 Royal Society of Chemistry)

morphologies and sizes. However, these chiral NPs do not
possess chiral 3D structures, and their chirality are mainly
caused by the hotspot effects of chiral molecules rather than
inherent chirality caused by chiral shapes. The leap in the
synthesis of 3D CGNPs dominated by inherent chirality
occurred when Nam et al. [52] synthesized a 3D gold spiral
cube with a strong PCD response. This method pioneered
the strong chiral ligands to mediate the synthesis of chiral
AuNPs with chiral morphology. This was a one hundred
nanometer scale chiral AuNPs with adjustable chiral plas-
monic resonance (Fig. 2a), which was obtained by using
non-handed cubic or octahedron AuNPs as gold seed and
guided by chiral peptides or Cys molecules.

The enantioselective interaction between chiral ligands
and the surface of nano-seeds gives rise to variations in the
regrowth rate of chiral facets, which in turn results in form-
ing helical wrinkles in the NPs. Moreover, the maximum
g-factor of chiral NPs approximately 0.2 can be obtained
under the optimized growth conditions. In addition, when
the strategy was extended to palladium (Pd) NPs as seeds,
the obtained Pd NPs did not exhibit significant PCD reac-
tions. It is supposed that it was due to the weak interaction
between thiols and the Pd surface, as well as the low chiral
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specification of chiral thiols on the high refractive index on
the Pd surface.

Following the pioneering research conducted by Nam’s
team, a significant number of 3D CGNPs have been
reported. For example, Chen et al. developed a non-chiral
thiol assisted growth strategy to synthesize discrete chiral
helical plasmonic nanorods (HPNR) with strong and tun-
able PCD response [53]. After mixing AuNRs with Cys and
4-aminoneneneba thiophenol (4-ATP), Au was used as a
seed to support the following growth of spiral Au and Ag
alloy shells. By optimizing the growth parameters, a high
PCD response with a g-factor value of approximately 0.04
was obtained. Herein, Cys was regarded as an indispensable
role in the development of helical shells, whereas achiral
thiol 4-ATP serves a supplementary function in rectifying
imperfections of structure, thereby improving the plas-
monic chiral signals. Chen et al. [54] and Gao et al. [55]
have additionally elucidated the helical morphology and the

mechanism of chirality formation in HPNRs (Fig. 2b). The
finite difference time domain (FDTD) simulation verifies
that the plasmonic chirality response came from the helical
morphology, which was consistent with the experimental
results. Therefore, the combination of chiral Cys and non-
chiral 4-ATP enriches the synthesis of CGNPs.
Meanwhile, some researchers also have obtained HPNR
by using AuNRs as the seed for chiral induction under sele-
nocysteine and ultraviolet irradiation [24]. Zhang et al. used
gold nanooctopuses (AuNOPs) as seeds and obtained chiral
AuNOPs through eight overgrowth steps in the presence of
glutathione (GSH) [56], which depicted a propeller structure
(Fig. 2¢) exhibiting configuration with eight arms oriented
from <111> to <100> directions. Ni et al. [57] described
an optimized chiral growth method for preparing fourfold
twisted AuNRs (Fig. 2d). HAuCl, as a chiral inducer after
being reduced with cysteine, and ascorbic acid as a reduc-
ing agent, four inclined ridges and a strong chirality with
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Fig.2 Schematic illustration of chiral gold nanostructures with dif-
ferent morphologies. a The SEM image of gold helix chiral nano-
cubes (Reprinted with permission from Ref. [52] Copyright © 2018
Springer Nature Ltd.). b The synthesis of HPNRs (Reprinted with
permission from Ref. [54]. Copyright © 2023 Springer-Verlag Berlin
Heidelberg). ¢ The shape of chiral AuNOPs (Reprinted with permis-
sion from Ref. [56] Copyright © 2022 Chinese Chemical Society).
d The structure of fourfold twisted chiral AuNRs (Reprinted with
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permission from Ref. [57] Copyright © 2023 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim). e The morphology of chiral AuNPs
induced by wormlike chiral micelles (Reprinted with permission from
Ref. [60] Copyright © 2020 American Association for the Advance-
ment of Science). f The morphology of chiral AuNPs directionally
synthesized from adenine oligomers (Reprinted with permission from
Ref. [61] Copyright © 2022 Springer Nature Ltd.)
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a maximum g-factor (g,,,,) of —0.106 were found on the
surface of the single crystal-nanorods, suggesting that the
asymmetry was due to the appearance of chiral surfaces in
the form of protrusions on the initial nanorods, ultimately
leading to the distorted shapes.

There are many chiral AuNPs synthesized with strong
chiral ligands as mediators. For example, chiral gold nanoar-
rowheads (AuNAs) by using L-SeCys, as a chiral inducer,
and AuNRs as a seed [24]; chiral trihedral AuNPs by con-
trolling overgrowth process with binary surfactant [25]; pro-
peller shaped chiral gold nanotriangles [23], as well as the
chiral helical gold nanocubes induced by chiral Cys/GSH or
dipeptides [58, 59].

Taking the advantages of seed growth method of obtain-
ing chiral 3D AuNPs strategies, the diverse varieties of chi-
ral NPs have been developed. As the most used synthesis
method at present, seed growth method is easy to operate,
which endows chiral NPs with strong chirality, high stability,
and adjustable 3D morphology [2]. In addition to the strong
chiral ligands, weak chiral ligands can also mediate the syn-
thesis of AuNPs with chiral morphology. Rubio et al. [60]
used weak chiral ligands including 2-naphthol and R-/S-1.1'-
binaphthyl-2.2'-diamine to induce wormlike chiral micelles
(Fig. 2e). By introducing them into the growth solution con-
taining cetyltrimethylammonium chloride (CTAC) micelles,
the chiral AuNPs with g-factor about 0.2 were obtained by
chiral mercaptan mediated growth. They speculated that
the adsorption of chiral micelles on the surface of AuNRs
formed chiral and worm like aggregates and the chiral struc-
ture of aggregates was transferred to the deposited metal
shell during the growth process.

Chiral cosurfactant induced growth clearly provides
another useful pathway for the synthesis of discrete chiral
NPs. In addition, single stranded DNA (ssDNA) can be used
as chiral shape modifiers to synthesize chiral AuNPs [61].
The results showed that the isotype ssDNA composed of
adenine nucleobase could make the gold nanooctahedron
seeds grow into chiral gold nanostars with eight curved sides
with obvious 3D chiral structure (Fig. 2f), and its asymmetry
g-factor was as high as 0.04 at visible light wavelength.

2.2.2 Photochemical Synthesis Method

As well known, photochemical methods can be used for
the synthesis of various AuNPs. Similar to the initial elec-
trochemical method used, it does not require the addition
of any reducing agent in the growth solution. Energy is
provided for the reaction through ultraviolet irradiation,
and noble metal nanorods with different aspect ratios are
synthesized by changing the concentrations. Besides the
preparation of AuNRs, photochemical methods can also
be used to drive the shell deposition of AuNRs. Recently,
Xu et al. [62] introduced circularly polarized light (CPL)

into the construction of CGNPs, thereby further enhanc-
ing the chiral optical activity of chemically synthesized
discrete chiral plasmonic NPs to a new degree (g, of
approximately 0.44) (Fig. 3a). The synthesis of chiral
gold nanocubes was grown by employing Au nanoprisms
as seeds and a chiral cysteine-phenylalanine (CYP) dipep-
tide as a medium under light irradiation with a wave-
length overlapping with the localized surface plasmon
resonance of the seeds. Its chirality is significantly higher
than that of chiral gold nanocubes obtained by ordinary
seed growth methods [52]. It is also found that the photo-
chemical growth of chiral NPs is coupled with the chiral
transfer of photons to the NPs. Specifically, when left
CPL is used to assist left dipeptides, the strongest CD
signal can be observed. And the sides with propeller like
concave convex structures on the surface of different chi-
rality also exhibit different rotation directions. Interest-
ingly, the helical direction of folds in CGNPs with differ-
ent chirality is determined by the chirality of the ligand,
but the curvature and depth of the folds are controlled by
the illumination.

In addition, some chiral AuNPs, such as the HPNR syn-
thesized by Wen et al. [24] using chiral selenocysteine,
also require UV light induction, otherwise only chiral gold
nanoarrows can be obtained. It is evident that these photo-
induced methods, similar to the seed growth method of
chemical reduction, are inseparable from the chiral ligands.
Of course, chiral ligands are not a prerequisite; but CPL
as the sole chiral source, can also result in the formation
of discrete intrinsic CGNPs. Koichiro et al. [63] employed
site-selective oxidation—reduction induced by CPL to deposit
platinum oxide on different edges of non-chiral gold nano-
cuboids, ultimately resulting in chiral gold nanocuboids
with different chirality. Kazeto et al. [64] further introduced
ultraviolet light to redox PtO,, allowing for reversible chi-
ral switching of gold nanomaterials with changes in CPL
(Fig. 3b). This switchable strong CGNPs has great applica-
tion prospects in chiral sensors and data storage.

The pure CPL induction is also limited in conveniently
obtaining high-quality CGNPs, which requires a clear
mechanism explanation. Lee et al. [42] conducted a detailed
investigation on the synthesis mechanism of chiral AuNCs
induced by CPL (Fig. 3c). They used single particle analysis
techniques combined with theoretical simulation of the elec-
tronic surface mapping of NPs, and found that the asymmet-
ric distribution of hot electrons on non-chiral AuNCs under
CPL excitation mediated the plasmon-induced chiral trans-
fer. Furthermore, the chiral transfer has been investigated
for its potential applications in chiral growth in bimetallic
systems. Additionally, the theoretical research and applica-
tions exploration of chiral light-matter interaction are of
great significance for the design and optimization of future
chiral sensors and chiral catalysis.
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Fig.3 Schematic illustration of
CGNPs induced by photo-
chemical method. a Simulation
diagram of the growth process
and morphology of chiral gold
nanocubes synthesized by
photo-induction (L/D represents
left and right circularly polar-
ized light irradiation, and + rep-
resents dipeptide chirality).
(Reprinted with permission
from Ref. [62] Copyright ©
2022 Springer Nature Limited).
b Schematic diagram of chiral
switching of photo-induced
chiral gold nanorods (Reprinted
with permission from Ref. [64]
Copyright © 2020 American
Chemical Society). ¢ Schematic
diagram of the mechanism of
pure CPL induced intrinsic
chiral AuNCs (Reprinted with
permission from Ref. [42]
Copyright © 2024 WILEY—
VCH Verlag GmbH & Co.
KGaA, Weinheim)
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3 Chiral Gold Nanoassemblies

The construction of chiral gold nanoassemblies (CGNAs) is
primarily achieved through a bottom-up assembly of AuNPs
guided by various chiral molecules or templates. The main
methods include (1) synthesis with chiral small molecules,
biomacromolecules (DNA, peptide/protein), or chiral pol-
ymers as chiral connectors or as chiral driving molecules
when adsorbed on the NPs’ surface; (2) guiding the chiral
assemblies of AuNPs with chiral templates, such as fibers,
hydrogels, protein aggregates, and DNA origami. Especially,
the advancement of DNA origami technology has facilitated
the precise regulation of the spatial configuration of internal
NPs in CGNAs, promoting the creation of chiral plasmonic
superstructures with a robust chiral optical response [7]; and
(3) other methods, such as assembling AuNPs into chiral
superstructures without introducing additional chiral sub-
stances under the drive of circularly polarized light [65].
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3.1 Chiral Molecular Linkers

Using chiral molecules as chiral junctions or chiral drivers
for chiral gold superstructures is an effective approach to
obtain the CGNAs. On one hand, chiral molecules can act
as ligands to exert chirality on the obtained nanocompo-
nents; on the other hand, they can serve as drivers or link-
ers to assemble AuNPs into chiral structures. As mentioned
above, small biomolecules, including amino acids and
thiol compounds, are more easily and controllably coupled
to the surface of AuNPs due to their simple structure and
small steric hindrance effects. In addition, the direction and
accessibility of small molecules can be precisely controlled
without reducing biological activity. Therefore, AuNPs func-
tionalized with small biomolecules can become more stable
and reproducible during biochemical analysis [66]. Meng
et al. [67] developed a novel method for forming CGNAs
by assembling discrete AuNRs with chiral thiols. Following
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the adsorption of mercaptan, the local chiral field formed
drove a specific structural assembly of AuNRs within the
components, thereby leading to the formation of CGNAs.

There are some reports about small chiral molecules as
connections to form CGNAs for the sensitive detection of
amino acids or peptides [68]. The method utilizing Cys or
GSH molecules’ preferential adsorb at the end of AuNRs to
obtain end-to-end chiral components can be used for enan-
tiomeric identification/detection based on the dose-depend-
ent PCD reaction (Fig. 4a). Additionally, Song et al. [69]
found that the environmental molecular can serve as a chiral
dynamic template to facilitate the construction of CGNAs
(Fig. 4b), which was a novel chiral small molecule linker
mode that innovatively combined dynamic chiral templates.
The AuNPs were located in a molecular environment com-
posed of hexadecyltrimethylammonium bromide (CTAB),
citrate and Cys, and a "majority rule" effect was observed
during the formation of the superstructure, where a number
of matrix molecules compete for the surface binding sites
of the particles due to charge interactions, thus acting as a
dynamic template to constrain the surface chiral molecules
of the particles and affecting the chiral arrangement and
assembly of the particles.

Common biomolecules could serve as chiral drivers
or connectors for nanostructures, including DNA/RNA,
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proteins, or peptides. Xu et al. [70] constructed DNA driven
gold heterodimers, which exhibited significant chiral optical
activity in the visible light region. The dimer is composed
of two kinds of metal NPs: one functionalized with telom-
erase primers, and the other coupled with complementary
linker sequences. These NPs are connected by the DNA
linker. In the presence of telomerase, the dimer structure
is disrupted, and the separation of chiral assemblies leads
to a decrease in the CD signal. Therefore, it can be used for
quantitative detection of telomerase activity in cells. The
inherent chirality of proteins/peptides plays a guiding role in
the stereochemical configuration of NPs during self-assem-
bly, strongly affecting the growth of chiral nanostructures.
While the construction of chiral drivers or ligands for pro-
tein/peptide can also be achieved through NPs assembly with
antibody-antigen specific biorecognition principles [71].
Interestingly, the electrostatic interactions between pro-
teins and AuNPs can also be used to construct chiral super-
structures. Wang et al. [72] demonstrated that human serum
albumin (HSA) and porcine serum albumin (PSA) could
guide the chiral assembly of AuNRs (Fig. 4c), and their left-
handed optical response was opposite to a series of other
homologous animal serum albumin due to their different
surface charge distributions. Under physiological pH condi-
tions, the assembly of HSA or PSA with AuNRs produced
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by protein fibers (Reprinted with permission from Ref. [72]. Copy-
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linked by chiral polymers (Reprinted with permission from Ref. [73].
Copyright © 2019 American Chemical Society)
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left-handed twisted aggregates, while bovine serum albumin
(BSA), sheep serum albumin (SSA), and horse serum albu-
min (ESA) were the opposite. The driving force of chiral
assembly was mainly attributed to electrostatic interactions.
The obtained opposite chiral optical signals were correlated
with the chiral surface charge distribution of the serum albu-
min tertiary structure.

In addition to small chiral molecules and biomolecules,
the synthesis of chiral polymers also shows promising pros-
pects in constructing chiral plasmonic superstructure. For
example, Liu et al. [73] prepared molecules of hydroxyethyl
methacrylate 3-indole propionate with different degrees
of polymerization to investigate the chain transfer polym-
erization. By using them as connectors for AuNRs, chiral
assemblies were obtained (Fig. 4d), and the tilt of AuNRs
within this superstructure was the origin of PCD response.
In addition to artificial chiral polymers, oligomers formed
by self-assembly of some small biomolecules can also serve
as chiral linkers to assemble AuNPs into chiral supramol-
ecules. For example, GSH can form helical GSH oligomers
in the hydrophobic core of CTAB micelles, and spiral GSH
oligomers lead to chiral and end-to-end cross assembly of
nanorods [74].

3.2 Chiral Templates

There are many types of chiral templates, which could be
achieved by depositing NPs on these templates and arrang-
ing them into a certain chiral assembly. A multitude of
chiral macromolecules or superstructures serve as chiral
templates. Among them, DNA origami is one of the most
widely used techniques for manufacturing chiral super-
structures with high level of spatial accuracy and program-
mable nanostructure, which can endow AuNPs with flex-
ible functional sites. In this case, the bottom-up assembly
of nanostructures can generate new physical and chemical
properties [27]. Since the technology was introduced in
2012 for customizing chiral plasmonic components for
optical response, most of the chiral gold nanocomponents
are constructed with non-chiral AuNPs to obtain structural
chirality [75, 76]. For instance, Kevin et al. [77] employed
DNA origami to assemble multiple AuNPs into helical
CGNAs (Fig. 5a). By meticulously locating CGNAs in
space and observing the impact of the geometric shape of
the reconstructed superstructure on its surrounding optical
near-field, they gained valuable insights into the underly-
ing mechanisms governing the optical properties of these
structures. The model revealed previously undiscovered
chiral plasmon dielectric coupling phenomena, which
explained the complex electromagnetic interactions and
resonance hotspots in plasmonic nanostructures based on
the mixed DNA. This was beneficial for the analysis and
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understanding of interactions between chiral components
and natural molecules.

In recent years, DNA origami technology has been used
to construct CGNAs to investigate the relationship between
the structural chirality of superstructures and the inherent
chirality of individual particles. For example, Pan et al.
[78] designed two different modes of DNA folding boards
and assembled four sets of single particles, including two
HPNRs with the same chirality and two HPNRs with oppo-
site chirality, chiral HPNRs with non-chiral AuNRs, and two
non-chiral AuNRs, to obtain several different chiral dimer
superstructures (Fig. 5b), exploring the relationship between
inherent chirality and structurally coupled chirality in chi-
ral supramolecular structures, and have obtained a chiral
supramolecule much stronger than that formed by coupling
non-chiral AuNPs.

Chiral templates, as a synthetic method for chiral
gold nanostructures, present a variety of types. The chi-
ral plasmonic superstructure constructed with templates
offer many advantages, such as high stability and flexible
design. By deposition and chiral assembly of AuNPs with
peptides or proteins as templates, the chiral superstruc-
ture could be obtained [79, 80]. For example, Lu et al.
[30] used human pancreatic amyloid like protein peptides
(hIAPPs) as templates to self-assemble AuNRs into heli-
cal fibers. As a consequence of the long-range order of
the superstructure, a chiral plasmonic superstructure with
extremely strong PCD signals (g-factor of 0.12) can be
obtained (Fig. 5¢). Compared with a single AuNRs cov-
ered with peptides, the g-factor is increased by thousands
of times due to the significant spectral shift under circu-
larly polarized photons and reduced scattering of energy
states when dipoles are oriented in an antiparallel man-
ner. In addition, there are polymer templates and envi-
ronmental matrix templates. For example, Lu et al. [81]
used self-assembly of D/L type tartaric acid (TA) to guide
non-chiral self-assembly of achiral poly(1,4-butadiene)-b-
poly(ethylene oxide) cross-linked block copolymer (BCP)
into pores with specified chirality and helical morphol-
ogy. Subsequently, the chiral optical response was dem-
onstrated by arranging AuNPs spirals (Fig. 5d). Discov-
ering the spiral structure and chirality of the array only
requires adjusting the D/L porous template, which pro-
vides a convenient and fast way to prepare chiral porous
BCP films and spiral NPs arrays.

3.3 Chiral Light Induced Nanoscale Gold
Superstructures

Photon-induced chiral transfer provides a simple and uni-
versal method for chiral system. Due to the strong rota-
tional ability of highly delocalized plasmonic states, plas-
monic NPs are promising candidates for chiral light induced
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preparation. However, due to the short lifetime of plasmonic
states, this method is more challenging for plasmonic NPs
than semiconductors. Previously, Zhu et al. [82] achieved
the formation of light-induced chiral gold nanoaggregates
from an alternative perspective. They perturbed the ordered
arrangement of the superstructure and then used ultraviolet
light as a triggering condition for the self-assembly of supra-
molecular chiral materials to achieve light induction of the
chiral gold nanosuperstructures. Despite some challenges,
the advantages of metal NPs make photon-induced chiral
transfer possible. For example, Kim et al. [65] induced the
formation of AuNPs by irradiating HAuCl, solution with
circularly polarized light, and then assembled them into
chiral nanostructures with a diameter of 10-15 nm (Fig. 6).
Despite their seemingly irregular shapes, the resulting col-
loids exhibited CD spectra with opposite polarity when
exposed to photons with left and right CPL. Considering
the existing large number of different discrete plasmonic
NPs, similar synthesis schemes based on light induction
can be applied to other discrete NPs that can spontaneously
assemble into upper structures with a lattice-to-lattice con-
nections. By optimizing the power of incident light and the
interactions between NPs-NPs, nanoscale chiral components
with more uniform shapes can be prepared.

Chiral plasmonic
nanorods

JEEER I AR 8

Chiral plasmonic
metamolecules

chiral assembly

AuNRs helical superstructures (Reprinted with permission from
Ref. [30] Copyright © 2021 American Association for the Advance-
ment of Science) [30]. d BCP-mediated helical gold nanostructures
(Reprinted with permission from Ref. [§1] Copyright © 2017 Ameri-
can Chemical Society)

4 The Biosensing Platforms with Chiral Gold
Nanomaterials

Owing to the unique property, chiral gold nanomaterials
have found wide applications in biosensing [69—72] and can-
cer treatments [83], and so on [84]. Furthermore, the various
biosensing platforms could be developed based on different
optical properties, including absorption, surface-enhanced
Raman scattering (SERS), dark-field light scattering, circu-
lar dichroism spectra, and so forth.

Prior to the advent of intrinsic chiral AuNPs, the princi-
pal biosensing applications of chiral gold nanomaterials were
AuNAs and core—shell chiral NPs. Among these, the biosens-
ing applications of chiral assemblies primarily employ chiral
biological components to induce the formation or separation
of assemblies [1], as well as the near-field or hotspot interac-
tions between already formed chiral assemblies and biological
components [85]. Regarding the former, Li’ Group [86] reported
the visual differentiation between the L- and p-forms of man-
delic acid (MA), which was based on the chirality of L-tartaric
acid (L-TA)-capped AuNPs. And the visual differentiation can
be used as chiral selector for MA. The color of L-TA-capped
AuNPs changed from red to blue upon the addition of L-MA,
whereas no color change could be observed when b-MA was

@ Springer



Journal of Analysis and Testing

Clockwise

0 Force

Left-handed
circularly polarized light (LCP) ~
’
? Counter-clockwise
O Force
Right-handed g

circularly polarized light (RCP) i "
- \
I3

Fig.6 Gold superstructure shape driven by CPL illumination
(Reprinted with permission from Ref. [65] Copyright © 2019 Ameri-
can Chemical Society)

added. The proposed chiral assay can be observed with naked
eyes and quantified by spectrophotometry, not requiring com-
plicated chiral modification (Fig. 7a). A CD biosensor for major
shellfish allergen tropomyosin (TROP) was developed based on
a chiral assembly of polymer of AuNP trimers (Fig. 7b) [87]. In
that work, TROP and anti-TROP monoclonalantibodies (mAb)
were immobilized on 20 nm and 30 nm 16-mercaptohexade-
canoic acid (16-MHDA) functionalized AuNPs to assemble a
trimer, which present a strong CD signal. The free TROP from
samples was quantified as an inhibitor for the formation of the
AuNP trimer, leading to the specific and accurate reduction
of CD signal. With regard to the latter, extensive research has
been conducted on the near-field biosensing of chiral assemblies
[49, 86]. Yuanhai et al. [48] utilized non chiral gold nanocubes
arranged in a planar “t”’-shaped structure array, which exhibited
a great CD signal and enhanced hyperchiral field, and a confor-
mal array was used to achieve ultra-sensitive detection of single
molecule BSA protein (Fig. 7c).

The explosive growth of inherently chiral AuNPs in
recent years has led to the development of promising new
materials for biosensing applications. The excellent chi-
ral and surface plasmon properties, as well as the superior
surface chemical properties brought by chiral morphology,
make these materials highly promising for biosensing appli-
cations [88]. The chiral near-field and hotspots on the surface
of inherent chiral materials, as well as their selective reso-
nance coupling with enantiomeric dipoles, give them great
advantages in biological enantiomer recognition [89, 90]. A
multitude of intrinsic chiral materials have been employed
for chiral recognition leveraging their chiral near-field [91].
Wu et al. [51] exploited the chiral near-field to demonstrate
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enantiomeric electrochemical enhanced asymmetry, and per-
formed plasmon-enhanced electrochemical recognition of
pen enantiomers by synthesizing chiral hotspots with inher-
ent chiral gold cubic surface folds (Fig. 7d). And Xu’s Group
[92] developed L/D-Pt@Au triangular nanorings (TNRs)
with strong optical activity, which can be effectively used for
the discrimination of enantiomers due to selective resonance
coupling between the induced electric and magnetic dipoles
associated with enantiomers and the chiral plasmonic TNRs,
also known as the surface-enhanced Raman scattering-chiral
anisotropy (ChA) effect. The chiral b-Pt@Au TNRs repre-
sented a label-free SERS platform that can be applied to
detect AP monomers and fibrils. In addition, chiral p-Pt@ Au
TNRs can also successfully detect AB42 proteins in Alzhei-
mer’s disease (AD) patients with high sensitivity, opening up
an avenue for early diagnosis of protein-misfolding diseases
with chiral plasmonic nanomaterials as ultrasensitive SERS
substrates (Fig. 7e). Additionally, chiral Au nanotriangles
(c-AuNTs) in the form of propellers have been employed
as SERS substrates with notable success in the detection
and differentiation of biological components, including levo-
dopa, doxorubicin (DOX), levo/p-carnitine [23], and GNAs
previously mentioned that recognize Fmoc-L/pD-phenylala-
nine (Fmoc-L/p-Phe) through Raman signals [24].

The above approaches are based on the intrinsic char-
acteristics of the materials and have made significant
progress in the recognition of biological enantiomers.
Given the three major strategies for quantitative detec-
tion of plasmonic nanomaterials, namely growth, aggre-
gation/disaggregation and etching, it is hypothesized that
intrinsic chiral gold nanomaterials may be able to generate
more sensitive signal changes using these strategies. With
regard to growth strategies, anisotropic growth has been
extensively employed for the identification of biological
components [52]. However, no further applications of iso-
tropic growth have been identified to date. Some research
groups have attempted to assemble or disassembled chiral
particles, including HPNRs DNA origami dimer [78] and
Sonia's controlled assembly of a dog bone-shaped chiral
gold nanostructure [39], which helps to tune and enhance
chiral signals. Regrettably, none of these structures have
been utilized for biosensing purposes. Finally, there is
a paucity of research on the etching of inherently chiral
materials. The inherent chirality and localized surface
plasmon resonance properties of AuNPs are highly cor-
related with particles’ morphology.

Furthermore, the inherent chiral nature of AuNPs results
in most of them having irregular surfaces and sharp surface
protrusions. This also leads to more diverse signal changes
in intrinsic CGNPs etching, far exceeding those of non-chiral
AuNPs. For that, our group developed an innovative and sen-
sitive biosensor for hepatitis B virus (HBV)-DNA detection
based on the surface etching of the helical gold nanorods
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a Visual chiral recognition of mandelic acid enantiomers with L-tar-
taric acid-capped AuNPs as colorimetric probes (Reprinted with per-
mission from Ref. [86] Copyright © 2015 Elsevier Ltd.). b Schematic
illustration for the AuNPs trimer based biosensor for TROP detection
(Reprinted with permission from Ref. [87] Copyright © 2019 Else-
vier Ltd.). ¢ Ultra-sensitive detection of BSA using gold nano chiral
array (Reprinted with permission from Ref. [48] Copyright © 2022
American Chemical Society). d Intrinsic chiral nanogold cube to

(HGNRs) at a single-particle level under a dark-field micro-
scope (DFM). Herein, the unique HGNRs with high surface
activity were functionalized as the optical probe, which
were etched to the smooth gold nanorods and even to gold
nanospheres, resulting in a distinct color and light scattering
change of single particle, as well as the disappearance of CD
optical properties (Fig. 7f) [14].

5 Summary and Outlook
In the past decades, chiral plasmonic nanomaterials have

developed rapidly, which could be constructed with chiral
molecules as connectors to provide chiral driving force to
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recognize Fmoc-L/p-phenylalanine (Reprinted with permission from
Ref. [51] Copyright © 2023 American Chemical Society). e Chiral
plasmonic triangular nanorings for ultrasensitive detection of amy-
loid proteins in Alzheimer’s disease (Reprinted with permission from
Ref. [92] Copyright © 2021 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim). f Schematic diagram of highly sensitive detec-
tion strategy for HBV-DNA based on surface etching of the helical
gold nanorods (Reprinted with permission from Ref. [14] Copyright
© 2023 Elsevier Ltd.)

form chiral assemblies, or by forming asymmetric adsorp-
tion configurations on chiral templates/media. These chi-
ral gold nanomaterials obtained through self-assembly of
chiral or non-chiral AuNPs exhibit strong plasmonic chi-
rality. Based on the dynamic reversibility, researchers have
developed simple, fast, and real-time chiral control systems
that can generate chiral conformational changes and PCD
response changes to various external stimuli. However,
there are still challenges in making AuNPs more precisely
arranged on chiral templates or connections and clarifying
the chirality patterns in superstructures more clearly.

In recent years, with the development of wet chemical
synthesis technology, more CGNPs with clear chiral 3D
morphology and strong plasmonic chiral response can be
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obtained through seeds-regrowth methods. This provides
favorable research conditions for exploring the origin of
chirality and utilizing chiral nanomaterials for biomedical,
physical and chemical applications. So far, the frequently
reported chiral ligand is small molecule Cys. The utiliza-
tion of diverse theoretical simulations for the screening of
efficient chiral-induced thiols can facilitate the selection and
rational design of appropriate chiral ligands. In addition to
the strong thiol ligands, the cosurfactants of weak ligands
and chiral light irradiation also display hand-growth induc-
ing effects. Further detailed mechanism research is required
to establish a theoretical basis for the precise regulation of
the chiral morphology.

The development of chiral AuNPs has made significant
progress. Considering to achieve the applications of these
material structures, many theoretical foundations and tech-
nical challenges are still needed to address in the coming
years. Basic theoretical research, such as the develop-
ing multi-scale layered chirality concept, elucidating the
molecular mechanisms, theoretical models, and biologi-
cal similarities involved in the optical processes, chemi-
cal reactions, and biological effects of chiral nanoparticles
based on this concept. This may require interdisciplinary
collaboration among researchers in physics, chemistry,
materials, and biochemistry fields. Another technical
challenge is how to simultaneously preserve high g-factor
and other optical parameters during the transition of chiral
nanomaterials synthesis program from laboratory to fac-
tory. In summary, there are both opportunities and chal-
lenges in the research of chiral plasmonic nanomaterials
which have significant research significance in catalysis,
biology, medicine, biotechnology, nonlinear optics, pho-
tonics, and quantum effects.
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