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Abstract

Chirality is a cornerstone of biological systems and pharmaceutical activity, driving a
critical need for rapid and sensitive enantioselective analytical methods. Covalent organic
frameworks (COFs) have emerged as versatile porous materials, and their chiral counter-
parts, chiral COFs (CCOFs), uniquely combine high surface area, pre-designable pores,
and a confined chiral microenvironment, making them exceptional platforms for enan-
tioselective fluorescence sensing. This review systematically summarizes recent advances
in the construction and application of CCOFs for enantioselective fluorescence sensing.
We first outline the primary synthetic strategies for CCOFs, including direct synthesis,
post-synthetic modification, and chiral induction. Subsequently, based on the direction of
fluorescence signal change upon analyte binding, we classify the sensing mechanisms into
three categories: “turn-off” (quenching via static complexation or photoinduced electron
transfer), “turn-on” (enhancement through rigidification or suppression of electron trans-
fer), and ratiometric (self-calibrating dual-emission response). Representative examples
for the detection of amino acids, amino alcohols, terpenes, and saccharides are highlighted
for each mode. Special emphasis is placed on structure-property relationships, such as the
synergistic roles of hydrogen bonding, m—m stacking, and framework confinement in am-
plifying enantioselectivity. Finally, we discuss current challenges and future perspectives,
including the rational design of ratiometric sensors, integration into practical devices, and
the convergence with machine learning to advance the field of smart chiral sensing.

Keywords: covalent organic frameworks; chirality; enantioselective fluorescence sensing;
host—guest chemistry; turn-on fluorescence; enantioselective recognition

1. Introduction

Chirality is a fundamental geometric property that profoundly influences molec-
ular interactions, playing a pivotal role in biological systems, pharmaceutical activity,
and materials science [1-3]. The enantioselective recognition of chiral molecules is of
paramount importance in diverse fields, including drug development, clinical diagnostics,
agrochemical analysis, and food safety [4-6]. Conventional analytical techniques for chiral
discrimination, such as high-performance liquid chromatography (HPLC) and capillary
electrophoresis, often suffer from drawbacks like time-consuming procedures, high cost,
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and limited sensitivity [7,8]. Consequently, there is a growing demand for rapid, sensitive,
and cost-effective enantioselective sensing platforms [9-13].

Fluorescence-based sensing has emerged as a powerful alternative due to its high sen-
sitivity, fast response, operational simplicity, and real-time monitoring capability [14-16].
However, achieving enantioselective fluorescence discrimination remains challenging
because of the subtle physicochemical differences between enantiomers, which require
exquisitely designed chiral microenvironments to amplify recognition events [17-19]. Com-
pared to electrochemical and colorimetric methods—which often face challenges in elec-
trode fouling, limited sensitivity, or quantification difficulty—fluorescence sensing offers an
optimal balance of sensitivity, speed, and operational simplicity, especially when combined
with porous materials that amplify recognition events [20-22].

In recent years, covalent organic frameworks (COFs)—a class of crystalline porous
polymers with pre-designable structures, high surface areas, tunable pore sizes, and excel-
lent stability—have attracted tremendous interest in sensing applications [23-27]. Among
them, chiral COFs (CCOFs) integrate the intrinsic advantages of COFs with chiral recogni-
tion elements, offering a unique platform for enantioselective fluorescence sensing [28-32].
Unlike chiral metal-organic frameworks (CMOFs), which suffer from lower stability due
to weak coordination bonds, or chiral small-molecule probes and conjugated polymers,
which lack preconcentration effects and well-defined chiral pores, CCOFs combine ordered
nanochannels, high stability, and tunable photophysical properties—attributes that col-
lectively amplify enantioselectivity [10,33-36]. The well-defined chiral nanochannels of
CCOFs not only preconcentrate analytes but also provide confined spaces where host—guest
interactions (e.g., hydrogen bonding, m—m stacking, and electrostatic forces) are amplified,
leading to significantly enhanced enantioselectivity compared to molecular analogs [37-42].

Despite rapid advances, the field of CCOF-based enantioselective fluorescence sensing
is still in its early stages, with several key challenges remaining [30,35,43,44]: (i) the trade-
off between crystallinity and chiral functionality during synthesis, (ii) the need for a deeper
mechanistic understanding of signal transduction (turn-off vs. turn-on vs. ratiometric
responses), (iii) limited analyte scope beyond model compounds, and (iv) the lack of
practical device integration.

This review systematically summarizes the recent progress in the design, synthesis,
and fluorescence sensing applications of CCOFs. We first introduce the three main synthetic
strategies for constructing CCOFs. Then, we focus on their enantioselective fluorescence
sensing mechanisms, categorizing them into turn-off (quenching), turn-on (enhancement),
and ratiometric sensors, with representative examples for detecting amino acids, amino
alcohols, terpenes, saccharides, and other chiral small molecules. Emphasis is placed on
structure—property relationships, particularly how the confined chiral microenvironment
amplifies enantioselectivity. Finally, we discuss current challenges and future perspec-
tives, including the rational design of ratiometric CCOF sensors, integration into portable
devices, and convergence with machine learning for smart chiral sensing. By providing
a comprehensive overview, this review aims to guide the rational development of next-
generation CCOF-based enantioselective fluorescence sensors for practical applications in
pharmaceutical, clinical, and environmental analysis, ultimately addressing the growing
demand for rapid, sensitive, and selective chiral analysis.

2. Synthetic Strategies for CCOFs

The construction of CCOFs is the foundational step for their application in enantiose-
lective fluorescence sensing. Without a well-defined crystalline porous architecture, the
precise chiral microenvironment required for selective recognition cannot be established.
A central challenge lies in introducing chirality without compromising the crystallinity
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and porosity that define CCOF functionality—a delicate balance, as many chiral build-
ing blocks are bulky or flexible, hindering ordered stacking [28,37,45-48]. To date, three
principal synthetic strategies have been established: (i) direct synthesis from enantiopure
monomers [49-55], (ii) post-synthetic modification (PSM) of an achiral COF scaffold [56-59],
and (iii) chiral induction from achiral precursors mediated by a chiral template or cata-
lyst [60-65]. Each approach offers distinct advantages and trade-offs in terms of chiral site
density, crystallinity retention, and synthetic accessibility.

2.1. Direct Synthesis

Direct synthesis involves the cocondensation of pre-designed chiral organic monomers
into a crystalline framework [49,66-68]. This strategy ensures the homogeneous distribution
of chiral recognition sites throughout the COF skeleton and allows precise control over the
chiral microenvironment [69-71]. However, it requires that the chiral monomers maintain
conformational rigidity and do not sterically impede the reversible bond formation essential
for crystallization. Based on the chiral source employed, current direct synthesis methods
can be categorized into BINOL-based systems, camphorsulfonyl-based systems, tartaric
acid-derived systems, and cyclodextrin-based systems [67,68,72-74].

BINOL-Based CCOFs. Optically pure 1,1’-bi-2-naphthol (BINOL) is one of the most
versatile and widely used chiral sources in materials science due to its stable axial chi-
rality and ease of functionalization [75-77]. Wu et al. reported BINOL-based fluorescent
CCOFs by designing an enantiopure BINOL-dialdehyde monomer (BINOL-DA). Imine
condensation with tetrakis(4-aminophenyl)ethene (TPE-TAM) or a triisopropyl-substituted
triamine (‘Pr-TAM) yielded two 2D CCOFs (CCOF 7 and CCOF 8) with tetragonal and
hexagonal pores, respectively (Figure 1a) [67]. The presence of twisted TPE units in CCOF
7 enabled facile exfoliation into ultrathin 2D nanosheets (7-NS), exposing abundant chiral
recognition sites for vapor sensing. In a separate approach, Yuan et al. expanded the
linkage chemistry by employing Knoevenagel polycondensation between a BINOL-22-
crown-6-derived tetraaldehyde (BINOL?-C) and linear diacetonitriles. This afforded the
first olefin (C=C) linked CCOFs (CCOF 17 and CCOF 18) [72]. Notably, these frameworks
could be post-reduced via crystal-to-crystal transformation to yield C—C single bond-linked
analogs (17-R and 18-R), demonstrating the chemical versatility of the olefin linkage.

Camphorsulfonyl-Based CCOFs. Moving beyond BINOL, Zhang et al. utilized (15)-
(+)-10-camphorsulfonyl chloride as a chiral source to synthesize a dialdehyde monomer
(S-DFTS) bearing the camphorsulfonyl group. Schiff-base condensation with 1,3,5-tris(4-
aminophenyl)benzene (TAPB) produced S-DFTS-TAPB COF (Figure 1b), which features 1D
channels uniformly decorated with chiral camphorsulfonyl moieties [73]. The abundant
hydrogen bonding sites within these groups create a favorable microenvironment that
enables the CCOF-based enantioselective fluorescence sensing of non-aromatic amino
acids—a significant breakthrough given the lack of 7t— interaction sites in such analytes.

Tartaric Acid-Derived CCOFs. Zhao et al. adopted a one-pot polymerization strategy
using a chiral monomer (CTp) prepared by functionalizing 1,3,5-triformylphloroglucinol
(Tp) with (+)-diacetyl-L-tartaric anhydride [68]. Condensation of CTp with 3,6-diamino-
carbazole—a high-efficiency fluorophore with a conjugated structure—yielded carbazole-
conjugated chiral COFs (CC-COFs). The rigid triazine nodes and carbazole linkers endowed
the material with a fluorescence quantum yield of 15.2% and a flower-like morphology,
facilitating rapid and sensitive detection of phenylalanine enantiomers.

Cyclodextrin-Based CCOFs. Cyclodextrins (CDs) are naturally occurring chiral macro-
cycles that offer intrinsic host—guest recognition capabilities [78,79]. Han et al. leveraged
this property by condensing y-cyclodextrin (y-CD) with trimethyl borate to yield an anionic
CD-COF [74]. The inherent chirality of the y-CD building blocks imparts optical activity to
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of the antenna effect, enabling ratiometric sensing.
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Figure 1. Synthesis of CCOF 7 (a), CCOF 8 (a), and (R)-DFST-TAPB COF (b) by direct synthesis.

2.2. Post-Synthetic Modification

Post-synthetic modification circumvents the challenges associated with direct crys-
tallization of chiral monomers by grafting chiral functionalities onto a pre-formed, highly
crystalline achiral COF scaffold [28,56,57,80,81]. This strategy decouples framework con-
struction from chiral functionalization: an achiral COF is first synthesized under optimized
conditions to ensure high crystallinity and porosity, and chiral moieties are subsequently
anchored to the pore walls through post-synthetic approaches [82-86].

Quaternization on Ionic COFs. Yue et al. synthesized an achiral ketoenamine-linked
TB-COF via condensation of Tp and 2,2"-bipyridine-5,5'-diamine (BPY) under solvothermal
conditions (Figure 2a) [80]. The framework features accessible pyridine units within its
1D channels. Subsequent quaternization with (1R,25,5R)-2-isopropyl-5-methylcyclohexyl-
carbonochloridate (L-MTE) in refluxing acetonitrile covalently anchored the chiral auxiliary
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to the pore walls, yielding L-TB-COF. PXRD confirmed the retention of crystallinity, while
CD spectroscopy verified the successful introduction of chirality [87].
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Figure 2. Synthesis of L-TB-COF (a) and HD-TAPB-DMTP COF (b) via post-synthetic modification.

Chiral Monomer Exchange Strategy for Defective CCOFs. Yuan et al. employed a
dynamic ligand exchange strategy. An achiral imine-linked TAPB-DMTP COF was first
prepared from TAPB and 2,5-dimethoxyterephthaldehyde (DMTP) at room temperature
(Figure 2b) [81]. The pre-formed COF was then treated with the chiral monodentate
aldehyde helicid (HD) under acidic conditions, allowing partial exchange of DMTP with
HD through dynamic imine bond cleavage and reformation. The resulting HD-TAPB-
DMTP COF retained the imine-linked framework while acquiring chiral hydroxyl sites and
structural defects.

2.3. Chiral Induction Synthesis

Chiral induction represents a fundamentally different paradigm: the crystallization
of a homochiral framework from entirely achiral building blocks under the influence of
a chiral or template catalyst [28,60,61]. This approach bypasses the need for synthetically
complex or expensive chiral monomers, offering a cost-effective route to CCOFs [30,63,88].

Catalytic Induction with Chiral Amines. Han et al. pioneered this strategy for COFs
by employing (R)- or (5)-1-phenylethylamine (1-PEA) as a chiral catalyst in the imine
condensation of Tp with various diamines or triamines [60]. The chiral catalyst induced a
unidirectional tilting of the threefold-symmetric tris(N-salicylideneamine) (TASN) cores,
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locking them into a propeller-like conformation of single-handedness (A or A) throughout
the crystallization process (Figure 3a). This yielded nine 2D CCOFs (TpPa-1, TpBD, TpTab,
etc.) with controlled handedness from achiral precursors. Critically, the chiral catalyst
was not incorporated into the final framework, as confirmed by *C CP-MAS NMR and
FT-IR spectroscopy.

Chiral Memory Effect in Cage-to-COF Transformation. Building on dynamic covalent
chemistry (DCC), Song et al. discovered a “chiral memory” effect during the structural
transformation from porous organic cages to COFs [63]. A homochiral imine cage (CC3-R
or CC3-S), synthesized from achiral 1,3,5-triformylbenzene and chiral cyclohexanediamine,
was subjected to linker exchange with various achiral diamines (Figure 3b). Remarkably,
as the chiral linker was replaced, the propeller-like conformation of the benzene-1,3,5-
methanimine cores was preserved, yielding 2D CCOFs with retained homochirality. This
strategy effectively transfers chirality from a discrete cage to an extended framework
without requiring any chiral monomers in the final product. Compared to direct catalytic
induction, the cage-to-COF transformation offers greater control and ensures more complete
preservation of chiral information.

Catalytic Asymmetric Polymerization. Expanding the scope of chiral induction beyond
conformational locking, Chen et al. demonstrated that chiral phosphoric acid can catalyze
an asymmetric multicomponent Povarov reaction to directly construct CCOFs with complex
stereocenters [88]. Using (R)- or (S)-MCF-CPA as the chiral catalyst, achiral monomers—
1,3,5-tris(4-formylphenyl)triazine (TFPT), 3-methyleneisoindolin-1-one (MIDO), and 1,3,5-
tris(4-aminophenyl)triazine (TAPT)—were condensed under ambient conditions to yield
C4-spiro-(2S, 4R)-TMTT-COF or C4-spiro-(2R, 45)-TMTT-COF (Figure 3c). The resulting
frameworks feature C4-azaspirocycle chiral centers—structural motifs ubiquitous in natural
products and pharmaceuticals but unprecedented in COFs.

Each of the three synthetic strategies has its own advantages and trade-offs (Table 1):
direct synthesis offers the highest controllability and uniform distribution of chiral sites but
requires rigid monomers; PSM retains the best crystallinity with mild conditions but has
limited chiral loading capacity; and chiral induction has the lowest cost and avoids chiral
monomers, but its mechanism is complex, and generalizability remains to be validated.
Researchers should select the appropriate strategy based on the priorities of crystallinity,
chiral density, and scalability for their target application.

Table 1. Comparison of synthetic strategies for chiral covalent organic frameworks.

Parameter

Direct Synthesis

Post-Synthetic Modification

Chiral Induction

Chiral source

Chiral site density
Synthetic accessibility
Chiral distribution
Scalability

Key advantage

Key limitation

Enantiopure chiral monomers

High; uniform

throughout framework
Complex; requires enantiopure
monomer synthesis

Homogeneous

Limited by chiral

monomer availability

Precise control, homogeneous
chiral microenvironment
Bulky chiral monomers may
hinder crystallization

Achiral COF + chiral
grafting agent

Low to moderate; limited by
accessible reactive sites

Moderate; achiral COF synthesis

followed by functionalization
Can be heterogeneous (pore
surface only)

Moderate

Decouples crystallization from
chiral functionalization

Low chiral loading; potential
pore blocking

Chiral catalyst or template

Variable; depends on
induction efficiency
Simple; uses achiral
building blocks

Homogeneous

High (achiral monomers)

Avoids chiral monomers,
cost-effective
Mechanistically complex; not
universally applicable
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Figure 3. Schematic representation of three distinct chiral induction strategies for CCOF synthesis.
(a) Chiral induction using R-1-PEA as a chiral catalyst in the imine condensation of Tp with various
diamines or triamines. The chiral catalyst induces a unidirectional tilting of the threefold-symmetric
tris(N-salicylideneamine) cores, locking them into a propeller-like conformation of single-handedness
(A or A) throughout crystallization. Adapted with permission from ref. [60]. Copyright 2018, Springer
Nature. (b) Chiral memory effect during cage-to-COF transformation. A homochiral imine cage
undergoes linker exchange with achiral diamines. Remarkably, the propeller-like conformation
of the benzene-1,3,5-methanimine cores is preserved during transformation, yielding 2D CCOFs
with retained homochirality despite the absence of chiral monomers in the final product. Adapted
from ref. [63] with permission; copyright 2024, American Chemical Society. (c) Asymmetric multi-
component Povarov reaction catalyzed by chiral phosphoric acid ((R)- or (S)-MCF-CPA). Achiral
monomers—TFPT, MIDO, and TAPT—are condensed under ambient conditions to yield C4-spiro-(2S,
4R)- or (2R, 4S)-TMTT-COF containing C4-azaspirocycle chiral centers.

Beyond the choice of chiral building blocks, solvothermal parameters—particularly sol-
vent composition, temperature, and reaction time—critically influence the crystallinity and
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chiral integrity of CCOFs [28]. The choice of solvent is a key factor as it controls monomer
solubility and influences the dynamics of covalent bond formation; temperature affects
the reaction rate and the self-correction process essential for achieving high crystallinity,
while sufficient reaction time allows the reversible bond formation and self-healing feed-
back necessary for ordered framework growth [66]. Mixed-solvent systems (e.g., mesity-
lene/dioxane) are commonly employed to balance monomer solubility and reversible
bond formation kinetics, which is essential for achieving high crystallinity [67,72]. Despite
successful laboratory-scale syntheses, systematic studies on inter-laboratory reproducibil-
ity and batch-to-batch consistency remain limited [30]. Variations in reaction conditions,
monomer purity, and PSM protocols can significantly affect chiral recognition performance.
Future work should prioritize standardized synthetic protocols and detailed characteriza-
tion reporting to facilitate cross-laboratory comparison and practical translation [89].

3. Enantioselective Fluorescence Sensing of CCOFs

Fluorescence sensing is an extensively developed methodology for enantioselective
recognition using CCOFs. The fundamental principle is that non-covalent interactions
between target enantiomers and chiral fluorophores within the CCOF framework induce
differential changes in photophysical properties, manifested as measurable variations in
fluorescence intensity, wavelength, or lifetime [22,31,39,44,90-99]. The porous architec-
ture of CCOFs amplifies these recognition events through analyte pre-concentration and
the creation of well-defined chiral microenvironments [100]. Future studies combining
time-resolved uptake experiments and molecular dynamics simulations would help de-
convolute these contributions. Based on the direction of the fluorescence signal change
upon analyte binding, CCOF-based enantioselective fluorescence sensors can be classified
into three categories: turn-off (quenching), turn-on (enhancement), and ratiometric sen-
sors [10,22,40]. To facilitate comparison across the three sensing modes, Table 2 summarizes
representative CCOF-based fluorescence sensors along with their analytes, mechanisms,
and enantioselectivity factors. In the following sections, we discuss representative exam-
ples from each category, with an emphasis on the underlying recognition mechanisms and
structure—property relationships.

Table 2. Representative CCOF-based fluorescence sensors for enantioselective recognition.

Signal

CCOF

Sensing Detection Response Anti-Interference

Mode Material Analyte Mechanism Limit EF/QR Time Ability Ref.
D-Cellobiose, D-Maltose,
D-Glucose, D-Sucrose,
D-Lactose, D-Sorbitol,
D-Fructose, D-Gentiobiose, Static _ .
TpTab (A) D-Lactobionic Acid, Quenching N.R. QR =1.32-3.62 10 min N.R. [60]
D-Glucuronic Acid,
D-Gluconic Acid,
D-Mannitol
«-Pinene, Limonene, Stati
7-NS Fenchone, Carvone, Qa N b NR. QR=120-341 NR. N.R. 1671
Terpinen-4-ol uenching
Turn-Off Membranes can be
regenerated by
heating at 100 °C
7@PVDF a-Pinene, Limonene, Static ol revent for at
Fenchone, Carvone, . N.R. EF = 1.70-9.50 Within 480 s [67]
membrane Terpinen-4-ol Quenching least three cycles
P without significant
loss of
enantioselectivity
(EF=9.5,9.4,9.2)
PET-Promoted
(R)-CCOF 17 D-TPL Quenching N.R. QR =241 N.R. N.R. [72]
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Table 2. Cont.
Signal CCOF Sensing Detection Response Anti-Interference
Mode Material Analyte Mechanism Limit EF/QR Time Ability Ref.
Rigidification- _ Recorded
L-TB-COF D-PAL Induced 0.8 uM EF =16.96 immediately N.R. [80]
C4-spiro-(2S, e
4R)-TMTP- D-PAL Rigidification- 1, 5\ \\p EF =25.39 NR. NR. [88]
Induced
COF
. . Rigidification- _
(A)-CM-COF-3  L-Tyrosine, L-Phenylalanine Induced N.R. EF =2.19-2.24 N.R. N.R. [63]
HD-TAPB- . . Rigidification- _
DMTP COF L-Tyrosine, L-Phenylalanine Induced 0.05-0.18 uM EF =1.84-2.02 N.R. N.R. [81]
Turn-On
S-DFTS-TAPB D-Arginine, L-Isoleucine, Rigidification- _
COF L-Valine Induced 0.38-0.92 uM EF =1.57-2.42 N.R N.R. [73]
Unaffected by ten
PET- 80% within common ions: K*,
CC-COFs D-Phenylalanine Suppressed 0.027 uM N.R. 10 I;in Na*t, Mg?", Fe’*, [68]
Enhancement FeZt, Ca?*, AIP*, Cl-,
50327, and NO;3 ™~
PET- EF =
(R)-CCOF 17 L-PGL, L-Phenylalanine Suppressed N.R. o N.R N.R. [72]
12.85-14.72
Enhancement
. Stable under
R-1,2-Propanediol . s s N .
. . ! . ¢ Antenna Effect- Kpy ratio = Stabilized variations in scan slit )
Ratiometric Tb@CD-COF R-2-Amino-1-propanol, Modulated 7.50-11.80 uM 1.95-1.45 Wwithin 30 s width and [74]

R-2-Amino-1-butanol

excitation wavelength

Abbreviations: N.R. = not reported; EF = enantioselectivity factor; QR = quenching ratio; PET = photoinduced
electron transfer; PAL = phenylalaninol; PGL = phenylglycinol; TPL = tryptophanol; 7-NS = BINOL-based COF
nanosheet; 7@PVDF = BINOL-based COF nanosheets embedded in PVDF nanofiber membrane.

3.1. Turn-Off (Quenching) Sensors

In turn-off sensors, the binding of chiral analytes leads to a decrease in fluorescence
emission intensity. This quenching can arise from static complexation (formation of a
non-emissive ground-state complex) or from dynamic processes such as photoinduced
electron transfer (PET) that promote non-radiative decay [91,101-103]. Turn-off sensors
have been successfully applied to the detection of saccharides, terpenes, and certain amino
alcohol derivatives.

3.1.1. Static Quenching via Host-Guest Complexation

Static quenching is characterized by unchanged fluorescence lifetime upon analyte
binding, indicating the formation of a stable host-guest complex [39]. This mechanism is
particularly effective for analytes that can engage in strong hydrogen bonding, 7-7t stacking,
or hydrophobic interactions within the confined chiral channels of the COF [60,67].

Saccharides. Han and co-workers employed a chiral induction strategy using (R)- or
(S)-1-phenylethylamine as chiral catalysts to synthesize nine 2D CCOFs based on Tp [60].
Among these, TpTab—obtained from Tp and TAPB—exhibited strong fluorescence at
540 nm. In phosphate-buffered saline (pH 7.35) simulating human body fluids, TpTab
showed selective quenching toward D-cellobiose: (A)-TpTab gave a Stern—Volmer con-
stant Kgy of 13,086 M~!, while (A)-TpTab gave 3806 M1 (quenching ratio QR = 3.44)
(Figure 4a—c). Notably, the sensor was enantioselective towards a wide range of saccharides,
including D-glucose, D-sucrose, D-lactose, and D-maltose, with QR values ranging from
1.32 to 3.62. Fluorescence lifetimes remained nearly constant upon titration, and PXRD con-
firmed framework stability, indicating static quenching via host-guest adduct formation.

Terpenes. Wu and co-workers reported a CCOF-based enantioselective fluorescence
sensor using BINOL-derived chiral COF nanosheets (7-NS), which were obtained by ex-
foliation of an imine-linked 2D COF (CCOF 7) [67]. In acetonitrile suspension, 7-NS
showed strong emission at 380 nm that was quenched by both a-pinene enantiomers, but
(—)-a-pinene gave Kgy = 1348 M1, while (+)-a-pinene gave only 395 M~! (QR = 3.41)
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(Figure 4d). Similar selectivity was observed for limonene, fenchone, carvone, and terpinen-
4-o0l (QR = 1.20-3.41) (Figure 4e). To address the practical issues of aggregation and difficult
recovery associated with powdered COFs, the authors electrospun 7-NS with PVDF into
free-standing nanofiber membranes (7@PVDF) [104], which exhibited an enantioselective
fluorescence decrease ratio (EF) of 9.5 for a-pinene vapor and could be regenerated by
heating (Figure 4f). Control experiments with monomeric BINOL-dialdehyde showed no
chiral discrimination, proving that the confinement and rigidity of the COF framework
are essential for amplifying enantioselectivity. Molecular simulations revealed that (—)-a-
pinene binds more strongly to the BINOL units (binding energy —21.92 vs. —18.63 kcal/mol)
due to the closer proximity of its double bonds and aliphatic groups to the chiral binaphthyl
backbone. This work established two enduring design principles—nanosheet exfoliation
to expose active sites and membrane fabrication for recyclable sensing—that have since
guided the development of CCOF-based sensors.

(b) (c) ) .
@ 4-TpTab with p-cellobiose
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144 @ A-TpTab without quencher
6.0x10° -
3 I
£ "o, OH
4.0x10° 1 125 J&?"
Y D-cellobiose
2.0x10°
101 2 4 4 g v
500 550 600 650 700 500 550 600 650 700 0 1 2 3 4 5
Wavelength (nm) Wavelength (nm) Quencher concentration (1075 M)
(=)- a-Pinene Q) (e) E 1 Nanosheets ® 10T E 1 Membrane
i ) I 1 Bulk
(+)- a-Pinene 3 8
6]
21 B
=4 =
4
14
| | L]
T T T T 0
0.04 0.08 0.12 0.16 ae “ o 0
) e 5 0 one e
Quencher Concentration (mM) Of‘"“ C‘“ \\c\‘ ‘)‘“\0“ e orp S\ o e C R ¥ e‘\c\\ ‘J\‘“o"\‘ f?‘“

Figure 4. Fluorescence emission spectra of (A)-TpTab (a) and (A)-TpTab (b) with increasing concen-
trations of the Dcellobiose quencher in solution. (c) Stern—V&lmer plots of the fluorescence emissions
of (A)/(A)-TpTab quenched by D-cellobiose. Adapted from ref. [60] with permission; copyright 2018,
Springer Nature. (d) Stern—Vo6lmer plots of 7-NS upon titration of a-pinene in MeCN. (e) Enan-
tioselective quenching ratio for several terpenes. (f) Enantioselective fluorescence decrease ratio for
several vapors. Adapted from ref. [67] with permission; copyright 2019, American Chemical Society.

3.1.2. PET-Promoted Quenching

While static quenching relies on ground-state complexation, an alternative quenching
pathway involves photoinduced electron transfer (PET) that is facilitated upon analyte
binding [105]. In this case, the analyte itself can act as an electron donor or acceptor,
promoting non-radiative decay and enhancing quenching compared to the free COF [72].

Yuan and co-workers synthesized olefin-linked chiral COFs (CCOFs 17 and 18) via
Knoevenagel polycondensation of a chiral crown-ether-containing tetraaldehyde with
diacetonitriles. When (R)-CCOF 17 was treated with tryptophanol (TPL), the emission at
529 nm was quenched, with D-TPL (Kgy = 820.5 M1 quenching more efficiently than
L-TPL (Kgy = 340.1 M~1), giving a QR of 2.41 [72]. The indole ring of TPL is known to
participate in -7 stacking with the COF layers, which promotes PET from the excited
fluorophore to the analyte, resulting in quenching. Interestingly, the same CCOF exhibited
turn-on responses toward phenylglycinol and phenylalanine (discussed in Section 3.2.2),
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illustrating that the same material can produce opposite signal directions depending on the
analyte’s electronic properties and binding mode. This duality is a key insight: it suggests
that the design of CCOF sensors must consider not only the chiral recognition site but
also the electronic communication between the analyte and the fluorophore. For electron-
rich analytes like TPL that can participate in -7t stacking, PET-promoted quenching may
dominate; for analytes that bind primarily through hydrogen bonding to the crown ether,
PET suppression may lead to enhancement.

3.2. Turn-On (Enhancement) Sensors

In contrast to turn-off sensors, turn-on sensors exhibit an increase in fluorescence
intensity upon analyte binding [91]. This enhancement typically results from the suppres-
sion of non-radiative decay pathways [106-109]. Two distinct sub-mechanisms have been
identified: rigidification-induced enhancement, where analyte binding restricts molecular
motions, and PET-suppressed enhancement, where binding blocks an intrinsic electron
transfer pathway [110-113]. In this section, we organize the discussion by analyte type
within each sub-mechanism.

3.2.1. Rigidification-Induced Enhancement

When an analyte binds to a flexible fluorophore or to a COF with loose interlayer
packing, it can lock the conformation and restrict motions that otherwise dissipate energy
non-radiatively, thereby boosting fluorescence [39,114]. This is the most common turn-on
mechanism reported for CCOFs, and it has been successfully applied to the detection of
amino alcohols, aromatic amino acids, and non-aromatic amino acids [63,73,80,81,88].

Amino Alcohols. A representative example of rigidification-induced enhancement
for amino alcohol detection is the chiral ionic COF developed by Yue and co-workers for
phenylalaninol (PAL) [80]. They post-synthetically modified an achiral pyridine-based
COF (TB-COF) with L-MTE via quaternization, producing the first chiral ionic COF used
for fluorescence sensing. The material showed a remarkable turn-on response toward
R-PAL: Ky = 10,804 M~! for R-PAL versus only 637 M~! for S-PAL (EF = 16.96), with
detection limits of 0.8 uM (R) and 13.2 uM (S) (Figure 5a—c). L-TB-COF could also determine
enantiomeric excess (ee) values with excellent linearity (R? = 0.9957) over 10-100% ee.
Neither free L-MTE nor achiral TB-COF showed any chiral recognition, demonstrating
that anchoring the chiral moiety onto the rigid COF backbone is crucial. DFT calculations
indicated that R-PAL forms stronger hydrogen bonds with ester oxygen atoms (binding
energy of —4.5 kcal/mol) than S-PAL (-0.2 kcal/mol) (Figure 5d). The exceptionally high
EF value (16.96) suggests that the combination of ionic framework and hydrogen bonding
sites creates a uniquely well-defined chiral microenvironment (Figure 5e).

PAL has also been detected using C4-spirocyclic CCOFs, as reported by Chen and
co-workers [88]. The resulting C4-spiro-(2S, 4R)-TMTT-COF contains two distinct carbon
chiral centers and shows turn-on fluorescence toward D-PAL, with Kggy = 641 M1 versus
88 M~ for L-PAL (EF = 7.25) and a detection limit of 12.5 uM for D-PAL (Figure 5f-h).
By varying the monomers, C4-spiro-(2S, 4R)-TMTP-COF achieved an outstanding EF of
25.39 for PAL, one of the highest values reported. DFT calculations revealed that D-PAL
formed more hydrogen bonds with the framework and had a more negative binding energy
(-18.00 vs. —17.69 kcal/mol) than L-PAL (Figure 5i). The spirocyclic structure, with its
rigid and well-defined three-dimensional geometry, appears to provide an exceptionally
discriminating chiral environment.

Aromatic Amino Acids. Rigidification-induced enhancement has been extensively ap-
plied to the detection of tyrosine and phenylalanine. Song and co-workers exploited
a chiral memory effect during dynamic covalent chemistry (DCC)-induced transfor-

https://doi.org/10.3390 /chemosensors14050120


https://doi.org/10.3390/chemosensors14050120

Chemosensors 2026, 14, 120

12 of 28

mation from homochiral porous organic cages (CC3-R or CC3-S) to COFs—the first
demonstration that chirality can be preserved during cage-to-COF transformation, yield-
ing CCOFs constructed entirely from achiral building blocks. The resulting CM-COF-
3, decorated with abundant hydroxyl groups, exhibited turn-on fluorescence toward
L-tyrosine, with Kppy = 1.16 x 10° M~! versus 5.18 x 10° M~! for D-tyrosine (EF = 2.24) [63].
L-Phenylalanine was also recognized (EF = 2.19) (Figure 6a—c). DFT calculations using a
three-layer COF model showed that L-tyrosine formed multiple hydrogen bonds (2.2-3.0 A)
with the pore walls, with a binding energy of -59.4 kcal /mol, much more favorable than
for D-tyrosine (-34.8 kcal/mol) (Figure 6d).
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Figure 5. Fluorescence responses of L-TB-COF to R-PAL (a) and S-PAL (b) with different concen-
trations. (c) Linear calibration plots between I/Ij values of L-TB-COF and the concentrations of
R-PAL (blue line) and S-PAL (red line). (d) DFT-optimized host-guest interaction geometries of
R-PAL (left) and S-PAL (right) with chiral fragments of L-TB-COF. (e) Proposed chiral fluorescent
recognition mechanism. Adapted from ref. [80] with permission; copyright 2023, American Chemical
Society. Fluorescence responses of C4-spiro-(2S, 4R)-TMTT-COF to D-PAL (f) and L-PAL (g) with
different concentrations. (h) Benesi—Hildebrand plots of the fluorescence emissions of C4-spiro-(2S,
4R)-TMTT-COF enhanced by D-PAL and L-PAL. (i) Optimized structures of the possible positions
of D-phenylalaninol and L-phenylalaninol interacting with single-layer chiral ring fragments of
C4-spiro-(2S, 4R)-TMTT-COF by DFT calculations. Adapted from ref. [88] with permission; copyright
2025, American Chemical Society.
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Figure 6. Fluorescence responses of (A)-CM-COF-3 to L-tyrosine (a) and D-tyrosine (b) with differ-
ent concentrations. (c¢) Benesi—Hildebrand plots of the fluorescence emissions of (A)-CM-COF-3
enhanced by D- and L-tyrosine. (d) Top views of the host—guest structures of L-tyrosine@(A)-CM-
COF—3 and D-tyrosine@(A)-CM-COEF-3 based on energy-minimized DFT calculations. Adapted from
ref. [63] with permission; copyright 2024, American Chemical Society. Fluorescence responses of
HD-TAPB-DMTP COF to L-tyrosine (e) and D-tyrosine (f) with different concentrations. (g) Linear cal-
ibration plots between I/ values of HD-TAPB-DMTP COF and the concentrations of L-tyrosine (blue
line) and D-tyrosine (red line). (h) Schematic representation of the interaction of HD-TAPB-DMTP
COF with L-/D-tyrosine. Adapted from ref. [81] with permission; copyright 2024, Wiley-VCH.

A defective chiral COF approach was taken by Yuan and co-workers for the detection
of tyrosine and phenylalanine [81]. They used a chiral monomer exchange strategy to
introduce HD into an achiral TAPB-DMTP COF, yielding HD-TAPB-DMTP COF. In water,
this material showed turn-on responses toward L-tyrosine (EF = 1.84; detection limits
0.18 uM for L and 0.05 uM for D) and L-phenylalanine (EF = 2.02; detection limits 0.17 uM
for L and 0.08 uM for D) (Figure 6e-g). Molecular docking indicated that L-tyrosine
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formed four hydrogen bonds with the HD unit, whereas D-tyrosine formed only three
(Figure 6h). The significantly lower detection limits for D-tyrosine (0.05 pM) compared to
L-tyrosine (0.18 uM) suggest that the sensor is actually more sensitive to the non-preferred
enantiomer—an unusual but potentially useful characteristic.

Non-Aromatic Amino Acids. The detection of non-aromatic amino acids—which
lack m-conjugated systems and cannot engage in strong 7-m interactions with COF
frameworks—is particularly challenging. Zhang and co-workers addressed this challenge
by synthesizing S-DFTS-TAPB COF from (15)-(+)-10-camphorsulfonyl chloride, achieving
the first example of a CCOF-based fluorescent sensor for non-aromatic amino acids [73].
The material has camphorsulfonyl groups uniformly lining the 1D channels (pore size
3.6 nm, BET 445 m?/ g), creating a hydrogen-bond-rich chiral microenvironment. It exhib-
ited turn-on fluorescence toward D-arginine (EF = 2.42; detection limits 0.68 uM for D and
0.92 uM for L) (Figure 7a—c). For isoleucine and valine, the L-isomers gave stronger enhance-
ment (EF = 1.69 and 1.57, respectively). This reversal in enantioselectivity between arginine
(D-preferred) and isoleucine/valine (L-preferred) is a fascinating observation. Molecular
docking showed that D-Arg formed two hydrogen bonds (binding energy —2.05 kcal /mol)
while L-Arg had only -1.70 kcal /mol (Figure 7d); for Ile and Val, the L-isomers had more
negative binding energies. The camphorsulfonyl group, with its rigid bicyclic structure
and multiple hydrogen bonding acceptors, appears to provide a versatile chiral recognition
platform capable of adapting to different analyte geometries [115].

(b) 2500 (c)'®
1/1,50.00713(D-Arg)+1.07413 R*=0.97102
1/11,0.00528(L-Arg)+1.02019 R*=0.98068

T
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Figure 7. Fluorescence emission spectra with different linear concentrations of D-Arg (a) and L-Arg
(b). (c) Calibration plots between I/ values of S-DFTS-TAPB COF and the concentrations of D-Arg
(red) and L-Arg (blue). (d) Schematic representation of the interaction of S-DFTS-TAPB with D-/L-Arg.
Adapted from ref. [73] with permission; copyright 2026, ScienceDirect.
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3.2.2. PET-Suppressed Enhancement

In the rigidification examples above, enhancement arises from physical restriction
of motion. A conceptually different turn-on mechanism involves the suppression of an
intrinsic PET pathway that normally quenches the fluorophore. When the analyte binds
and blocks this electron transfer, fluorescence is restored [116-118]. This mechanism is
common in systems where an electron-donating group and an electron-accepting group are
both present in the COF, and it offers the advantage of typically producing larger signal
changes because the initial “off” state has very low background fluorescence [119,120].

Phenylalanine. A representative example of PET-suppressed enhancement is the
carbazole-conjugated CCOF developed by Zhao and co-workers for phenylalanine de-
tection. They synthesized CC-COFs by one-pot polymerization of chiral (+)-diacetyl-L-
tartaric anhydride-functionalized CTp with 3,6-diaminocarbazole. The carbazole group
was selected for its high fluorescence efficiency and its ability to participate in PET. The
material had a high quantum yield (15.2%) and showed turn-on fluorescence toward D-
phenylalanine, with detection limits of 0.027 uM (D) and 0.037 uM (L) over a linear range of
0.05-5 uM [68]. This is a low detection limit for a CCOF-based enantioselective sensor, and
it is comparable to the sensitivity requirements of certain clinical diagnostic assays. For per-
spective, conventional HPLC-UV methods with derivatization can achieve detection limits
as low as 2.68-62.44 pmol/L for amino acids [121], while routine clinical LC-MS/MS assays
report detection limits of at least 1.0 uM [122,123]. Although the sensitivity of CC-COFs
(27 nM) does not reach the ultra-trace levels of advanced chromatographic techniques,
it already meets or exceeds the sensitivity requirements of standard clinical diagnostics.
Selectivity experiments confirmed that 7-7r interactions with aromatic amino acids are
essential for recognition—the sensor showed much weaker responses to aliphatic amino
acids. The response was fast (80% within 10 min) and unaffected by ten common ions, indi-
cating good practical potential (Figure 8a,b). The mechanism was attributed to inhibition
of intramolecular PET from the carbazole donor to the methoxy acceptor upon analyte
binding. This PET-based turn-on mechanism achieves very low detection limits because
the initial fluorescence is low (due to efficient PET), and analyte binding produces a large
relative enhancement—a “dark-to-bright” switching that is particularly advantageous for
trace analysis.

(a) (b)
221 .

Tp Phe Met Asp Thr Leu Val Qv & \sb c> v{ o° <<° Qe d’u ‘;9 ‘\0"’
x
Figure 8. (a) Selectivity of CC-COFs to seven pairs of amino acid enantiomers. (b) The chiral

recognition ability of CC-COFs for Phe enantiomers in an interfering matrix. Adapted from ref. [68]
with permission; copyright 2022, ScienceDirect.

https:/ /doi.org/10.3390/chemosensors14050120


https://doi.org/10.3390/chemosensors14050120

Chemosensors 2026, 14, 120

16 of 28

Phenylglycinol and Phenylalanine. As mentioned in Section 3.1.2, the same (R)-CCOF
17 that quenched tryptophanol gave turn-on responses toward phenylglycinol (PGL) and
PAL. For PGL, Kpy values were 2339 M~ for L-PGL and 159 M~ for D-PGL (EF = 14.72);
for PAL, EF = 12.85 [72]. Mechanistically, the turn-on response is attributed to the bind-
ing of the protonated ammonium group of the analyte to the crown ether moiety, which
suppresses photoinduced electron transfer (PET) from the crown ether oxygen atoms to
the excited BINOL fluorophore. Strikingly, the homogeneous control experiment using
the molecular analogue P-BINOL2-C—which lacks the COF framework—exhibited only
weak quenching (turn-off) towards these same analytes, with a quenching ratio (QR) of
merely 1.28-1.30. This stark contrast, where the COF framework converts the molecular
“turn-off” response into a “turn-on” one, highlights its critical role in creating a confined
and ordered chiral microenvironment. Such confinement does more than just immobilize
the chiral receptor; it fundamentally alters the photophysical pathway, likely by restricting
non-radiative decay processes (e.g., through rigidification or modulating layer-stacking
interactions), thereby amplifying the otherwise inefficient PET suppression observed in
solution. Reduction of the olefin linkages to C-C single bonds (CCOFs 17-R and 18-R)
produced blue-shifted emission and higher quantum yields but drastically reduced enan-
tioselectivity (EF = 1.30-1.84), demonstrating that -conjugation along the COF backbone is
essential for efficient chiral information transfer. This trade-off between stability (of reduced
frameworks) and sensitivity (of olefin-linked frameworks) is an important consideration
for the design of future CCOF sensors.

3.3. Ratiometric Sensors

Ratiometric fluorescence sensors measure the intensity ratio at two different wave-
lengths, providing an internal reference that eliminates interference from variations in
sensor concentration, excitation intensity, or environmental factors [92,124-126]. This
self-calibrating feature is particularly valuable for quantitative analysis in complex sam-
ples [127,128].

Chiral Small Molecules. Han and co-workers prepared an anionic CD-COF from
vy-cyclodextrin and trimethyl borate, then exchanged the piperazine counterions with
Tb3* to give Tb@CD-COF (Figure 9a) [74]. This design combines the chiral recognition
ability of cyclodextrin with the luminescent properties of lanthanide ions. The material
exhibits two distinct emission bands under excitation at 296 nm: a framework-based
emission at 402 nm and a characteristic Tb>* emission at 542 nm. The antenna effect from
v-CD to Tb3" is intrinsically inefficient—the energy gap between the triplet state of 4-CD
(2.17 x 10* cm™!) and the °Dj level of Tb3* (2.04 x 10* cm™') is only 1.3 x 103 cm™!,
below the threshold for efficient energy transfer (1.5 x 10> cm~!). As a result, the COF
framework emission is partially quenched (“off” state). Upon addition of chiral analytes
such as 1,2-propanediol, 2-amino-1-propanol, or 2-amino-1-butanol, the analytes compete
with 7-CD for Tb%* binding, weakening the Tb?>*—y-CD interaction (Figure 9b-d). This
competitive binding restores the COF emission at 402 nm (“on” state) while simultaneously
reducing the Tb3* emission at 542 nm. Consequently, the intensity ratio I40p/Is42 changes
monotonically with analyte concentration and enantiomeric configuration. The degree of
recovery differs between enantiomers, yielding Kgp ratios (R/S) of 1.25-1.45 and detection
limits of 7.5-11.8 uM. This work introduces a new paradigm for CCOF-based sensing;:
instead of relying on direct analyte—fluorophore interactions, the sensor uses an indirect
“competitive binding” mechanism that decouples recognition from signal transduction
(Figure 9e). The dual emission intrinsically enables ratiometric measurement, and future
designs could exploit such dual-emission centers—via lanthanide doping or incorporation
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of reference fluorophores—to achieve robust, self-calibrating enantioselective detection,
which is particularly advantageous for complex biological or environmental matrices [129].
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Figure 9. Ratiometric enantioselective sensing using Tb@CD-COF. (a) Schematic synthesis of Tb@CD-
COF: An anionic CD-COF is first prepared from y-cyclodextrin and trimethyl borate, followed by
cation exchange of piperazinium counterions with Tb3* ions. (b—d) Fluorescence intensity changes
in Tb@CD-COF at 402 nm (ligand-centered emission) upon titration with different enantiomers
of 1,2-propanediol (b), 2-amino-1-propanol (c), and 2-amino-1-butanol (d). The corresponding
Tb3* emission at 542 nm decreases simultaneously, as the analyte competes with -CD for Tb3*
binding. The ratiometric response is calculated as 19y /Is4p (Or I542 /1402 depending on convention),
which provides self-calibration against variations in sensor concentration, excitation intensity, or
environmental factors. (e) Proposed sensing mechanism: Analytes compete with y-CD for Tb>*
binding, disrupting the antenna effect, which quenches Tb3* emission (542 nm) and enhances COF
emission (402 nm). Adapted from ref. [74] with permission; copyright 2025, Springer Nature.
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The scarcity of ratiometric CCOF sensors reflects the inherent challenge of incorporat-
ing two well-behaved emission centers that respond differentially to enantiomer binding.
Notably, Luo et al. recently demonstrated a homochiral COF (d-COF) for photoelectrochem-
ical and RGB colorimetric dual-mode sensing of d-cysteine, exhibiting a visually discernible
color change from dark yellow to red upon selective adsorption [130]. While not strictly ra-
tiometric fluorescence, this dual-mode approach illustrates the broader trend toward multi-
signal chiral sensing platforms. The development of ratiometric CCOF sensors—whether
through lanthanide functionalization (as in Tb@CD-COF), incorporation of aggregation-
induced emission luminogens, or encapsulation of reference fluorophores—represents a
promising frontier for self-calibrating enantioselective detection.

4. Conclusions and Future Perspectives

Remarkable progress has been made in the development of CCOFs for enantioselective
fluorescence sensing. Three principal synthetic strategies have been established—direct
synthesis, post-synthetic modification, and chiral induction—each offering distinct advan-
tages in balancing crystallinity, porosity, and chiral functionality. In fluorescence sensing,
CCOF-based sensors operate through three signal transduction modes: turn-off (quench-
ing) via static complexation or photoinduced electron transfer, achieving enantioselectivity
factors up to 3.6 for terpenes and saccharides; turn-on (enhancement) via rigidification
or PET suppression, dominating amino acid and amino alcohol detection with selectiv-
ity factors reaching 25.4; and ratiometric sensing, which remains nascent but has been
demonstrated in dual-emission systems like Tb@CD-COF. The confined chiral nanochan-
nels of CCOFs amplify enantioselectivity through analyte preconcentration and synergistic
non-covalent interactions (hydrogen bonding, 7-rt stacking, and electrostatic forces), with
CCOFs consistently outperforming their molecular analogues—underscoring the essen-
tial role of framework confinement in chiral amplification. While this review focuses on
fluorescence-based sensing, CCOFs have also enabled enantioselective detection via other
transduction modes, including electrochemiluminescence [131-134] and electrochemical
approaches [135-139]. These complementary strategies, though beyond our primary scope,
further highlight the versatility of CCOFs as chiral sensing platforms.

From this systematic analysis, three general conclusions can be drawn. (i) Turn-on
sensing achieves higher enantioselectivity (EF typically > 10) than turn-off sensing (QR
typically < 4) and provides detectable LODs in the sub-uM to nM range. (ii) Aromatic
analytes are more readily recognized than non-aromatic ones due to 7— interactions;
the latter remain challenging and require specially designed hydrogen-bond-rich chiral
microenvironments, as exemplified by the camphorsulfonyl-functionalized COF. (iii) Most
CCOF sensors exhibit LODs in the micromolar range (0.05-12.5 pM), with only a few
reaching the nanomolar level (e.g., 27 nM for CC-COFs), indicating room for further
improvement in sensitivity. These conclusions point directly to several key challenges and
future opportunities.

First, expansion of the analyte scope. While aromatic and non-aromatic amino acids,
amino alcohols, and terpenes have been successfully discriminated, application to more
complex biomolecules (peptides, oligosaccharides, nucleic acids), chiral pharmaceuticals
beyond model compounds, and environmentally relevant chiral pollutants (pesticides,
herbicides) remains largely unexplored. The design of CCOFs with tailored recognition
sites specifically for these challenging targets is a priority.

Second, a deeper mechanistic understanding. Although DFT calculations and molecu-
lar docking have provided valuable insights, the dynamic nature of host-guest interactions
within confined COF pores, the role of solvent effects, and cooperative binding phenomena
remain poorly understood. Critically, most existing studies attribute enantioselectivity
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solely to static binding energy differences, overlooking whether diffusion rate differences or
preconcentration effects also contribute to the observed selectivity [140]. Advanced in situ
characterization techniques—solid-state NMR, time-resolved fluorescence microscopy, and
operando X-ray scattering—combined with theoretical models that account for framework
flexibility and solvation, are urgently needed.

Third, rational material design for enhanced sensitivity and selectivity. Beyond the
recent advances in structural innovation of CCOFs [141], the integration of multiple chi-
ral recognition elements within a single COF framework, mimicking biological multiva-
lency effects, could yield synergistic enhancements. Additionally, the deliberate design
of ratiometric CCOF sensors—through lanthanide doping or incorporation of reference
fluorophores—remains an important unmet goal [142-147].

Fourth, device integration and practical applications. Most reported sensors operate
in suspension or as free-standing membranes. Translation into practical, user-friendly
platforms requires fabrication of robust, reproducible, and cost-effective devices via inkjet
printing, spin-coating, or in situ growth on electrodes. Integration with microfluidics,
smartphone-based readout, and automated high-throughput screening would enable rapid
on-site enantioselective analysis for pharmaceutical quality control, clinical diagnostics,
and environmental monitoring.

Fifth, composite CCOF materials for enhanced sensing. Beyond the Tb@CD-COF ra-
tiometric system, integrating CCOFs with functional nanomaterials represents a promising
direction [130]. Potential strategies include magnetic nanoparticle@ CCOF composites for
easy recovery and reuse, carbonized COF-based composites for enhanced electrochemical
detection, and hybrid COF platforms for multimodal sensing [148-153]. The successful
demonstration of Tb@CD-COF provides a compelling proof of concept. However, the ratio-
nal design of interfacial chemistry and nanoparticle distribution remains a key challenge
for next-generation chiral sensors.

Sixth, reusability and long-term stability. While CCOFs generally exhibit excellent
chemical and thermal stability, the reversibility of the sensing process—essential for sensor
regeneration and reuse—requires further optimization. Stimuli-responsive CCOFs that
undergo reversible binding and release of chiral analytes in response to pH, temperature,
or light represent an attractive approach for recyclable sensor systems.

Seventh, sensor performance in complex environments. While most reported CCOF
sensors discriminate enantiomers well in controlled buffer systems, their performance
in real-world matrices remains largely unvalidated. Interfering factors include coexist-
ing ions, pH variations, temperature fluctuations, and multiple chiral species [154-156].
Two use cases deserve distinction: high-specificity sensors for trace pollutants requir-
ing robust performance, versus process monitoring for relatively pure pharmaceutical
streams. Systematic spike-recovery and stability studies are urgently needed to bridge the
laboratory-to-deployment gap.

Finally, convergence with emerging technologies. The combination of CCOF sensor
arrays with machine learning algorithms could enable simultaneous discrimination of
multiple chiral analytes [157-161]. Integration with optical fiber or waveguide platforms
would facilitate remote and real-time sensing. Furthermore, leveraging the biocompatibility
of certain CCOFs for chiral sensing in biological fluids and living systems could open new
avenues for in vivo diagnostics and therapeutic monitoring [32,162-166].

In summary, the field of CCOFs for enantioselective fluorescence sensing has advanced
remarkably over the past decade, establishing CCOFs as a powerful and versatile plat-
form. With continued progress in synthetic methodology, mechanistic elucidation, and
device engineering, CCOF-based fluorescence sensors hold great promise for addressing
the growing demand for rapid, sensitive, and selective enantioselective analysis across
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pharmaceutical development, clinical diagnostics, and environmental monitoring. The
convergence of CCOF chemistry with machine learning, microfluidics, and nanophotonics
is poised to drive the next generation of smart chiral sensing platforms, ultimately enabling
real-world applications.
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Abbreviations

The following abbreviations are used in this manuscript:

COFs Covalent Organic Frameworks
CCOFs Chiral Covalent Organic Frameworks
CMOFs Chiral Metal-Organic Frameworks
HPLC High-Performance Liquid Chromatography
PSM Post-Synthetic Modification
BINOL 1,1'-Bi-2-naphthol

TPE-TAM Tetrakis(4-aminophenyl)ethene

Tp 1,3,5-Triformylphloroglucinol

CD Cyclodextrin

v-CD v-Cyclodextrin

PET Photoinduced Electron Transfer
TAPB 1,3,5-Tris(4-aminophenyl)benzene
DMTP 2,5-Dimethoxyterephthaldehyde
HD Helicid

DCC Dynamic Covalent Chemistry
TASN Tris(N-salicylideneamine)

1-PEA 1-Phenylethylamine

MIDO 3-Methyleneisoindolin-1-one
TAPT 1,3,5-Tris(4-aminophenyl)triazine
TFPT 1,3,5-Tris(4-formylphenyl)triazine
PAL Phenylalaninol

PGL Phenylglycinol

TPL Tryptophanol

EF Enantioselectivity Factor

QR Quenching Ratio

ee Enantiomeric Excess

DFT Density Functional Theory

PVDF Polyvinylidene Fluoride
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7-NS BINOL-based COF Nanosheets

BET Brunauer-Emmett-Teller

PXRD Powder X-ray Diffraction

FT-IR Fourier Transform Infrared Spectroscopy
NMR Nuclear Magnetic Resonance

CP-MAS Cross-Polarization Magic Angle Spinning
CcC Carbazole-Conjugated

Tb@CD-COF  Terbium-exchanged Cyclodextrin COF
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