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into red/near-infrared emitting analogues
and their utilization in bioimaging probes

’ '.) Check for updates ‘

Cite this: Chem. Soc. Rev., 2023,
52, 6344

Mingchong Dai, €2 *2° Yun Jae Yang,® Sourav Sarkar® and Kyo Han Ahn (2 *@

Organic fluorophores aided by current microscopy imaging modalities are essential for studying
biological systems. Recently, red/near-infrared emitting fluorophores have attracted great research
efforts, as they enable bioimaging applications with reduced autofluorescence interference and light
scattering, two significant obstacles for deep-tissue imaging, as well as reduced photodamage and
photobleaching. Herein, we analyzed the current strategies to convert key organic fluorophores
bearing xanthene, coumarin, and naphthalene cores into longer wavelength-emitting derivatives by
focussing on their effectiveness and limitations. Together, we introduced typical examples of how
such fluorophores can be used to develop molecular probes for biological analytes, along with key
sensing features. Finally, we listed several critical issues to be considered in developing new
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Key learning points
1. Importance of red/NIR emitting fluorophores.

2. Feasibility and challenges to convert conventional fluorophores into their red/NIR emitting analogues.
3. Molecular-level understanding of the correlation between the structural modifications and the bathochromic emission shifts.
4. Bio-relevant applications (utilization in bioimaging probes) of red/NIR emitting fluorophores.

5. Scope and limitations of conventional structural modification methods.

1. Introduction

Organic fluorophores are essential for bioimaging applications
due to their distinctive characteristics, such as non-invasiveness,
high sensitivity and selectivity, and capability for real-time
imaging. Such advantages also hold immense promise for
clinical applications." Fluorophores emitting in the longer
wavelengths, preferably in the red/near-infrared (NIR) region,
are in great demand for bioimaging of tissues with reduced
autofluorescence interference and at deeper imaging depths.
The issue of autofluorescence, arising from innate biomolecules,
presents a significant concern in tissue imaging at deeper depths.
Due to the emission of fluorescent biomolecules, including
NAD(P)H, flavins, lipofuscin, etc., mostly in the blue, green, and
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orange wavelengths,® utilizing fluorophores that emit in the
red (>630 nm) or near-infrared (NIR) region is essential for
bioimaging applications (Fig. 1a-d). Failing to do so could lead
to substantial autofluorescence interference in tissue imaging.*
The magnitude of autofluorescence varies across different
tissue types, exhibiting notable levels in the green and yellow
emission channels but diminishing beyond approximately
630 nm (Fig. 1e-g).* Additionally, the excitation of fluorophores
at longer wavelengths leads to reduced photo-bleaching of
them and reduced photo-damaging of biological samples.
Accordingly, great efforts have been made to develop longer-
emitting dyes from typical organic fluorophores, leading to
significant progress in this field.> Hence, it is crucial to
prioritize the development of fluorophores with emissions in
the red/NIR region. At this point, it is worth noting that
currently there is no consensus on using the terminology
“NIR” among scientists working in the field of fluorescent
probes. A dye is frequently claimed to be a NIR dye when its
emission spectra cover some portion above 700 nm or so, even
though the maximum is below 700 nm. The “red” wavelength

This journal is © The Royal Society of Chemistry 2023
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region ranges from 620 to 750 nm and that for the NIR from
700 to 1500 nm (according to the IEC 60050-845:2007
standard), generating an overlapping region between red and
NIR, from 700 to 750 nm. It may be acceptable to claim a NIR
dye if its emission maximum is above 700 nm.

In this tutorial review, we wish to introduce key strategies
that convert several common organic fluorophores into analo-
gues that emit in longer wavelengths, preferably in the red/NIR
wavelength region. Commonly used strategies involve n-conju-
gation extension, modification of the electron-donor and
-acceptor groups, and replacement of the central heteroatom
in xanthene dyes, which can be best demonstrated with the
fluorophores based on xanthene, coumarin, and naphthalene
cores. Organic fluorophores having xanthene, coumarin, and
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naphthalene cores can be readily functionalized and thus have
been widely used for biological applications. These fluoro-
phores also provide good starting points for the development
of longer-emitting derivatives. The structural modifications
lead to variable emission bathochromic shifts, which are also
dependent on the molecular geometry. Understanding the
“effective” directions for the structural modifications toward
the bathochromic emission spectral shift will provide valuable
design guidance to new organic fluorophores with desirable
features for bioimaging applications. Herein we analyzed the
key structural modifications of the fluorophores for the bath-
ochromic shift categorized by the core structures. Besides, we
briefly introduced how these fluorophores can find their
applications in studying biological issues.
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Fig. 1 Fluorescent images of mouse tissues (brain, liver, kidneys, spleen,
and lungs from the left) stained with (a) acedan (10 puM) and (b) its
n-extended analogue, observed under two-photon excitation at 780 and
900 nm, respectively. (c) and (d) Relative fluorescence intensities of the
images of (a) and (b), respectively. (e) Autofluorescence images of mouse
kidney tissues, obtained under two-photon excitation at 800, 850, and
900 nm, and emission collection through blue (430-480 nm), green
(500-550 nm), yellow (565-605 nm), and red (625-675 nm) channels.
(f) Comparison of the total autofluorescence intensities from the four
emission channels between different organ tissues (brain, kidneys, liver,
lungs, and spleen); (g) comparison of the total autofluorescence intensities
between the organ tissues depending on the excitation wavelength.
Reproduced permission: (a)—(d) Copyright©2015, American Chemical
Society. (e)-(g) Licensed under a Creative Commons Attribution-Non
Commercial 3.0 Unported Licence.

2. Xanthene derivatives

The widely used rhodamine and fluorescein dyes are xanthene
(10H-9-oxa-anthracene) derivatives with nitrogen and oxygen
substitutions both at C-2 and C-7, respectively, together with
the (o-carboxy)phenyl substituent at C-9. Rhodamine and fluor-
escein analogues simply with a phenyl substituent at C-9 are
called rosamine and fluorone dyes, respectively (here denoted
as CFPX). A hybrid form between rhodamine and fluorescein
is named rhodol, and that between rosamine and fluorone
is named rosol (Fig. 2a). Among them, the carboxyphenyl-
containing dyes can exist in their spiro-lactone forms in equili-
bration with the ring-opened zwitterionic forms. The spiro-
lactone ring-opening and -closing conversion process offers
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Fig. 2

(a) Structures of C-9 phenyl-substituted xanthene dyes. (b) Spiro-
lactone and zwitterionic forms of rhodamines. (c) Modifications to extend
the emission wavelengths of rhodamines.
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fluorescence on-off signalling in the fluorescence sensing of
biological systems (Fig. 2b).® The photophysical properties,
particularly, the emission wavelengths, of the xanthene dyes
are affected by: (a) the amino substituent (in red, Fig. 2c),
(2) the C-9 central atom (in orange, Fig. 2c), and (3) the
conjugation length (in blue, Fig. 2c).

2.1. o-Carboxyphenyl-substituted xanthene dyes

2.1.1. The amino group effect. The alkyl amines of the
push-pull type fluorophores act as electron-donating groups in
conjugation with their iminium forms, which significantly
affect the emission properties of the fluorophore.* When going
from rhodamine 123 (-NH,) to rhodamine 6G (-NHEt) and
rhodamine B (-NEt,), the emission maximum shows batho-
chromic shifts from 532 nm to 553 nm and 576 nm (in ethanol),
respectively. The emission wavelengths of the dialkylamine-
substituted rhodamines (rhodamines B, rhodamine 101, and
rhodamine 630) are in the order: diethylamine (576 nm) <
julolidine (595 nm) < ethyl-indoline (616 nm) (Fig. 3). From the
results, it is concluded that a better electron-donating amino
group is preferred for the bathochromic emission shift of
such rhodamine dyes. However, the maximum emission wave-
lengths of those “monoamine-substituted” rhodamines are
still not reached in the deep-red region by modifying the
monoamine substituent alone. Zhang and co-workers disclosed
that using xanthene dyes with “diamino” substituents, instead
of the mono-amino donors, is an effective way to induce
significant bathochromic shifts in their absorption and emis-
sion maxima, as demonstrated with new deep-red/NIR emitting
pyronine and silapyronine analogues.®°

2.1.2. Central atom replacement. The C-9 central atom
of the xanthene dyes can be chosen from the carbon family
(group 14: C, Si, Ge, and Sn), leading to various xanthene
analogues,''™* as well as from the nitrogen family (group 15;
N and P)'*** or chalcogen family (group 16; O, S, Se, and
Te)'®2"28 (Fig. 4). The replacement of the central oxygen atom
in the xanthene dyes leads to variable bathochromic emission
shifts, and the underlying mechanisms are also different. For
the atoms of groups 14 and 15, it was explained that the X atom
(Si, Ge, Sn, and P) can stabilize the LUMO energy levels by the
o*-1* conjugation between the c* orbitals of the exocyclic X-C
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Aabs max: 594 nm
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Fig. 3 The effect of the amino group on the absorption and emission
wavelengths of rhodamine dyes,” observed in ethanol.

X = CMe,, SiMe,, GeMe,, SnMe, (group 14)
- NMe, POMe, POOH, POPh (group 15)
L. 0, S, SO,, Se, Te (group 16)
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Fig. 4 Candidate elements/groups for the replacement of central atom X.
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or X=0 bond (for example, -SiMe,, -P(—O)OH, -P(=
and -P(=O0)Ph) and the n* orbital of the fluorophore nearby.
For the atoms of group 16, the heteroatom lone pair occupancy
and resonance stability are found to be the major determinants of
the excitation energetics: the X atom of S, Se, or Te showed
increased lone pair occupancy, which lowers the excitation energy
and thus leads to longer absorption wavelengths.>”

A systematic variation of the central oxygen atom of rhoda-
mines has been conducted by Lavis and co-workers.'® The
maximum absorption and emission wavelengths of rhodamine
analogues with amine (nitrogen), sulfur, sulfone, carbon, silicon,
phosphinate, or phosphine oxide at the central C-9 are listed in
Fig. 5. By the substitution of the central atom, the bathochromic
emission wavelength shift increased in the order of N, O, S, C, Si,
and P. Together with the known red-shift effect by the azetidine
group, the maximum emission wavelength of 723 nm (pH 7.3
HEPES buffer) was realized with the -P(—O)Ph analogue. Note
that the replacement of the C-9 oxygen atom with silyl (-SiR,)
groups to obtain deep-red/NIR-emitting dyes has received much
attention, plausibly owing to the synthetic feasibility. The replace-
ment of the C-9 oxygen atom with the dimethylsilyl group, for
example, leads to increased electrophilicity at C-10. Accordingly,
the spiro-lactone ring-opening takes place in media of rather
higher polarities compared to the case of the corresponding
rhodamine analogues. Recently, a rosamine analogue with a
boron substituent at C-9 (B-(OH,)) was also reported; the rosamine
borinic acid emits at around 650 nm.*'

2.1.3. m-Conjugation extension. The extension of the n-
conjugation length of a fluorophore is a common way to shift
its absorption/emission maxima. Herein, rhodamine deriva-
tives with a fused benzene ring, called benzorhodamine dyes,
are discussed. Depending on the site of ring fusion, they can be
categorized into linear- and bent-shape benzorhodamine dyes.

Up to now, four types of geometrically different benzorho-
damines have been reported: benzorhodamine a-1,*> b-11,** ¢-1**
and c-II*® types. These benzorhodamines showed significantly
red-shifted emission wavelengths at more than 635 nm,
reaching 785 nm in the case of linear b-II. Recently, Liu and
co-workers disclosed a novel n-extension approach based on
computational calculations, which led to dual-emission rhod-
amine analogues from single-emission rhodamines. The
n-extended rhodamines composed of selected fragments with
matched FMO energy levels avoided the otherwise possible
inter-fragment PeT.>°

O)Me,
29,30

N X N
No 1 2 3 4 5 6 7 8
N Y ° s © sy o™on  oFen 0%

Asss (NnM) 502 549 570 608 646 668 704 n.d.

Agm (nM) 533 571 593 631 664 687 723 nd

Fig. 5 Effect of the replacement of the central atom (X) on the maximum
absorption/emission wavelengths of a rhodamine dye,'® observed in
HEPES at pH 7.3 (10 mM).
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At this point, it is worthwhile to mention a synthetic
challenge encountered in the context of linear benzocoumarin
dyes (Fig. 6b). A condensation reaction of an amino-naphthol
such as 1 with keto-benzoic acid 2 does not lead to the linear
type but the a-I type bent benzorhodamine exclusively because
the C-1 site of compound 1 is more nucleophilic than the C-3
site toward electrophiles. The regioselectivity issue was solved
by introducing steric hindrance near the electrophilic C-1 site,
leading to linear benzorhodamines.?’ Linearly conjugated dipo-
lar dyes usually absorb and emit wavelengths longer than the
corresponding bent analogues.®”

2.1.4. CPX-based bioimaging probes, selected examples.
The rhodamine and rhodol analogues can be developed into
fluorescent probes, mostly activatable or reaction-based probes,
by introducing reactive groups at the spiro-lactone or the N/O-
donor groups, similar to the case of their parent dyes. The
rhodamine spiro-lactam ring-opening process triggered by target
analytes is an established strategy to realize fluorescence off-on
signalling.® For example, rhodamine lactams F1 and F2 undergo
the spirolactam ring-opening triggered by a reactive oxygen
species, hypochlorous acid (F1, Fig. 7a),*® and Cu**(F2, Fig. 7a),

>_NH

N-NH

Q

Ne. Abs/Em (nm)

Application Ne.

Abs/Em (nm)

Application

F1

F2

F3

F4

PRD: Ayoy/or: 660/680;

PBS (pH 5)

PRD: Ayys/om: 625/730;

H,O:MeCN=2:1

PRD: Ayoy/er: 610/638;

PBS (pH 7.4)

PRD: Ayoy/or: 585/624;

PBS (pH 7.4)

HCIO Sensing; HeLa,
RAW?276.7 cells; Mouse liver
tissues; (Turn-On)

Cu?* Sensing; Hela, L929 cells;
(Turn-On)

B-galactosidase sensing; HEK-
lacZ cells; Drosophila; Mouse
tissue imaging (Brain); (Turn-On)
hNQO1 or S,0,> Sensing;
HT29, H596 cells; (Turn-On)

PRB: Ayyo/,: 683/698;
HEPES (pH 7.3)

PRB: Ayyy/or: 649/665;
F6  PRD: Ayyy/or: 649/662;
HEPES (pH 7.4)

PRB: A/, 632/755;
PBS (pH 7.4, 30%
EtOH)

o
3

Membrane staining; U20S,
COST7 cells; (Iabeling)

RNA imaging; E. Coli cells and
bacteria; (labeling)

Photothermal therapy; HeLa,
HT29, A549, MDA-MB-231 cells;
Mouse tissue imaging (Colon,
heart, liver, lung); (labeling)

Fig. 7 Selected examples of fluorescent probes based on rhodamine and
rhodol analogues.
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respectively,®® followed by hydrolysis to generate the corres-
ponding fluorescent rhodamines. On the other hand, introdu-
cing a reactive group for the target analyte at the hydroxyl
or amino (-OH or -NHR) donors in the rhodamine/rhodol/
fluorescein dyes results in the corresponding nonfluorescent
spiro-lactone forms, which, upon the treatment with target
analytes, can regenerate the original fluorescent dyes. For example,
the hydroxyl donor of the rhodol analogue protected with
B-galactose reacts with B-galactosidase to generate the rhodol
analogue. This process is accompanied by fluorescence off-on
signalling.’® Similarly, F4 bearing a quinone substrate specific
to human NAD(P)H quinone oxidoreductase-1 (hNQO1) under-
goes enzyme-catalyzed reduction to give rise to hydroquinone,
which triggers intramolecular cyclization followed by amide bond
cleavage to regenerate the amino donor.*’ In this case, the quinone
moiety can also act as a fluorescence quencher through photo-
induced electron transfer (PeT); hence, the removal of the quinone
moiety can cause the observed off-on fluorescence signal change.

The fluorophores can be also applied to the labelling of the
cell membrane (F5, Fig. 7d)'® and RNA (F6, Fig. 7d).>! As the
dyes are in the fluorescence-on state, washing-out steps are
required in such applications.

Recently, Dai and co-workers have developed a synthetic
route to obtain linear benzorhodamines. In the free carboxylic
acid form such as F7, it absorbs light efficiently but emits
weaker fluorescence compared to its ester form, which has the
potential for photothermal therapy.*® The linear benzorhod-
amine in the ester form is useful for NIR imaging.

2.2. Carboxy-free, phenyl-substituted xanthene fluorophores

2.2.1. Amino donor effect in rosols. Chin and co-workers
reported that stronger electron-donating amino groups cause
emission bathochromic shifts in rosol derivatives.** A similar
trend was observed among the different amino donors in
the case of rhodamine and rosamine dyes. In the case of the
julolidine (a bicyclic amino donor) derivative Jul-Rosol, the
emission maximum reached 574 nm, which is still away from
deep-red wavelengths. Interestingly, a diamine-substituted ana-
logue THQ-Rosol emits in the NIR region (Zemy = 710 nm) with a
large bathochromic shift (A2 = 136 nm) from that of Jul-Rosol
(Fig. 8), an important observation for the future development of
NIR-emitting dyes.

2.2.2. Central X atom replacement. Both the rosol (Fig. 9a)
and rosamine (Fig. 9b) systems show a similar level of spectral
shifts to the case of rhodamines. Together with the data in
Fig. 5, we can make rosol, rosamine, and rhodamine dyes emit
in the deep-red or even in the NIR wavelength region by

Me-Rosol
Aabs max: 520 nm
Aem max : 557 nm

Et-Rosol
Aabs max: 524 nm
Aem max : 558 nm

Jul-Rosol
Aabs max: 540 nm
Aem max : 574 nm

THQ-Rosol
Aabs max: 550 nm
Aem max : 710 nm

Pip-Rosol
Aabs max: 525 nm
Aem max : 563 nm

Fig. 8 The amino donor effect on the photophysical properties of rosol
dyes.** The data were obtained in pH 7.4 phosphate buffer (50 mM,
150 mM NaCl).
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@ N(CHCH,SHCH,CH,SEY), ®)
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X C si Pon o s si o 5%
Agws (nm) 516 568 569 549 571 647 688 703
Agn (NnM) 608 638 679 570 592 661 709 734

Fig. 9 Effects of central atom replacement on the photophysical proper-
ties of rosol (left) and rosamine (right). Data for dyes 1-3 are measured in
HEPES buffer (25 mM, pH 7.4),*? and those for dyes 4—8 are measured in
PBS (20 mM, pH 7.4).43

replacing their central oxygen atom with Si, POPh, POOH,
POMe, or SO,.

As noted above, the replacement of the central oxygen atom
of rhodamines with silyl groups affords the corresponding sila-
rhodamine analogues (Si-rhodamines), which offer several
advantageous features for bioimaging applications, such as
deep-red emission®* and enhanced two-photon (TP) proper-
ties.*>*° Si-rhodamines have been also used for super-resolution
imaging.”” The replacement of the C-10 phenyl group of
Si-thodamines with an amine leads to the so-called amino-Si-
pyronins that show unique optical properties. In contrast to the
parent Si-rhodamines that show narrow Stokes shifts, amino-Si-
pyronins exhibit large Stokes shifts. In addition, amino-Si-
pyronins have excellent two-photon imaging capability, which
is lacking in the case of Si-thodamines. Si-thodamines undergo
a medium polarity-dependent spiro-lactone ring-opening and
-closing equilibrium: they are highly fluorescent in the ring-
opened form in highly polar media but nonfluorescent in the
ring-closed form in nonpolar media. Amino-Si-pyronins can
also exist in the fluorescence-on and -off states depending on
the medium polarity. In highly polar media, amino-Si-pyronins
are strongly fluorescent in the enamine form: contrarily, in
nonpolar media, they are nonfluorescent in the imine form.
This enamine-imine equilibrium is also dependent on the
2- and 7-amine substituents.*® A promising aspect of amino-
Si-pyronins is that we can further functionalize the C-10 amino
group, such as via the introduction of an acyl or analogous
group onto it. In this case, the electrophilicity of C-10 also
increases; hence, biothiols such as cysteine can react with some
acylated amino-Si-pyronins. This chemical stability issue can be
solved by the julolidine-derived amino-Si-pyronins that are
stable in cells. The resulting acyl analogues now emit in the
NIR region, leading to a novel type of NIR dyes. Notably, amino-
Si-pyronins and their NIR analogues constitute a novel sensing
platform for the development of activity-based (activatable or
reaction-based) probes. For example, two-photon ratiometric
probes can be developed by introducing H,0,- or NTR-
responsive moieties onto the C-10 amino group. In this case,
the emission maxima change from a NIR to a deep-red region
(hypochromic shift, Fig. 10b). Also, ratiometric sensing systems
that show signal changes from the deep-red to NIR region
(bathochromic shift, Fig. 10c) can be conceivable, as exemplified

This journal is © The Royal Society of Chemistry 2023
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by an HOCI probe (more examples are provided in the application
section below).

2.2.3. Conjugation extension. Strongin and co-workers first
developed all six types of benzofluorones (named SNAFR,
Fig. 11a),"® whose photophysical properties are altered similarly
to the case of benzorhodamines. Among the benzofluorones,
the b-I type has poor solubility and also shows marginal red-
shifts. Other five types of benzofluorones emit in the red region
(a-I, 653 nm; cI, 629 nm) or even in the NIR region (a-II,
713 nm; b-II, 733 nm; ¢-II, 757 nm). Such benzene-fused dyes
are expected to have enhanced photo- and chemo-stability
compared to the highly m-conjugated dyes with vinyl units,
such as cyanine and hemicyanine dyes, which can undergo
addition and oxidation side reactions with highly nucleophilic
or reactive oxygen species (HSO;~, HOCl, ONOO™, etc.). Ahn
and co-workers synthesized the linear-shaped benzene-fused
rosol or rosamine analogues. The synthetic route, which is
different from the case of rhodamines, required the triaryl-
methanol intermediate 3 (Fig. 11b), which, upon demethylation
and intramolecular cyclization, afforded the desired benzo-
rosol.***° Furthermore, a free amine-containing benzoros-
amine, which provides a tunable arm for probe development,
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Fig. 11 (a) Structures of the benzofluorone, benzorosol and benzorosa-
mine dyes. (b) Synthetic scheme of the linear benzofluorone, benzorosol
and benzorosamine dyes. (c) Structures of ECX, ESi5 and EC7 dyes
featuring extensive ring fusion.
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was also synthesized. Notably, the linear benzorosol and benzo-
rosamine dyes have high chemo- and photo-stability and emit
in the NIR region in cells. Recently, Yang and co-workers
unveiled an innovative ring-fusion strategy for the construction
of highly intricate fluorophores with extensive ring structures.
Employing a symmetrical approach to ring-fusion, they success-
fully synthesized a set of exquisitely n-conjugated dyes, namely
ECX, ESi5 and EC7 (Fig. 11¢).”" ECX, with its five fused rings,
outperformed the benzorosamine that emits at ~740 nm by
significantly pushing the emission maximum to ~920 nm.
ESi5 dyes, which have a modifiable arm attached to the amine
sides and bear a central Si atom, display emissions across the
range of 895-940.°> Subsequently, the same group further
extended the core to seven fused rings, resulting in EC7
dyes,>® which pushed the emission wavelength even up to
1285 nm. These dyes have immense potential for clinical
applications, allowing for enhanced light penetration within
biological systems.

2.2.4. CFPX-based bioimaging probes, selected examples.
Developing activatable probes based on the carboxyl-free
phenyl-substituted xanthene dyes, such as rosol and rosamine
dyes, requires an extra group that can quench or change their
fluorescence signals. A popular approach is to introduce a
reactive group, which also acts as a quencher through the
PeT process, at the N/O site or phenyl site. Upon interaction
with a target analyte, the attached group undergoes a cleavage
reaction, restoring the dye’s fluorescence. Such turn-on type
fluorescence probes have been developed for cuprous ions
(F8-F10, Fig. 12a),"> formaldehyde (F11, Fig. 12a),>* azoreduc-
tase (F12, Fig. 12a),”® and peroxynitrite (F13, Fig. 12a).”°

Another popular approach is to introduce an activatable
group into the dyes in such a way that its introduction causes
a change in intramolecular charge-transfer (ICT). The detach-
ment of the reactive group by the target analyte can cause
fluorescence signal changes. When the hydroxyl group of rosol
and fluorone dyes is protected by the reactive group (R), the
resulting probes mostly become nonfluorescent (ICT-off state).
The activation/cleavage of R, upon the interaction with the
target analyte leads to a turn-on fluorescence response (ICT-on),
as exemplified by an esterase probe F14 (Fig. 12b).”” The ICT
modulation approach can be also explored for the labelling of
biomolecules, as exemplified by rosol F15 (Fig. 12c), which
allows lymphatic mapping.*' The commonly observed ICT- or
PeT-off state of O-blocked rosol dyes can be tuned into the
ICT- or PeT-on state by extending the conjugation length of
dyes. The benzorosol (BRosol) dye system developed by Ahn
and co-workers provides emissive derivatives even when the
hydroxyl group is functionalized into its O-acyl or O-ethereal
derivatives*® or connected with a typical PeT quencher (nitro-
phenyl or quinone groups).””® The further m-conjugation
keeps the localized excited states of the O-functionalized deri-
vatives still emissive. Also, n-conjugation causes a lowering of
the LUMO energy, effectively prohibiting the otherwise feasible
occurrence of the PeT process. Notably, there is a large differ-
ence in emission wavelength between the phenolic (ey =
590 nm) and phenolate (Zen, = 725 nm) forms of BRosol, which
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rosol, rosamine, fluorone, benzoxanthene, benzopyronin and amino-Si-
rhodamine dyes: probes’ basic optical properties and target analytes.

offers an excellent ratiometric sensing platform to sense GSH
(F16, Fig. 12d)* and hNQO1 (F17, Fig. 12d).”®

In 2019, Gryko and co-workers reviewed the synthesis,
photophysical properties and applications of rhodol (and rosol)
as fluorescent probes. They predicted the development of a
n-extended rhodol compound (Fig. 12e, benzoxanthene), which
was successfully prepared in 2020, along with its amine analo-
gue (Fig. 12e, benzopyronin). Taking advantage of the fact that
the skeleton can be readily attacked by nucleophilic analytes
through 1,6-conjugate addition, they were developed into fluor-
escent probes for cysteine (Cys) (F18, Fig. 12e) and’® bisulfite
(F19, Fig. 13e).%°
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As we have mentioned above, the probes based on the
amino-Si-rhodamine system can be developed into probes that
show either hypsochromic (Fig. 10b) or bathochromic (Fig. 10c)
emission spectral shifts, depending on the probe design: the
probes for H,0, (F20, Fig. 12f),"® NTR (F21, Fig. 12f),°" and pH
(F22, Fig. 12)%> exhibit hypsochromic signal changes, whereas
those for nitric oxide (F23, Fig. 12f)** and HOCI (F24, Fig. 12f)
exhibit bathochromic signal changes.®*

2.3. Xanthene derivatives: summary

In the above subchapters, we have overviewed and discussed
strategies toward the emission bathochromic shift applied to
the xanthene fluorophores, such as rhodamine, fluorescein,
and their analogues. Commonly used approaches are ring
fusion, central atom replacement, and variation of the amino
donor. The replacement of the primary amino group (rhoda-
mine 123) with a tertiary amino group (rhodamine 630) results
in the emission maximum shift from 532 nm to 616 nm (A4 =
84 nm; ethanol). The central O atom replacement of a rhoda-
mine dye to Si and P results in the emission maximum shift
from 571 nm to 664 nm (A4 =93 nm) and 723 nm (A4 =152 nm)
in pH 7.3 HEPES, respectively (Fig. 5). The linear fusion of one
benzene ring to rhodamine B led to a benzorhodamine (b-II,
Fig. 6), which resulted in the emission maximum shift from
576 nm to 785 nm (A4 = 209 nm; rhodamine B in EtOH,
benzorhodamine in 30% EtOH/PBS). The ring-fusion approach
is highly effective for the emission bathochromic shift, as
highlighted by the seven ring-fused EC7 dyes that emit at
~1285 nm.

3. Coumarin

Considering that the coumarins are typical ICT dyes, we can
induce bathochromic shifts in their emission wavelength by
increasing the donor/acceptor’s ability, in addition to extending
the n-conjugation length.

In 1984, Jones and co-workers investigated the photophysi-
cal properties of coumarin dyes with several different electron-
donor and -acceptor groups.®®> However, the modification of the
donor and acceptor alone is not sufficient to make the cou-
marin emit at more than 600 nm (Zey). Therefore, © extension
is required to generate coumarin derivatives emitting in the
red/far-red or NIR region.

3.1. Benzocoumarins

3.1.1 Robust ring-fusion stratagem. Various benzocoumarin
dyes have been reported,®® ®® which can be categorized by the
ring-fusion geometry: benzo[c]coumarins, benzo[ f]coumarins,
benzo[g]coumarins and benzo[i]coumarins (Fig. 13a). Among
them, benzo[g]coumarins emit in longer wavelengths than the
others, and are thus promising for bioimaging applications.®®

In 2017, Ahn and co-workers designed a novel strategy to
modify a typical D-A coumarin dye to far-red emitting benzo[g]-
coumarins.* The emission maximum data (Fig. 13b) indicate that
the m-system extension causes a greater spectral bathochromic

This journal is © The Royal Society of Chemistry 2023
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shift compared to donor/acceptor modifications. Through a series
of modifications (Fig. 14b), a bathochromic emission spectral
shift of 241 nm was obtained (in EtOH) compared to that of the
original coumarin.

3.1.2. Bioimaging probes based on benzocoumarins. The
pyridinium-benzocoumarin dyes emit in the near-infrared
(NIR) wavelength region and have good TP properties and thus
have been used for deep-tissue imaging (F25, Fig. 15a).* By
introducing a mitochondria-targeting moiety such as triphenyl-
phosphonium (-PPh;"), a benzocoumarin dye has been used
for monitoring mitochondrial trafficking (F26, Fig. 15a).%°
In 2020, a systematic study on the photophysical brightness
of benzocoumarin dyes in different media revealed that ben-
zothiazole-benzocoumarin dyes are super-bright in cells in
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Fig. 15 Applications of benzolglcoumarins to develop fluorescent probes
and their basic optical properties and target analytes summarized.
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comparison with typical conventional dyes (F27, Fig. 14a).”®
The work also highlights that the cellular environment offers
the third space for organic fluorophores in addition to organic
and aqueous media.”" The dipolar nature of benzocoumarin
dyes, specifically in the case of F28, makes it useful in detecting
lipid droplets.”

Because the benzocoumarin core is rather difficult to func-
tionalize, the probe design is mainly conducted by modification
of the donor (hydroxyl or amino) or acceptor (carboxyl) groups.
In 2016, a hydroxy-benzocoumarin dye was utilized for pH
sensing, as its hydroxyl and alkoxy (-OH/-O") forms exhibit
different photophysical properties (F29, Fig. 15b).”*

In the case of benzocoumarins bearing an amino donor
(-NRR’) at the 7-position, modification of them into amide or
carbamate derivatives commonly leads to a change in their ICT
properties. These properties can be used to develop reaction-
based ratiometric probes: accordingly, several ratiometric
probes have been developed for sensing Pd (F30, Fig. 15c),”*
GGT (F31, Fig. 15¢),”® H,0, (F32, Fig. 15c),”® hNQO1 (F33,
Fig. 15¢),”” and elastase (F34, Fig. 15¢).”®

Similarly, ratiometric probes can be developed by modifying
the acceptor site, leading to probes for sensing nitric oxide
(F35, Fig. 15d),”® extreme acidity (F36, Fig. 15d),%° HOCI (F37,
Fig. 15d),*" bisulfite (F38, Fig. 15d),** H,S (F39, Fig. 15d),** and
H,0, (F40, Fig. 15d).**

3.2 Vinyl-extended coumarins

3.2.1. Vinyl extension stratagem. Instead of the ring fusion
to extend the electron delocalization as shown with benzocou-
marins, we can also extend pi-conjugation simply by inserting
vinyl groups between the C-3 substituent and the coumarin
ring, although such an approach does not guarantee that the
vinyl-containing acceptors have sufficient stability to certain
reactive biological species (reactive oxygen and nitrogen spe-
cies) and also to photochemical reactions.®® Not only the vinyl
group®® but also other groups are possible for the pi-extension,
such as alkynyl,®” thiazole,®® thiophene,*® benzothiadiazole,’
or a combination of them.® For example, when a coumarin was
subjected to the vinyl extension strategy with a pyridinium
acceptor, its emission maximum was red-shifted from 450 nm
to 650 nm. An extensive vinyl extension reported by Avhad
and co-workers further pushed the emission maximum up to
756 nm (Fig. 16).%° Note that for such an extensive vinyl
extension, a powerful electron-acceptor group is required to
induce sufficient ICT and thus significant emission red-shift.

As noted above, the vinyl-extension strategy (Fig. 16) can
make the resulting electron-acceptor moiety vulnerable to both

09, o &0 o

o
Coumarin Vinyl extended coumarin Vinyl & thiophene extended coumarin
Aabs max: 420 nm Aabs max: 502 nm Aabs max: 538 nm
Aem max : 450 nm Aem max : 650 nm Aem max : 756 nm
HEPES buffer

Fig. 16 Transforming coumarin into a NIR-emitting dye through an
extensive vinyl extension.
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nucleophilic and electrophilic species, such as bisulfite, biothiols,
hypochlorous acid, peroxynitrite, etc. The chemical and photo-
chemical stability of the vinyl-containing acceptors including
hemicyanine moieties seems to be dependent on the whole dye
system: the vinyl-extended coumarins bearing 2-indolinum or
2-benzothiazolium groups are not chemically and photochemi-
cally stable, whereas those of the 4-pyridinium group have suffi-
cient chemo- and photo-stability.®® Besides, the free bond rotation
around the vinyl group provides the resulting dyes with viscosity-
and polarity-sensitive emission behaviour, leading to fluorescent
probes for these environmental parameters.”

3.2.2 Bioimaging probes based on vinyl-extended coumarins.
The vinyl-extended coumarin fluorophores can be classified into
four types based on their application modes. They can be used for
labelling purposes; in this case, there are no structural changes
during fluorescence monitoring (Fig. 17a). They are used for
staining DNA and related biomolecules (F41-F43, F48 & F49,
Fig. 17a),”*%® binding-induced heparin sensing (F44, Fig. 17a),%’
and polarity sensing (F45 & F46, Fig. 17a)."% If there is a basic
nitrogen-containing heterocycle in the electron-acceptor side,
such as indole or quinolone, protonation leads to a change in
the fluorescence signal and thus such dyes can be used for pH
sensing (F50-F52, Fig. 17b)."*'%* Besides, a vinyl-extended cou-
marin bearing a 2,3-dihydroindole, which can react with hydroxyl
radicals to form a more stable 2-indolinum was used for monitor-
ing of hydroxyl radicals (F53 & F54, Fig. 17b).'%'%*

The most popular use of such vinyl-extended coumarins is
found in sensing of nucleophilic species, such as bisulfite
(F55-F57, F59, F60 & F65, Fig. 17¢),'°° ' cysteine (F58,
Fig. 17¢),""" cyanide (F61, F63, F64 & F67, Fig. 17c),'">'"°
hydrogen sulfide (F62, Fig. 17c),'*® and hydrazine (F66,
Fig. 17¢).""” Note that these hemicyanine moieties may also
undergo electrophilic reactions with hypochlorous acid or
peroxynitrite,®® which warrant careful interference analysis
against these species.

For the last type, it is also possible to cause a fluorescence
signal change by further decorating the acceptor part (Fig. 17d),
as shown in the detection of esterase (F68, Fig. 17d),"'® cysteine
(F69, Fig. 17d)'™ and benzoyl peroxide (F70, Fig. 17d)."*°

4. Naphthalene

4.1. Extended naphthalene

In previous work, we have disclosed how the donor group
affects the emission properties of donor-acceptor type
naphthalene compounds including ACEDAN: an amino donor
that exerts little allylic 1,3-strain to the naphthalene ring
and has high electron-donating capability. This endows the
resulting dipolar dye with higher fluorescence in water as well
as in cells."*" By fixing the amino donor with pyrrolidine, we
have changed the acceptor part into a different heterocycle.
Considering the chemo- and photo-stability of the resulting
hemicyanine dyes, the dye with 4-pyridinium is the dye of
choice for biological applications. With such modifications, the
resulting napthylvinylpridinium (NVP) derivative emits at
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Fig. 18 Transformation of naphthalene to an NIR-emitting dye through
an extensive vinyl extension.

692 nm (in ethanol), dramatically displaying a red-shift com-
pared to naphthalene’s emission at 334 nm in cyclohexane
(Fig. 18). Later, Song replaced the pyridinium moiety of NVP
with a tricyanofuranyl ring to form TCFAN (F75 in Fig. 19).
This conversion even pushes the emission maximum up to
800 nm.”
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Fig. 19 Vinylnaphthalene-based fluorescent probes for bioanalytes: basic
optical properties and target analytes.

4.2. Bioimaging probes based on vinylnaphthalene dyes

As mentioned above, the vinylnaphthalene-based hemicyanine
dyes bearing an electron acceptor such as 2-indolinum or
2-benzothiazolium moieties have been widely used in monitor-
ing nucleophilic analytes like bisulfite (an aqueous equilibrium
species of SO,; F71, Fig. 19a),"** peroxynitrite (F72, Fig. 19a),
etc.,'>® which suggest that they are susceptible to these species.
Also, such hemicyanine dyes are not photochemically stable. In
contrast, their 4-pyridinium analogues (NVP dyes) have good
stability against many bio-analytes, including Cys, GSH, H,0,,
HSO; ", HOCI, and H,S (F73, Fig. 19b) as well as good photo-
stability.®> The NVP system was used to develop a membrane-
localizing fluorophore (F74, Fig. 19b) and other probes.'**'*®
Instead of the charged heterocycles, a charge-neutral but strong
electron-withdrawing group, such as 2-(3-cyano-4,5,5-trimethyl-
2(5H)-furanylidene)malononitrile (TCF), can be introduced to
develop a NIR-emitting probe for lipid droplets, which provide
a nonpolar and viscous environment to the dipolar dye (F75,
Fig. 19b).°* Essentially, any dipolar dyes, which show polarity
(and also viscosity) sensitive emission behaviour, can be used
to sense lipid droplets. Also, environment-sensitive m-extended
dipolar dyes can be used to detect amyloid-B (AB) plaques,
which provide a much less polar and congested environment to
the dipolar dye compared to the case where the dye resides
outside the plaques. This effect is evidenced by a robust deep
red-emitting AB probe (F76, Fig. 19b).

Instead of the amino donor, the hydroxyl group can act as an
electron donor. Additionally, the dyes bearing such a hydroxyl
donor show emission changes depending on the medium
PpH that governs their equilibrium between the hydroxyl and

This journal is © The Royal Society of Chemistry 2023
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alkoxy forms. Accordingly, such 6-hydroxy-naphthalene dyes
have been used to develop fluorescent probes for hypochlorite
(F77, Fig. 19¢),"*® HNO + GSH/GSSG (F78, Fig. 19¢),"*” and Cys
(F79, Fig. 19¢)."?® On the other hand, as the fluorescent probes
based on aryl alcohol (ArOH) or phenolic dyes generally show
pH-dependent emission behaviour, their use in the quantitative
analysis should be conducted carefully by measuring the
pH-dependent emission signal change.

In the case of dipolar dyes bearing an amino donor, we can
develop activatable probes by introducing an analyte-reactive
moiety onto the amino group. Such functionalization of the
amino donor causes a significant change in the ICT of the dyes;
this property allows us to develop activatable probes, as demon-
strated for NTR (F80, Fig. 19d)'*° and GGT (F81 & F82,
Fig. 19d)."*>"*' When the reactive group is a fluorescence
quencher, such as nitroaryl, we may observe a turn-on type
fluorescence signal change. However, we may generate a ratio-
metric probe even in such a case wherein it could modulate the
PeT energy levels by choosing an appropriate fluorophore.””

In the above three sections, we have described known
strategies to have bathochromic emission shifts of the common
fluorophores (benzene-substituted xanthene, coumarin, and
naphthalene). Note that other hybrid dye systems are developed
as well. Two important hemicyanine types are the CS dye'*
and HD dye'*? developed by Lin’s group, which have been
widely used in probe development as well as other bio-
applications.”*?® Such a hybridization approach is also a
useful method to obtain deep-red/NIR-emitting fluorophores;
however, none of the original fluorophore’s structure has been
conserved in those dye systems and thus they are excluded in
this review.

5. Molecular probe design

If we set aside the probes used to detect environmental para-
meters such as pH, polarity, viscosity, etc. (for example, F26,
F48, F75), we can classify the molecular probes into two types
based on the target detection mode: (1) binding-induced and
(2) reaction/activity-induced. The latter detection mode has
been widely explored recently, leading to a vast number of
reaction-based/activatable probes."*”"*° Note that such activa-
table probes provide time-lapsed accumulated concentration/
activity levels, whereas the binding-based probes allow us to
monitor the dynamic concentration/activity information on the
target analyte. To develop the binding-based probes, we explore
fluorescence signal changes (wavelength or intensity) upon
binding with the target analyte. Accordingly, for developing
such probes, fluorophores whose photophysical properties are
sensitive to environmental changes, such as the electron push-
pull type, dipolar dyes, are generally utilized. However, the
rationale design of binding-based probes, in particular for
enzymes, is challenging because we should consider a substrate
that binds specifically to the target enzyme and the binding
process should cause a fluorescence signal change. On the
other hand, reaction-based probes have flourished recently,
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Fig. 20 Potential sites for a reactive group (Ry) in several activatable
probes selected.

as benefited from a variety of chemical conversions that can
be selectively executed by target analytes. We have provided
selected examples of such activatable probes, which sense a
variety of biologically important analytes. To develop activata-
ble probes, we introduce a reactive group (R,) typically at the
donor or acceptor site (Fig. 20). The reactive group can be
introduced to interrupt the spirolactone ring-opening process
in the case of the CPX families (P1, P2 in Fig. 20). A part of a
fluorophore, such as a vinyl unit, can also be the reactive site
for certain analytes (P6, P7 in Fig. 20).

When the reactive group undergoes an analyte-specific
chemical conversion (cleavage or conversion into another
structure), it involves an ICT change, thus resulting in fluores-
cence signal changes. The fluorescence change can be turn-off,
turn-on, or ratiometric modes depending on the reactive group
and fluorophore. Even if the reactive group acts as a quencher,
we can realize turn-on or ratiometric signalling by choosing an
appropriate fluorophore (for example, F4 vs. F17, F32 vs. F33).

Another general issue to be mentioned is that as the
n-conjugation length increases (for example, P2 and P4), the
probe may show aggregation-caused quenching (ACQ) beha-
viour even at the micromolar concentrations. Thus, it is always
required to check the cellular aggregation behaviour of a probe
for biological applications.

Also, it is necessary to secure the chemical stability of an
activatable probe toward various biological analytes, particu-
larly those containing “reactive” functional groups. For exam-
ple, probes bearing a Michael acceptor are known to undergo
conjugation addition reactions with nucleophilic biothiols
(F62: hydrogen sulfide, F69: cysteine, F78: glutathione, etc.)
and bisulfite anions (F55-F57, F59, F60, and F65). Also, probes
containing an electron-rich vinyl unit are known to undergo
oxidation reactions with reactive oxygen species, such as
peroxynitrite (F72), hypochlorous acid (F77), etc.

6. Conclusion

We have analyzed the conversion strategies employed to
achieve emission bathochromic shifts into the red/NIR region,
starting from typical organic fluorophores based on three
core structures—xanthene, coumarin, and naphthalene. Also,
we have listed selected examples of how to apply these fluor-
ophores to molecular probes for biological analytes. We believe
that the strategies and their effectiveness compared here will
motivate scientists to develop organic fluorophores even emit-
ting in farther wavelengths, such as in the NIR-II region, and
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also serve as a valuable guide for designing red- and NIR-
emitting fluorophores in the future, in addition to choosing a
fluorophore in demand.

7. Perspective

(1) The red/NIR emitting fluorophores shown here have the
potential for imaging biological analytes at deeper depths
with less autofluorescence interference as well as reduced
photodamage.

(2) We have analyzed the strategies to make three typical
types of fluorophores emit in longer wavelengths, which involve
electron-donor/-acceptor modifications, central atom replace-
ment (for xanthene dyes), and conjugation length extension.
A proper combination of these strategies to realize further
emission wavelength shifts of known dyes and the design of
new fluorophore skeletons will pave the way for the translation
of fluorescent materials into medical practices in the future.

(3) Some of the known fluorophores emitting in the NIR-I or
further in the NIR-II region have conformationally flexible vinyl
units in their structures, which make them vulnerable to
degradation by photons and chemicals. Also, the conforma-
tionally flexible nature makes them poorly emissive in aqueous
media, as known with cyanine dyes. These issues should be
carefully evaluated in developing fluorophores using the vinyl
extension approach. In the pursuit of aromatic ring fusion, a
key consideration lies in ensuring adequate solubility in biolo-
gical media while mitigating the aggregation-caused quenching
phenomenon. Furthermore, we must also explore cost-effective
synthetic routes to complement these endeavours.

(4) A fluorophore’s brightness is influenced by environmen-
tal factors, such as viscosity, polarity, pH, and hydrophobicity/
hydrophilicity. As a result, it is inadequate to judge a fluor-
ophore’s potential for bioimaging application solely based on
its quantum yield measured in solution. Indeed, it is not
uncommon to see fluorophores with low quantum yields offer-
ing bright cellular images.

(5) In designing fluorescent probes, it is highly recom-
mended to predict their optical behaviour (turn-on, turn-off
or ratiometric response) through molecular orbital calculations
before synthetic efforts. Even with a reactive group that can act
as a PeT quencher, we can alleviate the quenching possibility by
properly choosing a fluorophore with “mismatched” orbital
energies for the PeT process.

(6) The selection of a fluorophore must consider compat-
ibility with currently available optical devices. For instance, in
the clinical instrument for fluorescence-guided surgery, lasers
operating at 780-800 nm are extensively utilized (based on the
FDA-approved ICG dye). Thus, fluorophores that can be excited
within this spectral range and emit strong fluorescence have
the potential for clinical experiments.

(7) Furthermore, our optimistic outlook for the future of this
field encompasses advancements in multiplex imaging and
sensing multiple analytes. Currently, multiplex imaging heavily
relies on commonly-used emission channels, notably including

This journal is © The Royal Society of Chemistry 2023
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wavelengths such as 488, 555, 647, and 750 nm. To enhance
convenience and efficiency in this area, we envision the incor-
poration of one or two additional NIR-emitting fluorophores,
alongside the utilization of compatible optical instruments.
This progressive approach will significantly improve the efficiency
of cyclic immunofluorescence imaging, while also enabling the
simultaneous staining of a greater number of biomarkers for flow
cytometry. As a result, the entire process will be streamlined.
Another future direction will be the development of probes
for sensing multiple analytes. The current probes mostly target
single analytes. Looking ahead, our focus will be on designing
probes capable of detecting multiple analytes in a sense of the
AND logic gate, with which we could mitigate the false-positive or
-negative errors in disease diagnosis. These advancements in
probe technology hold immense potential for precise disease
diagnosis and detection, facilitating more accurate and compre-
hensive assessments in clinical settings.
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