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Establishing an intimate relationship between similar individuals is the beginning of self-extension.
Various self-similar chiral nanomaterials can be designed using an individual-to-family approach,
accomplishing self-extension. This self-similarity facilitates chiral communication, transmission, and
amplification of synthons. We focus on describing the marriage of discrete cages to develop self-similar
extended frameworks. The advantages of utilizing cage-based frameworks for chiral recognition,
enantioseparation, chiral catalysis and sensing are highlighted. To further promote self-extension, fractal
chiral nanomaterials with self-similar and iterated architectures have attracted tremendous attention.
The beauty of a fractal family tree lies in its ability to capture the complexity and interconnectedness of
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a family’s lineage. As a type of fractal material, nanoflowers possess an overarching importance in chiral
amplification due to their large surface-to-volume ratio. This review summarizes the design and
application of state-of-the-art self-similar chiral nanomaterials including cage-based extended
frameworks, fractal nanomaterials, and nanoflowers. We hope this formation process from individuals to
families will inherit and broaden this great chirality.
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Wider impact

This review aims to be a comprehensive, authoritative, and critical review of general interest to the scientific community because of its compatible combination
of knowledge from various subjects. The general trend presented in this review suggests that an individual-to-family approach is helpful in speeding up the
development of self-similar chiral nanomaterials. A variety of self-similar chiral nanomaterials developed using the individual-to-family approach can realize
chiral communication, transmission, and amplification. This review summarizes the design and application of state-of-the-art self-similar chiral nanomaterials
including cage-based extended frameworks, fractal nanomaterials, and nanoflowers. The advantages of utilizing cage-based frameworks for chiral recognition,
enantioseparation, chiral catalysis and sensing are highlighted. To further promote self-extension, fractal chiral nanomaterials with self-similar and iterated
architectures have attracted tremendous attention. Nanoflowers have an overarching importance in chiral amplification due to their large surface-to-volume
ratio. Since extended frameworks display their superiority over individual cages, we foresee a growing interest to various cage-based extended frameworks in
chiral transmission and amplification. Considering the noteworthy merits of nano-biomaterials, we believe that much more attention should be paid to
fabricating different types of biomolecule-based fractal nanomaterials. We envision that the design of self-similar nanomaterials will open up innovative
avenues in chiral separation, catalysis, and sensing.

are shared. If an intimate relationship is established between
similar individuals, self-extension begins. The marriage of

1. Introduction

In a self-similar world, patterns repeat themselves infinitely at
different scales or levels of complexity. Herein, innovative
design and application of self-similar chiral nanomaterials
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similar chiral synthons facilitates the inheriting and broad-
ening of chirality. A fractal family tree represents the further
self-extension of iterated chiral architectures. We envision that
this individual-to-family approach will preserve the chirality of
self-similar nanomaterials forever.

Chirality is considered a ubiquitous attribute for the sustain-
ability of life in nature. Chiral substances with pure enantiomeric
forms play a significant role in the generation and evolution of
life."® Developing innovative nanomaterials has occupied a cru-
cial position in enantioseparation, chiral catalysis and sensing
research.*™! How to realize chiral communication, transmission,
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and amplification of chiral units? Self-similar nanomaterials can
be designed using a bottom-up process from individuals to
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families, achieving self-extension. We have summarized the coop-
eration between nanomaterials and biomolecules in chiral
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sensing and separation.'”” In the present review, we further
describe recent developments in periodic nanostructures from
the point of view of chirality applications.

The marriage of cages facilitates the construction of various
self-similar extended frameworks. Cage compounds are polycyclic
compounds possessing the shape of a cage.”* ™" Transformation of
discrete cages into extended frameworks gives them much more
complexity and multifunctionality. The cage-to-framework strategy
provides an avenue for inheriting and broadening the chirality of
the cages. Porous organic cages (POCs) have emerged as ‘rising
stars’ of nanomaterials that stand out by merit of their modularity,
tunability, and processability.'®™"® Based on their unique features,
POCs provide an alternative approach to molecular recognition,
gas storage, and catalysis reaction. Though substantial achieve-
ments have been made, there are avenues still worth investigating
to expand novel application scenarios. Chiral self-sorting is the
high-fidelity recognition of self from non-self within racemates.*’
Chiral self-sorting of POCs has rapidly gained popularity.
Metal-organic cages (MOCs) are discrete entities composing
metal moieties and organic bridging linkers.>’* Innovative
‘cage-in-cage’ frameworks based on MOCs exhibit desirable
chiral separation abilities. Different types of chiral extended
frameworks including metal-organic frameworks (MOFs),
hydrogen-bonded organic frameworks (HOFs), polymers, and
polycatenanes can be generated by choosing cages as building
blocks.>* Due to their specific advantages, cage-based frame-
works have been widely applied for chiral recognition, chiral
catalysis and sensing, enantioseparation, and chiral optics.
This cage-to-framework approach is able to achieve the com-
munication, transmission, and amplification of chirality.

A fractal refers to infinitely self-similar and iterated mathe-
matical constructs.>* >’ Fractal-like patterns such as trees, flowers,
snowflakes, coastlines, and blood vessel branching are prevalent
in nature, displaying the beauty of the real world. The combi-
nation of fractal geometry and chirality can expand human
cognition boundaries.*®*?° In the context of nanomaterials, these
self-similar architectures possess smaller components resembling
the overall structure. Fractal nanomaterials are considered
a desirable alternative for chirality transmission due to their
intricate and highly interconnected structure. When applied to
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flowers, fractals can capture the arrangement of petals.’**" A
variety of macroscopic flowers including peony, chrysanthe-
mum, rose, and dandelion possess chirality in asymmetric floral
structures. The design of state-of-the-art chiral nanoflowers with
self-similarity has received considerable interest. Chiral nano-
flowers provide favourable alternatives for developing chiroptical
materials. Tremendous endeavors are focused on constructing
nanoflower-based circularly polarized luminescence (CPL) mate-
rials with chiroptical activity. Chiral transmission and amplifica-
tion benefit from the attractive advantages of nanoflowers
including their large surface-to-volume ratio and high stability.
We showcase the design and application of various self-similar
chiral nanomaterials. Scientists’ novel ideas have made tremen-
dous contributions to chiral separation, enantiorecognition,
chiral catalysis and sensing. Self-similar materials can be formed
using a bottom-up process from individuals to families, realizing
self-extension. This fabrication strategy is helpful in promoting
the communication, transmission and amplification of chirality.
We will describe the marriage of cage building blocks to construct
multifarious extended frameworks including MOFs, HOFs, poly-
mers, and polycatenanes. The self-sorting of POCs for developing
chiral architectures will be highlighted. Moreover, a state-of-the-
art cage-in-cage framework can be synthesized based on porous
coordination cages (PCCs). Attributing to the self-similar proper-
ties of a fractal, fractal nanomaterials are considered desirable
alternatives for chirality transmission. We will review advances in
different types of fractal nanomaterials utilized for chiral applica-
tions. The prospect of using specific features of fractal chirality
for designing hierarchical chiral materials will be further sum-
marized. Flower-like patterns that exhibit self-similarity can be
created by using mathematical algorithms inspired by fractals.
The advantages of applying nanoflowers in the development of
chiroptical materials will be described. A variety of enzyme-based
NFs have been used for chiral catalysis. We envision that the
design of self-similar nanomaterials will open up innovative
avenues in chiral separation, catalysis, and sensing.

2. Marriage of chiral cages

The marriage of cages provides state-of-the-art opportunities
for developing favourable chiral materials. The application of
cages as units for the high-order assembly into extended frame-
works has introduced complexity and diversity to the resulting
structures. Chiral self-sorting of cages is a desirable strategy to
construct chiral architectures. Increasing attention has been
paid to the self-sorting of POCs for fabricating structures with a
satisfactory chiral recognition capability. Different types of
chiral extended frameworks including MOFs, HOFs, polymers,
and polycatenanes have been synthesized by selecting cages as
building blocks. In addition, the design of new cage-in-
cage frameworks is described in this section. Noteworthy
efforts have been made to realize chiral transmission and
amplification by utilizing the cage-to-framework strategy. More-
over, chirality communication in interpenetrated architec-
tures is also discussed. The advantages of applying innovative
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cage-based frameworks for chiral recognition, enantiosepara-
tion, chiral catalysis and sensing are highlighted in this review.

2.1 From porous organic cages to extended frameworks

POCs have been widely utilized in different fields such as gas
storage, sensing, catalysis, and enantioseparation.”>™’ As a type of
porous material, POCs are assembled by discrete, cage-like mole-
cules with intrinsic and guest-accessible cavities via weak inter-
molecular forces.>**! Compared with extended porous frameworks
generated by chemical bonds, POCs exhibit desirable solubility in
common organic solvents. In addition, POCs specific structure
property facilitates the investigation of chiral self-sorting from
covalent to weak non-covalent bonds. Self-sorting is a complicated
phenomenon that commonly exists in biological systems. Chiral
self-sorting is the high-fidelity recognition of self from non-self
within racemates. Chiral self-sorting of POCs has attracted tremen-
dous attention.””** Chiral octahedral aromatic cages including
PAC 1-S and 1-R were prepared by condensation of 2,4,6-
triformylphloroglucinol and binaphthylenediamine. Results indi-
cated that the chiral narcissistic and self-sorting on the supramo-
lecular assembly of racemic cages were able to be regulated by n—n
and C-H- - -n interactions. The racemic structure (1-R/S) was formed
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based on the stacking of two enantiomer cages in wall-to-wall
patterns when choosing mesitylene as the solvent (Fig. 1(a) and (b)).
These racemic co-crystals were able to return to homochiral
crystallization in toluene. Therefore, the homochiral and racemic
crystallization displayed supramolecular structural reversible trans-
formations. Furthermore, the proposed homochiral structure
exhibited a desirable enantiorecognition ability toward axially chiral
aromatic molecules.

Homochiral porous materials including MOFs, covalent-
organic frameworks (COFs), POCs and MOCs with high surface
area, various chemical functionality and adjustable topology have
been widely applied for chiral recognition, asymmetric catalysis,
and chiral separation.** For instance, two homochiral POCs,
CPOC-401-Pro and CPOC-302-Pro, were constructed depending on
a supramolecular tetraformyl-resorcin[4]arene scaffold with dis-
tinct chiral proline-functionalized diamine ligands.>> The
anchored chiral proline catalytic centers and the inherent con-
fined cavities enabled the POCs to catalyze asymmetric aldol
reactions with desirable catalytic performance. To develop a high
performance liquid chromatography (HPLC) chiral stationary
phase, a chiral POC, NC1-R was immobilized onto thiol-
modified silica based on a click reaction.”® The proposed

= 2
NH, (RR)
4 +6 or
Ox
|
(e}
NH,
NH, (8.8)
—12H,0

(CC3-S/CC3-R)
Racemate

Fig.1 (a) Schematic representation of the interaction between cages and between solvent molecules and cages in homochiral and heterochiral

structures. (b) Schematic illustration of the structural formation. The synthesis of cages 1 and the reversible supramolecular structural transformation
between homochiral and racemic structures under different solvents.*? Reproduced with permission from ref. 42. Copyright 2022 Springer Nature. (c)
Synthesis of porous tetrahedral cages CC3-R and CC3-S from triformylbenzene (TFB) and CHDA. For CC3-R, the cyclohexane groups are shown in red
and for CC3-S they are shown in turquoise; other C, grey; N, blue; H, omitted. (d) Schematic representation of the desolvated homochiral CC3-R and
racemic (CC3-R/CC3-S) crystal structures; the pore network is shown in yellow, simplified cage frame in grey and simplified cyclohexyl vertices in red (R)
and turquoise (S).>® Reproduced with permission from ref. 56. Copyright 2017 Springer Nature.
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stationary phase involving a cationic imidazolium spacer pre-
sented satisfactory chiral separation ability for various enantio-
mers. A hydroxyl-modified homochiral POC-1 was prepared via
the one-step [4+6] condensation of (1R,2R)-diphenylethylene-
diamine with 2-hydroxy-1,3,5-triformylbenzene.>® Furthermore,
the POC was utilized as the stationary phase to develop a capillary
gas chromatography column. The resulting column presented
favourable separation performance for a variety of racemates such
as alcohols, diols, halohydrocarbons, epoxides, etc. A molecular
organic cage was utilized to separate an aromatic feedstock
(mesitylene) from its structural isomer (4-ethyltoluene) with desir-
able specificity.”> Though POCs presented better solubility in the
solvent, the structures and functions of POCs are less diverse than
those of MOFs and COFs. POCs can be employed as macromole-
cular ligands and coordinated with metal ions to synthesize
MOFs, creating novel perspectives for generating extrinsic cage
porosity. HOFs were able to be formed by supramolecular assem-
bly of POCs via hydrogen-bonding interactions. As an innovative
chiral porous material with the properties of a chiral pore
environment and multiple spatial topological architecture, chiral
frameworks display enormous potential in chiral applications.
Efforts have been devoted to developing extended frameworks
based on POCs for chiral applications. Cooper et al. prepared 1D
porous nanotubes and 3D diamondoid pillared porous networks
based on tubular covalent cages.>® The chiral cage CC3-S pos-
sessed four windows positioned in a tetrahedral arrangement
(Fig. 1(c) and (d)). Due to heterochiral window-to-window interac-
tions with CC3-R, CCS-S packed more closely to CC3-R than its
homochiral equivalents. These tetrahedral cages were able to
produce 3D pore networks. Two isoreticular porous pillared
structures were developed by heterochiral co-crystallization of
tubular and tetrahedral chiral building blocks. The resulting
networks were analogous to extended frameworks composed of
linear ditopic organic linkers and tetrahedral metal nodes. The
CC2 cage’s chirality played an important role in affecting its
tendency to cateneate because homochiral catenanes were
formed.”” This phenomenon was attributed to the fact that cages
‘self-sort’ to create catenanes comprising two cages with the same
chirality. Moreover, chiral interconversion was realized in solution
for CC1 and CC13.

Self-sorting of POCs provides a promising strategy for devel-
oping efficient enantiorecognition materials. The superiority of
extended frameworks over individual chiral cages has been dis-
cussed. Studies indicate that POCs can be considered satisfactory
units for the construction of desirable chiral architectures.

2.2 From metal-organic cages to extended frameworks

MOGCs are discrete, supramolecular entities composed of metal
moieties and organic bridging linkers.”®*®® To some extent,
MOCs can be considered as secondary building units of MOFs
since MOCs and MOFs possess similar components and assembly
principles. Nevertheless, MOCs with discrete structures display
different properties from MOFs in terms of solubility, topology,
dimension, and stability. MOCs have gained tremendous interest
in catalysis, biomedical science, and molecular separation.®’~*
High-dimensional materials such as MOFs, HOFs, and polymers

This journal is © The Royal Society of Chemistry 2024
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are able to be hierarchically synthesized by choosing MOCs as
building blocks. Many efforts have been focused on exploring
‘cage-based extended frameworks’. The incorporation of chirality
into the design of MOCs enables these supramolecules to possess
specific potentials in enantioseparation, chiral amplification, and
chiroptical application.

As a type of MOCs, PCCs possess well-defined nanosized
cavities. The preparation of discrete nanoscale MOCs with specific
configurations and cavities has attracted tremendous interest in
material science.”””* A homochiral PCC, (A/A);-PCC-57, was
prepared based on the reaction between carboxyl-modified amino
acid and lanthanum cations.”” The resulting dodecanuclear
lanthanide cage possessed an octahedral ‘cage-in-cage’ frame-
work. As seen in Fig. 2, one inner octahedral cage is embedded
by a second outer octahedral cage. The inner and outer shells
comprised four r-ligands, sharing six La, clusters on the octahe-
dron apexes. Two distinct geometries including ‘fold’ and ‘stretch’
configurations were obtained due to steric hindrance around the
octahedron vertex and the high flexibility of r-ligand. The inner
cage was formed based on the ‘stretch’ configuration of 1-ligands,
whereas the outer cage was formed depending on the ‘fold’
configuration. During the self-assembly process, the chirality
was transferred from the ligand to La(m) centers. All 12 metal
centers were endowed with homochiral stereochemistry.
Therefore, the proposed (A/A);,-PCC-57 possessed a multi-
chiral microenvironment. The chiral cavity in PCC-57 was
decorated with diverse hydrophilic amide groups pointing
inward, providing a desirable platform for exploring the inter-
actions between the cage and enantiomers. Efficient chiral
separation of various organic molecules and drug intermedi-
ates was achieved.

Two porous assemblies, PCC-60 and PCC-67, were developed
by using isostructural lanthanide octahedral cages.”® The PCC-67
applied a densely packed mode, while the PCC-60 was a hier-
archically porous assembly containing interconnected mesopores.
A spindle-like mesopore was able to be formed based on the
orderly arrangement of 12 octahedral cages (Fig. 3(a)-(e)). Since
the coordination cage’s open windows were oriented toward the
extrinsic mesopore, the formed interconnected channels were
beneficial to the mass transfer within the PCC-60 superstructure.
Results indicated that the hierarchical pores existing in PCC-60
enabled shortening of the equilibrium time for adsorbing chiral
analytes. The PCC-60 presented a desirable chiral separation
ability toward racemic diols and amides. Furthermore, the result-
ing PCC-60 was used as a chiral stationary phase for HPLC, and
baseline separation of six pharmaceutical intermediates was
achieved. Compared with the PCC-67 with uniform microporous
cavities, PCC-60 presented higher enantiomeric excess values in
separating enantiomers. An anionic TisLe (L = embonate) cage was
extended and fixed into a homochiral microporous framework
(PTC-236(A) or PTC-236(A)) via a post-assembly modification
approach to improve its stability in the crystal state.”” The
microporous framework of PTC-236 was prepared by using AAAA-
or AAAA-[Ti Le] cages with triple-stranded right- or left-handed
helical Zn-bimb chains (Fig. 3(f)-(h)). Although a few cages
were able to be organized into networks via other methods, these

Mater. Horiz., 2024, 11, 3975-3995 | 3979


https://doi.org/10.1039/d4mh00496e

Published on 20 June 2024. Downloaded by Y unnan University on 8/14/2025 10:53:55 AM.

Review

View Article Online

Materials Horizons

L-Stretch

[La2Ls(0,C);2-24H,0]

PCC-57

3-C Ligand

£-4

4-C Binuclear Cluster

Fig. 2 (a) View of the structures of the dual-walled coordination cage and its octahedral inner (purple) and outer (cyan) cage assembled by the flexible
ligand and lanthanum ion. (b) Illustration of the connectivity of the bridging ligand and binuclear metal node in the dual-walled PCC-57. (c) View of the
packing mode of the dual-walled cage (highlighted as the yellow ball) along the c-axis and the large cavity (highlighted as the green ball) formed via the
orderly arrangement of PCC-57.”> Reproduced with permission from ref. 75. Copyright 2021 American Chemical Society.

transformed complexes possessed poor structural stability and
crystallinity. The resulting PTC-236 was highly stable in different
types of solvents. Moreover, PTC-236 was able to be used for
recognizing and separating isomeric molecules. Two homochiral
frameworks (PTC-108(A) and PTC-108(A)) with supramolecular
architectures were synthesized based on [Ti,Le] cages.”® The cage
displayed a desirable enantioselective recognition ability toward
chiral organic and pharmaceutical molecules. Chiral transference
and amplification were realized from an enantiopure molecule to
homochiral framework. The racemic tetrahedral [TisLe]®~ cages
(L = pamoic acid) were resolved into their AAAA and AAAA
enantiomers by enantiopure left- and right-handed [Ag,(R/S-
Ly)s]"" (L1 = 1R/S,2R/S-(—)-1,2-diaminocyclohexane) cations,
respectively.”® A 3D superstructure was obtained based on the
connectivity between [Ag,(R/S-L,)s]*" and [Ag(H,O);]" cations
with [TisLe] anionic cages. Furthermore, 10 AAAA-[Ti Lg] cages
and 3 [Ag(H,O);]" units as well as 9 [Agy(R/S-Ly)s]*" units were
applied for constructing a larger diamondoid cage. Two homo-
chiral supramolecular compounds (PTC-232(A) and PTC-232(A))
with interpenetrating dia-type frameworks were able to be formed
(Fig. 4). To avoid the aggregation-caused quenching effect and
amplify the CPL activities, planar-chiral [2.2]paracyclophane
(pCp) chromophores were reticulated into stable Zr(iv) MOFs.*

3980 | Mater. Horiz., 2024, 11, 3975-3995

Octahedral cages were formed based on six hexanuclear clusters
and eight L' linkers. One cage was surrounded by eight adjacent
cages by sharing faces to generate a 3D porous network with
interconnecting 1D channels (Fig. 5). The Zrg cluster in pCp-2 was
different from pCp-1. The neighboring Zrs clusters along the ¢
direction were connected depending on four ligands to create a
cage. The cage extended in three directions producing a network
possessing triangular channels. Compared with the free pCp
linkers, the incorporation of chiral pCp into crystalline Zr-MOFs
was able to amplify the dissymmetry factor and improve lumines-
cence efficiency. This work provided an efficient method to develop
chiroptical materials. The cationic cage [{Cue(H,0)1,HTPTA}g]"**
(TPTA = tris(3-pyridylamino)thiophosphate) was assembled into
1D, 2D and 3D MOFs by sequentially replacing Cu-bound aqua
ligands in the chiral cage with connecting chloride ions.*' These
networks were able to be disassembled into lower dimensional
frameworks by utilizing AgNO; or (nBuyN)NOj;. This work provided
an efficient strategy for the reversible synthesis of cage-connected
networks. Homochiral MOFs Cuj(bipy)s((S)TMTA),(H,0), were
synthesized by the self-assembly of Cu(NOs),-3H,0 and (S/R)-
H,;TMTA in the presence of 4,4’-bipyridine (bipy) linker.*> The
chiral ligands connected by the hydrogen bonds were arranged in
a right/left-handed helix. The chirality was able to be transferred

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4mh00496e

Published on 20 June 2024. Downloaded by Y unnan University on 8/14/2025 10:53:55 AM.

Materials Horizons

;(a) o n,glfm = /A\

PCC-60 (M=Nd)
PCC-67 (M=Ho)

o Pk
2
§—> ‘s *;“t%u—.'
o

N Ly
1\

_Densaly Packed Cafles

Mesopore

gy

=l
i RO . .

View Article Online

Review

AAAA-[Ti,L]

(© (h)

Fig. 3 (a) Construction of the octahedral cages of PCC-60 and PCC-67. Views of (b) the arrangement of octahedral cages and (c) the hierarchical porous
structure in the supramolecular assembly of PCC-60; views of (d) the densely packed mode of octahedral cages and (e) microporous structure in PCC-67.
The orange ball represents the inner cavity, while the yellow ball represents the large external cavity. The gray molecule represents a single octahedral cage
surrounded by 12 cages.”® Reproduced with permission from ref. 76. Copyright 2022 American Chemical Society. (f) Crystal structures of AAAA-[TisLel and
the triple-stranded right-handed helical chains along the c-axis formed by 4,4'-di(1H-imidazol-1-yl)-1,1’-biphenyl (bimb) ligands and zZn". (g) and (h) 3D
framework and simplified structure with helical chiral channels.”” Reproduced with permission from ref. 77. Copyright 2023 John Wiley and Sons.

from the chiral carbon atoms to the helices based on hydrogen
bonds. An extended three-dimensional structure was formed
due to the stacking of these chains. A homochiral MOF with an
expanded open cage based on (R)-3,3'-bis(6-carboxy-2-naphthyl)-
2,2'-dihydroxy-1,1"-binaphthyl ligand was prepared for developing
the HPLC chiral stationary phase.** The resulting column pre-
sented a desirable chiral separation ability. An extended 3D frame-
work was obtained by combining cage complexes isolated and
functionalized prior to preparation.®* Multiple Lewis base modified
sites were introduced to the periphery of a pre-prepared cage.
This functionalized cage was able to bind to other cages with
Lewis acidic sites. As a bidentate linker, a [*Pr,NH,]Cr,NiFg-
(0,CBu);4(0,CCsH,N),] chiral molecule was bridged between three
nodes of the [Fe,CoO(0,C'Bu)s(HO,C'Bu);] cage. This work pro-
vided an efficient strategy to develop an extended framework
without adding organic linker or serendipitously assembling cages
in situ. In addition to MOFs, HOFs were constructed based on non-
covalent bonds.*> The HOF’s structure consisted of organic mole-
cules connected by hydrogen bond moieties. The intermolecular
interactions between the cages facilitated the improvement in
structural stability. Stable cubic cage-based HOFs were fabricated
via multiple charge-assisted hydrogen bonds between coordination
cages and chloride ions. Liu et al. utilized chiral porous hydrogen
bonded frameworks with Brensted acid groups for recyclable
heterogeneous asymmetric catalysis.*® The hierarchical assembly
of the cages was achieved by intercage hydrogen-bonds and hydro-
phobic interactions. The results indicated that the HOF catalyst was
able to be recovered and recycled at least ten times with desirable

This journal is © The Royal Society of Chemistry 2024

activity and enantioselectivity. This work paved the way for devel-
oping innovative metallocage-based porous materials in chiral
sensing, optics, catalysis, recognition and separation.

The cage-to-framework approach facilitates the construction
of hybrid materials with various functionalities. Porous MOFs
were able to be developed by linking MOCs with ligands
to generate infinite sustained architectures. Cage-based HOFs
were formed depending on hydrogen bond moieties. The cage-
to-framework strategy was also utilized to develop polymers by
choosing POCs as chiral synthons. This strategy facilitated the
improvement in POCs internal cavity accessibility and generation
of porous materials possessing both intrinsic and extrinsic cage
porosity. A 2D double-layered dibenzoyl-tartrate chiral coordina-
tion polymer was formed based on [Mn,L,(bpp),] tetrahedral cages
linked by dibenzoyl-tartrate spacers.’” Su et al. developed chiral
lanthanide coordination polymers with channels formed by inter-
connecting 16 lanthanide-based cage-like building units.*®

The cage-to-framework strategy realized the conversion of
cages to MOFs, HOFs, and polymers. Cages were considered
favourable building blocks to fabricate hierarchically porous
materials. This cage-to-framework approach facilitated the
enhancement of a cage’s surface area by forming extrinsic
porosity. Additionally, the cage-based frameworks inherited the
original characteristics of cages, representing an innovative
generation of advanced chiral porous materials. The advantages
of applying ‘cage-in-cage’ frameworks for chiral separation are
discussed in this section. Moreover, MOC-based extended frame-
works are considered desirable HPLC chiral stationary phases.
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Fig. 4 (a) The crystal structures of the enantiomers: AAAA-[TisLgl (top) and AAAA-[TisLel (bottom); (b) and (c) the [Ag4(S-Ly)s** and the [Ag(H,O)s]* ions
in PTC-232(A.S); (d) and (e) two neighboring AAAA-[TisLel cages connected by one [Ag4(S-Ly)s1** and one [Ag(H»O)s]* unit through coordination bonds
and hydrogen bonds, respectively; (f) the diamondoid cage constructed by AAAA-[TisLgl cages and [Aga(S-Ly)sI** and [Ag(H,0)s]* units in PTC-232(A,S);
(g) 2-fold interpenetrating dia-type topology; (h) the 3D packing structure of PTC-232(A,S). Atom color code: green, Ti; purple, Ag; red, O; blue, N; gray,
C.”® Reproduced with permission from ref. 79. Copyright 2020 American Chemical Society.

Substantial advances have been made in utilizing different types
of MOC-based frameworks for enantioseparation, chiral ampli-
fication, and asymmetric catalysis.

2.3 From metal-organic cages to polycatenanes

The ‘mechanical bond’ was described by Nobel laureates J. Fraser
Stoddart and Carson J. Bruns in their famous work ‘The Nature of
the Mechanical Bond: From Molecules to Machines’.*>*® As the
paramount physical bond, a mechanical bond is formed between
subcomponents of a compound. The chemistry of the mechanical
bond is utilized for designing and generating catenanes, rotaxanes,
molecular shuttles, and artificial molecular machines. Catenanes,
consisting of n consecutively interlocking rings, are a type of
mechanically interlocked molecules. Polycatenane is a mechani-
cally linked polymer stemmed from catenane subunits.”"** The
exploration of catenanes prompted the development of artificial
molecular machines in supramolecular chemistry. Moreover, cate-
nanes have attracted increasing attention for their topological
chirality.

3982 | Mater. Horiz., 2024, 11, 3975-3995

Chirality communication at a molecular and supramolecular
level is the elementary property enabling the individual chiral
elements to employ coincident chiral conformations and brings
about the accumulation and amplification of the overall chiral
sense. A variety of traditional approaches were investigated to
huddle the individuals together for communication.’*®” To
avoid the disadvantages of the one-step chirality communication
mode, Gan et al. explored three sequential steps to manipulate
communication of aromatic oligoamide sequences within the
interpenetrated helicate structure.’® This architecture facilitated
the accumulation and transmission of chiral information on the
side chains to the sequence’s helical backbones. The chirality of
aromatic amide sequences derived from the amide segment’s
twisting feature, led to the P or M helical conformation of the
molecular strands. Four isomers (PPPP/MMMM and PMMP/
MPPM) of the interpenetrated helicates were formed due to
the communication between the ligands (Fig. 6(A)). Further-
more, a contraction state (PPPP and MMMM) was obtained by
encapsulating CI™ anions with the dimeric helicate. The reversible

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Structures of L* (a) and L2 (d) in pCp-1 and pCp-2; cages in pCp-1 (b) and pCp-2 (e); 3D porous structures of pCp-1 (c) and pCp-2 (f) viewed along
the c-axis. The cavities are highlighted by yellow spheres. Zrg cluster, blue polyhedron; C, grey; O, red. H was omitted for clarity.8% Reproduced with

permission from ref. 80. Copyright 2023 Chinese Chemical Society.

hierarchical regulation of the chirality communication character-
istic facilitated the design of stimuli-responsive chiral sensors.
Metal-mediated cages containing multiple cavities were prepared
from Pd" cations and tris- or tetrakis-monodentate bridging
ligands.”® A polycatenane was able to be formed by the overlap
of neighboring cages (Fig. 6(B)). The peanut-shaped [Pd;L,"] cage
was quantitatively converted into its interpenetrated [5CI@PdeLs']
catenated dimer. A basket-shaped triscationic cage was prepared
by taking advantage of multivalence to avoid the labile property of
imine."® This strategy facilitated the construction of more com-
plicated catenanes and polycatenane structures. Mn(u) coordina-
tion polymers were synthesized depending on distinct polynuclear
and polymeric chain units."”" Two identical 3D networks were
mutually interpenetrated with each other. Due to the existence of
cages, a 3D 6-connected polycatenane framework was formed by
utilizing interlinked dimeric [Mn,O,] units. The entangled coor-
dination framework [Mn,(sdba),(bim)(H,0),]-2H,O presented a
parallel interpenetrating array with coexistence of polyrotaxane
and polycatenane.'® A chiral [2]catenane was synthesized based
on the interlocking of trigonal bipyramidal cages containing three
windows."®® All six tris-chelated Zn(u) centers within [2]catenane
possessed the same handedness, leading to the chirality of
[2]catenane.

This journal is © The Royal Society of Chemistry 2024

The cage-to-framework strategy has been proved to be efficient
for enhancing the function-added values of cages and engineering
their features and functions. The application of cages as nano-
sized synthons provided new materials with unusual structural
properties, chemical stability, and functions, such as selectivity,
sensing capability, and catalytic efficiency. Novel cage-based
framework designs have been mainly focused on improving chiral
architecture separation, sensing, and catalysis performance. Self-
sorting of POCs presents tremendous benefits in the fabrication
of enantiorecognition materials. The cage-to-framework approach
facilitates the formation of various chiral structures such as
MOFs, HOFs, polymers, and polycatenanes. Furthermore, this
cage-to-framework strategy enables the communication, transmis-
sion and amplification of chirality. Innovative cage-based frame-
works for chiral applications are summarized in Table 1.

3. Design of chiral fractal
nanomaterials

A fractal refers to a mathematical set that presents a self-similar
pattern with a fractal dimension."®* % This fascinating shape
can be fabricated based on simple mathematical rules that
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(A) Schematic representation of the chirality dynamics and hierarchical communication of the helicates. (a) Two conformations (PPPP and

MMMM) of the dimeric helicates complexed with two Cl™ anions. (b) Four isomers (PPPP, MMMM, PMMP, and MPPM) of the dimeric helicates exist due to
the communication between the ligands.®® Reproduced with permission from ref. 98. Copyright 2021 Springer Nature. (B) (a) Synthesis of ligand L,
assembly of the monomeric peanut cage [PdsL%] and halide-templated interpenetration to a double cage [5X@Pdglls] (X = CL~, Br); (a) Cul,
Pd(PPhsz),Cly, NEts, 90 °C. (b) Side view and top view of the single-crystal X-ray structures of (a) the monomeric peanut cage [PdsL',] (counter anions =
BF,~) and (b) interpenetrated double cage [5Cl@PdglL's] (counter anions outside the cage structure were omitted for clarity). Pd—Pd interatomic distances
are shown. C light/dark violet; N blue; O red; Cl green; F light green; B pink; Pd green.®® Reproduced with permission from ref. 99. Copyright 2018 John

Wiley and Sons.

contribute to structures with distinguished complexity and
beauty."'® Fractals commonly exist in nature. For instance,
Sendker et al. discovered a natural metabolic enzyme, citrate
synthase from the cyanobacterium Synechococcus elongatus,
which self-assembles into Sierpinski triangles (STs). Fractal
nanomaterials have been considered a favourable alternative
for chirality transmission due to the self-similar feature of a
fractal. Tree-shaped fractal materials facilitate the hierarchical

chirality transference at multiple levels. Fractal chirality of
bone minerals, Escherichia coli bacteria aggregation, and
organic molecular cages are described as well. Based on the
prominent advantages of nanomaterials, different types of
fractal nanomaterials can be utilized for asymmetric catalysis.
Various nanomaterials including single-walled carbon nano-
tubes (SWCNTs), gold nanomaterials, and silica nanoparticles
are favourable choices for developing chiral fractal structures.

Table 1 Advantages of using chiral cage-based frameworks

Types of cages Types of frameworks Advantages Applications Ref.
Porous organic cages Self-sorting of cages, catenanes Structural reversible Enantiorecognition of 42, 56 and 57
transformation enantiomers
Porous coordination cages Cage-in-cage frameworks, hier- Multichiral Chiral separation of drug 75 and 76
archically porous assembly microenvironment intermediates
Porous coordination cages Microporous frameworks Chiral transference and Enantiorecognition and separa- 77-79
amplification tion of enantiomers
Metal organic cages Metal-organic frameworks Improved efficiency, chiral ~Chiroptical materials 80-84
transference
Metal organic cages Hydrogen-bonded organic Improved structural Chiral catalysis 85 and 86
frameworks stability
Porous coordination cages Coordination polymers Improved cages internal Enantiorecognition 87 and 88
cavity accessibility
Metal organic cages Interpenetrated helicate struc- Chirality communication Chiral sensing and recognition 98-103

tures, polycatenanes

3984 | Mater. Horiz., 2024, 11, 3975-3995
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Moreover, biomolecules such as cellulose, chitosan, and pro-
tein provide an efficient alternative for the construction of
fractal nanomaterials.

Among a variety of prototypical fractals, the ST was usually
used as a decorative pattern in tiling mosaic floors in a medieval
Rome mathematical set. A series of planar molecular STs was
prepared based on self-assembly at the Ag(111) surface by
choosing two aromatic bromo compounds (4,4”-dibromo-
1,1":3',1"-terphenyl (B3PB) and 4,4’’’-dibromo-1,1":3',1":4",1""'-
quaterphenyl (B4PB)) as building blocks.''! Different from the
symmetric STs, the resulting molecular STs possessed clockwise
chirality (CW) or counterclockwise chirality (CCW) (Fig. 7(A)).
This ST orientation relative to the Ag(111) substrate lattice played
an important role in generating chirality. Chirality was able to
be transferred from one cyclic halogen bonding node to all the
nodes in the whole molecular fractal due to the specific self-
similar property of a fractal. This study provided an efficient
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strategy for preparing plentiful planar molecular fractals at
surfaces. Zhang et al. prepared tree-shaped fractal patterns by
self-assembly of the N-[(9H-fluoren-9-ylmethoxy) carbonyl] pro-
tected glutamic acid (Fmoc-Glu) and zinc-porphyrin (ZnTPyP).'?
Depending on the synergistic interaction of m-m stacking,
hydrogen-bonding, and coordination between zinc ion with a
pyridyl moiety, the nanorod structures were obtained for the co-
assemblies. Left- and right-handed arrangement of nanorods
and fractal patterns were formed based on 1-Fmoc-Glu and p-
Fmoc-Glu, respectively (Fig. 7(B)). As an important unit of the
fractal patterns, the nanorods were aggregated one-by-one in a
single direction. The hierarchical chirality transference was
realized at multiple levels. First, the molecular chirality was
transferred from glutamic acid to porphyrin chromophores.
Furthermore, the spiral-stacked nanorod structures constructed
chiral architectures. These structural features of the spiral
fractal patterns offered innovative insight into the design of

Oy OH
s
H

. ° : o
Fmoc-L-GIu
N

(B) Co-assembly

Fig. 7 (A) The whole family of the observed B4PB molecular STs. Models of the STs (a) and the corresponding STM images of B4PB-ST-n(n =0, 1, 2, 3 or

4) (b). The number in each image in (b) indicates the number (Tn) of the B4PB molecules that participate in the corresponding molecular ST. The STM
image for n = 4 (b) is a cropped section of an imperfect B4APB-ST-4 structure (the largest one achieved in experiments to date). To illustrate the ST-4
structure clearly, the missing bottom-right corner, separated by the dashed line, was artificially added to the structure and is composed of modelled
molecules. The length given below each STM image in (b) indicates the horizontal size of the corresponding STM image.'! Reproduced with permission
from ref. 111. Copyright 2015 Springer Nature. (B) A route for the preparation of chiral fractal patterns. Top: Molecular structures of the L/p-Fmoc-Glu and
ZnTPyP. Bottom: After assembling Fmoc-Glu with ZnTPyP in mixed solvent of THF/H,O, chiral fractal patterns composed of nanorod structures were
obtained and those nanorods arranged in a spiral sense, which were controlled by the absolute configuration of Fmoc-Glu. L-Fmoc-Glu caused the
anticlockwise arrangement of nanorods, as marked by a yellow arrow, while clockwise arrangement of nanorods was obtained in the case of b-Fmoc-
Glu.*? Reproduced with permission from ref. 112. Copyright 2022 Springer Nature. (C) Rotation and folding of aggregates. Rotation and folding of
aggregates in experiments (a) and simulations (b) leading to compaction of the aggregates in an active bath.™* Reproduced with permission from ref. 114.
Copyright 2023 Springer Nature.
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hierarchical chiral materials. Chirality is an important attribute of
organisms. As a vital part of organisms, bone composing apatite
and collagen fibrils possessed chirality. Nine levels of fractal-like
chirality of bone minerals from the atomic to macroscopic scales
were investigated by employing electron microscopic and spectro-
metric characterizations.'™ Secondary helical subplatelets were
formed based on the lateral merging of the primary helically
twisted acicular apatite crystals inside collagen fibrils and
between fibrils. Furthermore, chiral arrangement of subplatelets
led to tertiary spiral mineral platelets. Quaternary to ninth levels
were obtained depending on the coherent stepwise stacking of
mineral platelets with collagen fibrils. The hierarchical chirality
structure presented desirable optical activities with a wide-band
electromagnetic wave response. The exploration of this chiral
structure offered novel insight into developing artificial chiral
inorganic materials. Unconventional colloidal aggregation in
chiral Escherichia coli bacteria was investigated by Palacci
et al.™ A persistent rotation of the aggregates was caused by
the chirality of the Escherichia coli flagella. The morphology and
statistical properties of the aggregates formed in the baths were
investigated. Depending on the fraction of colloids at the peri-
meter, aggregates that formed in the thermal and active baths
were classified into different groups. Due to the observed rotation,
the non-equilibrium properties were obtained based on the
compaction and folding of the aggregates (Fig. 7(C)). The fractal
dimensions of an ensemble of aggregates were calculated for
quantifying the morphological changes. A physical model was
developed to explore the chirality of the bacterial bath. The results
suggested that the clockwise rotation of the beads was achieved
via an internal driving torque. The difference between aggregation
in the active and thermal baths was explored by using the
numerical simulations. This work highlighted the essential role
of active baths in constructing the structural and mechanical
characteristics of materials with unconventional phases. In
addition to biological macromolecules, high-level chiral organic
molecular cages with fractal superstructures were also devel-
oped. A racemic 3D tri-bladed propeller shaped helical molecular
cage was synthesized by utilizing 2D tri-bladed propeller shaped
triphenylbenzene as building blocks.'*> Higher-level 3D tri-
bladed chiral helical molecular cages with multilayer sandwich
structures were further prepared by choosing 3D molecular cages
as building blocks. The resulting molecular cage enabled the
formation of 1/p-helical nanofiber supermolecule architectures.
The scale transformation of chirality from atoms to trihelical
cages and then to spiral nanofibers was realized.
Hierarchically organized chiral particles were prepared
depending on polydisperse gold thiolate nanoplatelets with cysteine
as the surface ligands."*® The topological elements of these particle’s
geometry were able to be replicated with distinct degrees of
similarity. The complicated organization was derived from compet-
ing chirality-based assembly restrictions that render assembly
approaches primarily dependent on nanoparticle symmetry. The
resulting particles with specific optical, chemical, and colloidal
characteristics presented promising potential in optoelectronics
and asymmetric catalysis. Peptide-based functional nanomaterials
have attracted increasing attention in the biomedicine field.""
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Various approaches have been applied for directing the self-
assembly of peptide building blocks. The self-assembly peptide
amyloid-like structure was developed to investigate the effect of
nanostructure morphologies on stereoselective aldol reactions. The
resulting compounds that compose the fractal aggregates possessed
larger size. The chiral assemblies’ folding arrangement in the
polypeptide chains played an important role in the catalysis process.
Fractal-like aggregates were able to be formed by self-assembly of
short peptides.'*® The influence of catalytic action and specific ion
effect on hydrogelator formation was explored. Results suggested
that the kosmotropic ions facilitated the open and dynamic fractal
networks, whereas the chaotropic ion induced a dense mass fractal
structure.”™ The chirality and mechanical characteristics of the
proposed gel-phase materials were affected by the differential
hydrophobic interactions. Bigall et al. synthesized the porous and
lightweight aerogels of shape-controlled Pt nanomaterials including
nanospheres and nanocubes.’*® The random coalescence of the
individual nanocrystals induced porous fractal type networks of the
aerogels. For instance, the Pt nanocubes were interconnected by
sharing their lattice points, inducing the formation of a Pt-Pt metal
bond between two nanocrystals. Asymmetric hydrogenation of
keto-pantolactone was realized by using the gels as catalysts. The
nonsurface modified SWCNTs referred to carbon allotropes defined
by the chiral angle and length of the tube roll-up vector.'*
The influence of SWCNT’s electronic structure (features of chiral
wrapping angles and dimeter) on lung epithelial cells infectivity
by pandemic influenza A HIN1 virus was explored. The aggregate
structure was evaluated by determining fractal dimension. The
results suggested that chirality was able to affect both fractal
structure and aggregation of SWCNTs. Fractal dimension was
considered an important factor for influencing biological inter-
action of SWCNTs."”* The distinct surface energies of SWCNTs
impacted the binding of these nanoparticles to biomolecules,
further influencing viral infectivity. In addition, fractal dimension
measurement enabled the evaluation of SWCNT aggregates’
stability in gum arabic.”*® The extending branches on the gold
seeds facilitated the formation of fractal nanostructures.”** Silica
nanoparticles were also able to form a fractal network via the gelatin
conformational transition."”> Among various biological nanomater-
ials, nanocellulose attracted tremendous interest in the material
science field. Cellulose nanocrystals were considered a desirable
chiral building block material. Nystrom et al. utilized the aggregated
carboxymethylated cellulose nanocrystals to construct larger
chiral fractal structures.">® Amphiphilic carboxylmethyl-hexonoyl
chitosan nanoparticles were also developed.'?” A fractal transition
between nanoparticulate and short fiber-like network evolution of
carboxylmethyl-hexonoyl chitosan was observed as time elapsed.
A fractal aggregate was prepared by choosing protein cage nano-
particles as building units."*®

A variety of fractal nanomaterials can be applied for chirality
transference. Tree-shaped fractal patterns utilized for the hier-
archical chirality transference are highlighted. Increasing
attention has been paid to the multiple levels of bone mineral
fractal chirality and fractal dimensions of chiral Escherichia coli
bacteria aggregation. Fractal-like nanomaterials present speci-
fic advantages in constructing biocatalysts. Noteworthy efforts
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Table 2 Advantages of using chiral fractal nanomaterials

Types of fractal nanomaterials Advantages Applications Ref.
Sierpinski triangle Chiral transference Chiral recognition 111
Tree-shaped fractal patterns Hierarchical chirality transference Chiral recognition 112
Polydisperse gold thiolate Chiral transference Optoelectronics and asymmetric catalysis 116
nanoplatelets

Peptide-based functional Chiral transference Chiral catalysis 117 and 118
nanomaterials

Platinum nanocubes Chiral transference Chiral catalysis 120
Cellulose nanocrystals Chiral transference Chiral recognition 126

Full color circularly polarized Chiral transmission Circularly polarized luminescence materials 141
luminescence nanoflowers

CuO nanoflowers Signal amplification Chiroptical applications, electrochemical sensing 143 and 169

CdSe/CdS core-shell nanoflowers Chiral transference
Nanoflowers containing films Chiral amplification
Gold nanoflowers Chiral transmission

Silver nanoflowers Signal amplification

Enzyme-immobilized nanoflowers Enhanced catalytic activity and stability

have been made to develop different types of chiral fractal
nanomaterials. Novel fractal nanomaterials employed for chiral
applications are summarized in Table 2.

4. Design of chiral nanoflowers

When applied to flowers, fractals can capture the arrangement
of petals. Flower-like patterns that exhibit self-similarity are
able to be created by using mathematical algorithms inspired by
fractals.””*™* The design of chiral nanoflowers has received
considerable interest due to their potential application in various
domains such as material science, biosensing, biocatalysis, and
enantiorecognition at the cellular level. Chiral nanoflowers provide
desirable alternatives for developing chiroptical materials. Many
efforts have been focused on investigating chirality transference
and amplification based on nanoflowers. To construct satisfactory
biosensors, nanoflowers have been efficiently applied in electro-
chemical sensing. The flower-shaped morphology of nanoflowers
provide them with a large surface-to-volume ratio and enhanced
catalytic activity. Enzyme-based nanoflowers facilitate the immo-
bilization of enzymes without harsh conditions and the improve-
ment of enzymes performance. The high surface area and stability
of nanoflowers enable improved optical response, enzymatic
activity, and further potential applications in optoelectronics,
sensors, bioelectronics, catalysis, and drug delivery.

4.1 Designing chiral nanoflowers for chiroptical application

Chiral nanoflowers can provide a desirable platform for chiroptical
application. Novel fabrication strategies have been mainly focusing
on achieving chiral transfer, sensitivity enhancement, and signal
amplification. Various types of chiral nanoflowers have attracted
much attention for use in developing CPL materials. In addition,
the optical activity of chiral nanoflower-based films is described in
this section. Gold nanoflowers are satisfactory choices for devel-
oping chiral plasmonic nanomaterials. Moreover, state-of-the-art
chiral nanoflowers applied for Raman improvement are reviewed.

This journal is © The Royal Society of Chemistry 2024

Circularly polarized luminescence materials 144

Chiroptical applications, chiral recognition 147, 149, 150
and 177

Chiral plasmonic nanomaterials, surface-enhanced 160, 161

Raman scattering, electrochemical sensing and 170
Surface-enhanced Raman scattering 165 and 166
Chiral catalysis 171-176

CPL materials have attracted tremendous attention in materials
science and chirality-related applications.***° Due to their multi-
color CPL emissions, full-color CPL-active materials present spe-
cific advantages in practical applications. Compared with
traditional tedious preparation strategies, Deng et al. exploited
a simple and universal CPL materials preparation method."**
Nanoarchitectures including chiral inorganic nanoflowers,
organic-inorganic hybrid nanoflowers, and organic polymer
nanofibers were combined with achiral fluorescence dyes for
developing full-color CPL materials (Fig. 8(a)). The unpolarized
fluorescent light was able to be transformed into CPL by utilizing
these nanoarchitectures as handed-selective fluorescence filters.
Organic-inorganic chiroptical materials possessed specific merits
in chiral applications."**'** Cellulose nanocrystal (CNC) was
applied as a chiral template for developing chiral CuO@CNC
nanoflowers. The resulting CuO@CNC nanoflowers were further
combined with the achiral fluorescent dyes for the CPL test, and
intense CPL signals were observed. Moreover, chiral CuO nano-
flowers were synthesized by calcination of CuO@CNC nano-
flowers. The results indicated that the direction of CPL signals
in CuO nanoflowers was obviously different.

To confirm the significance of chiral elements in constructing
CPL materials, the achiral CuO nanoparticles were used for the CPL
test, and the CPL signal disappeared. This work provided an efficient
approach for developing various chiroptical functional materials.

Attributing to their tunable quantum confinement function,
ligand-induced chirality in CdSe/CdS core-shell nanocrystals
(NCs) has been widely utilized in chiral biosensing, CPL, and
chiroptic-based devices. He et al. synthesized a series of CdSe/
CdS core-shell NCs with various anisotropic shapes such as
nanoflowers, tadpoles, and dot/rods (Fig. 8(b))."** To explore
the relationship between nanomaterial geometries and NC
chirality, circular dichroism (CD) and CPL spectrometers were
applied for evaluating the induced chiroptical characteristics of
the nanostructures. It was found that the chiral ligand-photo-
luminescent core interactions played an essential role in
indicating CPL performance. Depending on this study, a facial
method was developed for synthesizing different types of CdSe/
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CdS nanostructures with tunable CD and CPL activities. To
investigate the interaction between dimensional morphology
transition and signal transfer functions, multidimensional
nanostructures with optimizable CPL were also prepared by
using the self-assembling positively charged chiral n-building
block."*> This research offered an efficient method for under-
standing signal communication and transportation in natural
systems. The photocontrolled conversion of morphology and
transferred chirality were also investigated depending on
snowflake-like supramolecular clockwise-helical assembly."*®
Mesostructured NiFe,O, films with numerous nanoflowers
were prepared to investigate their chirality induced spin selec-
tivity. In these ferrimagnetic materials, each nanoflower
was assembled from nanoplates (Fig. 9(A)).'*” When choosing
L-tyrosine as the symmetry-breaking agent, the nanoplate’s
arrangement induced the formation of a counter-clockwise
circinate morphology. Nevertheless, the D-films displayed the
opposite direction. A variety of chiral nanomaterials including
carbon nanotubes, MOFs, and ligand-capped CdSe quantum
dots were utilized in spin devices to realize the chiral-induced
spin selectivity.'*® We foresee a growing interest to chiral nano-
flowers in spins electronics. Moreover, different nanoflower-
based films were designed for chiroptical applications. Duan
et al. synthesized chiral mesostructured TiO, films by utilizing 1/
p-mannitol as the symmetry-breaking agent."*® The resulting
TiO, films possessed a hierarchical chiral structure (Fig. 9(B)).
First, nanoparticles were formed based on primary distorted
crystal lattices. Chiral stacks of nanoparticles further constructed
bamboo-like nanorods. Subnanoplates composed of tertiary
nanorods were able to fabricate quaternary chiral nanoplates.
Finally, quinary nanoflowers were obtained depending on heli-
cally arranged nanoplates. According to the signals of optical
activity, these films developed with p- and r-mannitol were
demonstrated to be left-handed and right-handed materials,

3988 | Mater. Horiz., 2024, 11, 3975-3995

respectively. The optical properties of silver chiral nanoflower
sculptured thin films were also investigated."°

Chiral plasmonic nanomaterials have attracted increasing
attention due to their improved optical chirality in the visible and
near-infrared region.'>" By investigating their localized surface
plasmon resonances, chiral plasmonic nanomaterials such as
gold, silver, magnesium and alloyed materials can be employed
for chemical sensing.'®> Biomolecule-mediated chiral nanomater-
ials are widely utilized in enantioseparation and chiral biosensing
due to their advantageous biological and optical characteristics."*?
Inorganic nanoparticles can be coated with DNA to construct
chiroplasmonic assemblies without an aggregation tendency.'>*
A variety of chiral-shaped gold nanoparticles were prepared via
chiral molecule-mediated strategies."> " For instance, Zheng
et al. prepared chiral Au,, nanoclusters by using a surface/inter-
face solidification strategy."”® The obtained nanoclusters pre-
sented an almost 40-fold improvement of chiroptical activity
when compared with Au,e. Additionally, gold deposition on gold
seeds was able to construct chiral nanostructures under the
control of chiral glutathione and in the presence of hexadecyl-
trimethylammonium bromide.">® Among distinct plasmonic gold
nanoparticles, branched gold nanoparticles possess tremendous
potential based on their large surface-to-volume ratio and satisfac-
tory surface plasmon resonance characteristics. Gold-glutathione
complexes were synthesized by combining the glutathione
oligomers with gold.'®® The chiral morphology of gold nano-
octopods (NOPs) was adjusted by optimizing the amount of
glutathione oligomers. The results indicated that a higher
glutathione oligomerization degree facilitated the formation
of flower-like chiral nanoparticles. These nanoflowers were
able to be obtained after the regrowth of gold NOPs with the
glutathione incubated for three days (Fig. 10). The morphology
changes of F-NPs were consistent with their extinction and
CD spectra, suggesting that the chirality was triggered by the

This journal is © The Royal Society of Chemistry 2024
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shape of nanoflower chiral structures. Depending on this work,
chiral plasmonic nanomaterials with optimizable chiroptical
properties presented specific advantages in the field of optical
materials and chiral catalysis.

Chiral gold nanoflowers with petal-shaped tips were prepared by
choosing r-ascorbic acid as a chiral reducing agent in the presence
of chiral guanosine 5'-monophosphate.’®* These nanoflowers dis-
played suitable biocompatibility for cellular dark-field imaging and
photothermal therapy. Due to the abundant ‘hot spots’ produced
by their special surface geometry, the proposed nanoflowers were
also considered ideal surface-enhanced Raman scattering (SERS)
substrates. Though Raman spectroscopy can deliver molecular
structure information, Raman signals usually present weak inten-
sities and low sensitivities. Therefore, a SERS technique has been
applied in analytical chemistry to enhance Raman signals.'®* ¢4
The metal-based nanomaterials are favorable SERS platforms with
satisfactory signal enhancement performance. Silver nanoflower
thin films with distinct symmetries were developed on copper
substrates.’®*'*® A high degree of Raman spectroscopy signal
enhancement was observed when using the prepared materials
for 4,4’-bipyridine detection. It was supposed that nanoflowers with
longer and narrower petals facilitated signal enhancement. In
addition to metal-involved materials, metal-free nanomaterials
possessed specific advantages for Raman enhancement. Polyani-
line (PANI)-based rose-like chiral nanostructures were developed
based on the oxidation polymerization of aniline occurring in a
reaction droplet."®” Due to cavity-shaped and chiral structured
properties of rose-like nanostructures, the resulting metal-free
materials presented a desirable Raman enhancement performance.

4.2 Designing chiral nanoflowers for electrochemical sensing

The broad application of nanoflowers promotes interest in
electrochemical sensing. New chiral nanoflowers for fabricating

This journal is © The Royal Society of Chemistry 2024

electrochemical sensors are reviewed. Noteworthy efforts have
been made to improve the recognition efficiency, specificity,
and stability of nanoflower-based chiral sensors. The merits of
applying chiral nanoflowers for electrochemical sensing are
highlighted in this article.

To realize the chiral recognition of tryptophan with achiral
glycine, 1-CuO was applied for decorating glycine (Gly) via the
formation of a Cu(Gly), complex.'®® First, 1-CuO was developed
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Fig. 10 Schematic of the synthesis of different-morphology Au NPs.
(Right) CD spectra of Au NPs prepared with t-GSH with different incuba-
tion times: (a) O days, (b) 1 day, (c) 3 days, and (d) 4 days. (insets)
Representative transmission electron microscopy (TEM) images of AUNPs.
Scale bar: 50 nm.**° Reproduced with permission from ref. 160. Copyright
2021 American Chemical Society.
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Fig. 11 FESEM images of .-CuO (A) and L-CuO-Gly (B) and (C).**® Repro-
duced with permission from ref. 168. Copyright 2020 American Chemical
Society. Morphology and chiral structure of L-CMHAPFs. (a;)—(a4), Photo-
graphs and SEM images of L-CMHAPFs at varying magnifications.t””
Reproduced with permission from ref. 177. Copyright 2022 American
Chemical Society.

by choosing S-2-amino-3-phenyl-1-propanol as the symmetry-
breaking agent. The resulting 1-CuO possessing a peony-like
morphology was assembled with densely arranged nanopetals
grown from the center of the flower (Fig. 11). A rotation of
contort petal aestivation provided the 1-CuO nanoflower with
chirality. The chirality transfer method was employed for
providing Gly with chirality. After incorporating 1-CuO with
achiral Gly, the nanopetals were still stacked in a single direc-
tion, indicating the intrinsic chirality of 1-CuO-Gly. The
obtained 1-CuO-Gly-modified glassy carbon electrode was used
for recognizing tryptophan isomers depending on the chirality
and specific steric configuration of 1-CuO. The enhanced
recognition efficiency of this sensor was observed due to the
hydrogen bonds between tryptophan and Gly. The quantitative
assay of tryptophan isomers was also able to be achieved by
using this sensing platform. Nanoflower-based materials pre-
sented specific merits in electrochemical sensing."®®
Multi-enzyme-labeled gold nanoflowers were selected as
signal enhancers in the fabrication of a multi-walled carbon
nanotube-poly(r-lysine) modified electrochemical immunosen-
sor for ofloxacin.'”® Compared with spherical gold nano-
particles, the gold nanoflowers with branches were much
more useful for preparing a multi-enzyme label. This sensor
displayed desirable specificity, stability and reproducibility.

4.3 Designing chiral nanoflowers for biocatalysis

In addition to being used as biosensors, enzyme-immobilized
nanoflowers were considered satisfactory biocatalysts for pro-
ducing biochemicals.””* In contrast to other enzyme-
immobilized catalysts, the nanoflower-based reactor displayed
enhanced catalytic activity and stability. The coenzyme NADP"
and enzymes including conjugated polyketone reductase and
glucose dehydrogenase were encapsulated in organic-inorganic
hybrid nanoflowers for asymmetrically reducing ketopantolac-
tone to produce R-(—)-pantolactone. This reactor presented
desirable stereoselectivity, thermostability, and reusability.'”
As a type of cofactor-dependent enzyme, o-transaminase
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possessed favourable catalytic activity for producing chiral
amines. To increase enzyme stability, a self-sufficient biocatalyst
was developed by coimmobilizing o-transaminase and cofactors
into nanoflowers.'”? Brevibacterium cholesterol oxidase-copper
hybrid nanoflowers with an improved conversion ratio
exhibited promising potential in steroid derivative bioconversion
in the pharmaceutical industry.'”* Carbon nanotube-lipase
hybrid nanoflowers possessed enhanced enzyme activity and
enantioselectivity.'”> Moreover, chiral gold nanoflowers without
enzymes were also able to be used as catalysts.'”®

Various chiral nanoflowers can be applied for developing
new biocatalysts. Enzyme-based nanoflowers exhibit substantial
advantages in asymmetric catalysis. These hybrid nanoflowers
facilitate the improvement of enantioselectivity and stability.
Additionally, nanoflowers without enzymes used for catalysis
are described as well.

4.4 Designing chiral nanoflowers for cell related applications

Chiral nanoflowers provide a promising alternative for cell related
applications. The advantages of utilizing nanoflowers for exploring
the recognition interaction between cells and chiral materials have
been described in this section. Distinct nanoflowers are consid-
ered efficient cell markers and drug delivery reagents. Moreover,
DNA nanoflowers used for drug delivery are highlighted.

Since cells with a chiral hierarchical organization prompted
the homochirality of organisms, it is essential to exploit the
recognition between cells and chiral materials. Tartaric acid was
utilized as a symmetry-breaking agent for fabricating inorganic
chiral mesostructured hydroxyapatite films (CMHAPFs)."”” The
film containing dense nanoflower arrays presented five levels
of fractal-like chirality (Fig. 11). Flowers consisting of helically
stacked nanopetals formed the quinary-level chirality. The
quaternary-level chirality was attributed to the helical arrange-
ment of nanoplates in the nanopetals. Furthermore, tertiary
nanoplates were composed of helically arranged nanoflakes,
and secondary nanoflakes were formed based on nanoneedles.
The primary chirality was obtained due to the twisted crystal
lattice in the nanoneedles. This inorganic film was applied for
exploring the enantioselective interactions between cells and
chiral materials. CMHAPFs prepared with r-tartaric acid exhibited
desirable performance in cell adhesion, cell proliferation, and
osteogenic differentiation of primary mesenchymal stem cells,
whereas CMHAPFs synthesized with p-tartaric acid displayed the
opposite effect. This phenomenon was due to the stereo matching
between multilevel chiral CMHAPFs mesostructures and hierarch-
ical chiral cell surfaces.

In addition to investigating the interaction between chiral
materials and cells, flower-like structures were used as a cell
marker and drug delivery agent. The naphthalene diimide-
lithocholic acid derivative self-assembled into a chiral flower-like
morphology.'”® These structures possessed satisfactory bio-
compatibility and cellular uptake in cancerous cells. The self-
assembly of chiral synthons was triggered by non-covalent
interactions, and these interactions regulated the supramolecu-
lar chirality in self-assembled architectures. Chiral assemblies
presented specific advantages in chiral separation, asymmetric

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4mh00496e

Published on 20 June 2024. Downloaded by Y unnan University on 8/14/2025 10:53:55 AM.

Materials Horizons

catalysis, and chiroptical materials. To develop controllable chiral
nanoflowers has gained tremendous interest. Biomolecules such as
DNA and monosaccharides were able to be used for developing
chiral flower-like structures.'”® Due to their high specific surface
areas, these materials were applied in optical enantioseparation,
chiral sensing and separation, catalysis, and drug delivery system.
DNA nanostructures facilitated the exquisite control of components
on the nanoscale due to oligonucleotides’ high programmability
and predictability. The DNA nanoflowers were self-assembled by
the liquid crystallization of replicated DNA building blocks. This
type of nanoflower presented promising potential in drug delivery.

Substantial advances have been made in designing novel chiral
nanoflowers. A variety of chiral nanoflowers can be designed for
developing chiroptical materials, electrochemical sensors, and
biocatalysts. Nanoflowers based on CuO and CdSe/CdS present
specific benefits in constructing CPL materials. The optical activity
of different films containing numerous nanoflowers has been
investigated. Gold nanoflowers are considered satisfactory chiral
plasmonic nanomaterials with adjustable chiroptical features.
The combination of chiral nanoflowers with a SERS technique
facilitates the enhancement of Raman signals. Chiral nanoflowers
can also improve electrochemical sensors’ enantiorecognition effi-
ciency. Biocatalysts based on hybrid nanoflowers exhibit improved
asymmetric catalytic activity and stability. In addition to recogniz-
ing chiral molecules, the nanoflowers’ enantiorecognition ability at
the cellular level is also described. In the exploration of drug
delivery systems, the use of DNA nanoflowers has attracted
tremendous research interest. Novel nanoflowers applied for
chiroptical application, electrochemical sensing, biocatalysis, and
cell related applications are summarized in Table 2.

5. Conclusions

A variety of self-similar chiral nanomaterials developed using
an individual-to-family approach can realize chiral communi-
cation, transmission, and amplification. We reviewed the
design and application of self-similar nanomaterials for chiral
recognition, chiral catalysis and sensing, enantioseparation,
and chiral optics (Fig. 12).

A remarkable effort has been devoted to designing cage-based
extended frameworks. The marriage of cages provides new
opportunities for developing self-similar chiral materials. Self-
sorting of POCs presents substantial advantages in constructing
favourable enantiorecognition materials. Moreover, MOCs are
considered desirable building blocks to fabricate different types
of chiral frameworks including MOFs, HOFs, polymers, and
polycatenanes. We found that innovative ‘cage-in-cage’ frame-
works based on MOCs can exhibit significant virtues for chiral
separation. Moreover, polycatenanes utilized for chiral applica-
tions have been described in detail. Future research studies must
explore cage-based interpenetrated architectures for chiral com-
munication. Since extended frameworks display their superiority
over individual cages, we foresee a growing interest to various
cage-based extended frameworks in chiral transmission and
amplification.

This journal is © The Royal Society of Chemistry 2024
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Fig. 12 Summary review of various self-similar nanomaterials applied for
chiral catalysis and sensing, enantioseparation, and chiral optics.

The diversity of chiral fractal nanomaterials summarized in this
review suggests that the self-similarity of a fractal facilitates the
transmission and amplification of chirality. The fractal family tree
possesses tremendous potential for realizing hierarchical chiral
transmission at multiple levels. Fractal chirality of bone minerals
and Escherichia coli bacteria aggregation has been described in
detail. Studies indicate that chiral fractal nanomaterials are sui-
table for asymmetric catalysis. Considering the noteworthy merits
of nano-biomaterials, we believe that much more attention should
be paid to fabricating different types of biomolecule-based fractal
nanomaterials. For the development of chiral nanoflowers, studies
have mainly focused on developing CPL materials, chiral sensors,
biocatalysts, and chiral plasmonic nanomaterials. The effects of
nanoflowers on chiroptic-based device performance have been
described in detail. Future work should seek new hybrid nano-
flowers for the construction of CPL nanomaterials. Attributed
to the abundant ‘hot spots’ generated by their specific surface
geometry, nanoflowers are considered satisfactory SERS substrates.
The enormous advantages of utilizing chiral nanoflowers for
optical applications are included in the manuscript. Additionally,
the combination of enzymes and nanoflowers offers an efficient
strategy to develop biocatalysts with improved catalytic activity. We
believe that diverse nanoflowers need to be investigated to broaden
the application of nanoflowers for chiral amplification.

This review summarizes self-similar chiral nanomaterials
synthesized using an individual-to-family approach. We hope
self-extension of synthons will be accomplished in chiral com-
munication, transmission, and amplification.
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